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We proposed and evaluated a water-equivalent diameter calculation without using a region of interest (ROI), (Dw,t) and com-
pared it with the results of using a ROI fitted to the patient border (Dw,f). Evaluations were carried out on thoracic and head
CT images. We found that the difference between Dw,t and Dw,f was within 5% for all images in the head region, and most
images were within 5% (27 of the 30 patients, 90%) in the thoracic region. We also proposed a method to automatically
detect and eliminate the patient table (or head support) from images and evaluated the water-equivalent diameter values after
the table had been removed (Dw,nt). This method was able to recognize and remove the patient table from all images used. By
removing the table, the water-equivalent diameter (Dw,nt) became more accurate and the difference from Dw,f was within 5%
for all images (head and thoracic images).

INTRODUCTION

Several studies have reported that CT examinations
result in a potential risk for future cancer occurrence(1–
3), especially in pediatric patients due to their more
radiosensitive cells and their long life expectancy. The
risk is generally considered small compared to the ben-
efits gained from CT, but this risk cannot be ignored(4,
5) especially given the increasing use of CT scans in
various countries(5, 6). The risk of cancer is reported to
increase with increasing radiation dose. Accurate esti-
mation of radiation dose is very important in order to
estimate and minimize the risk experienced by patients.
The dose optimization process should be used to
reduce the dose as low as possible while maintaining
image quality to diagnose the abnormalities(7).

Accurate dose estimates in patients must consider
two main aspects, namely the CT output dose and
the patient’s specific condition(8, 9). The metric used
for estimating the CT output dose is the volume CT
dose index (CTDIvol)

(10), which is affected by almost
all CT input parameters such as kVp, mAs, pitch,
beam width and type of filter(11). The patient’s spe-
cific condition can be determined by the geometrical
size or/and the radiological size(12, 13). The geomet-
rical size can be represented by a diameter in the lat-
eral direction or in the transverse direction or in a

combination of the two or using the effective diam-
eter (Deff)

(14–16). The radiological size takes into
account the geometrical size and attenuation of the
scanned body and it can be represented using a
water-equivalent diameter (Dw)

(17, 18). The character-
ization of the patient using Dw is preferred and more
accurate than using only geometrical quantities (Deff,
LAT or AP)(19, 20). AAPM has recommended the
use of Dw

(21) as an improvement from the use of
Deff

(22). The combination of the CT output dose and
the specific condition of this patient is used to esti-
mate the dose received by the patient in a metric
known as the size-specific dose estimate (SSDE)(23–25).

The calculation of Dw using an axial image is con-
sidered more accurate than using a localizer radio-
graph because the Dw calculation is not affected by
image magnification(26), as is often the case with the
localizer radiograph due to mis-centering. In add-
ition, the value of each pixel of the axial image has
been calibrated in Hounsfield units (HU), which can
be used directly to calculate Dw

(27). This is different
from using the localizer radiograph where the pixel
values must be calibrated first before they can be
used to calculate Dw

(20, 24).
There are two approaches commonly used for Dw

calculations using axial images. One uses a circular
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of interest (ROI) to include all the relevant parts
of the patient and exclude everything else(27), before
calculating Dw. A second approach uses a ROI that is
fitted to the contour of the patient(28). This latter
approach is considered more accurate but making a fit-
ted ROI to a patient border manually may not be easy
and takes a relatively long time, so it can be impracti-
cal for a busy CT center. Instead, the fitted ROI can be
found automatically(13). Anam et al.(29) compared the
two approaches to images of the head, chest, abdomen
and pelvis. The results showed that the two approaches
did not differ significantly in the images of the head,
abdomen and pelvis, but in the thorax images there
were significant differences. However, the evaluation
was carried out only on CT dedicated to radiotherapy
using a flat table(29). To date, comparison of the two
approaches on standard CT in radiology with a non-
flat table has not been done.

In principle, the Dw calculation could be carried
out using the entire image area, without a ROI. This
approach is hypothesized to be relatively accurate if
there are no objects with relatively large attenuation
in the image, such as the patient table, which would
cause an increase in the Dw values. This study evalu-
ated the Dw calculation using this simplified, prac-
tical approach. We compared the results with the Dw
calculated using the fitted ROI which is considered
the gold standard and using a circular ROI. To
broaden the usefulness, we proposed a method to
automatically detect and eliminate patient tables (or
head supports) from axial images and compared Dw
values after the patient table (or head support) had
been removed from the image. Evaluations were car-
ried out on two types of examinations, namely thor-
acic and head CT taken in a radiology department,
rather than in a radiotherapy department for a treat-
ment planning system.

METHODS

Dw calculation

AAPM No. 220 suggested that the Dw calculation
was carried out by making a circular ROI around
patients as shown in Figure 1a. Following this
approach, Dw was designated as Dw,c and its value
calculated using the following equation:

⎡
⎣⎢

⎤
⎦⎥ π

= + ( )D A2 1
1000

HU 1 1w c c
c

,

HUc was the average of Hounsfield unit within the
circular ROI of area Ac.

Dw was also calculated using a ROI fitted to the
contour of the patient as shown in Figure 1b. In this
approach, Dw was designated as Dw,f and calculated
using the following equation:

⎡
⎣⎢
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A
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1000
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,

HUf was the average of Hounsfield unit within
the fitted ROI and of area Af. In this study, Dw,f was
used as the reference and other approaches were
compared with it. Dw,f was calculated automatically
using the algorithm proposed previously(13). This
automatic Dw,f calculation method has been valid-
ated and gives the same results as the manual calcu-
lation within 0.5%(13).

In the current study, the calculation of Dw was
carried out directly with the whole image, without
requiring a ROI. This simplified approach is shown
in Figure 1c. In this approach, Dw has been desig-
nated as Dw,t and calculated using the following
equation:

⎡
⎣⎢

⎤
⎦⎥ π

= + ( )D HU A2 1
1000
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,

With this approach, the area used was the area of
the entire image, which can easily be calculated as
follows:

= ( )A FOV 4t
2

The field of view (FOV) can be obtained from the
DICOM header, and the average HU of the entire
image can be calculated by summing all pixel values
and dividing by the total number of pixels:

=
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However, this approach may be less accurate in
estimating Dw if there are objects such as the patient
table, patient’s clothes or other objects in the image.
Wang et al.(27) reported that the effect of the patient
table can be significant, so it can be removed auto-
matically as seen in Figure 1d. We have designated
the Dw value after table removal as Dw,nt.

Patient table detection

The detection of the patient table (or head support)
is intended to remove any parts of the table (or head
support) from the image so that the Dw calculation
using the entire image is more accurate. The stages
of the detection and removal of the table (or head
support) are shown in Figure 2. After opening the
patient image (Figure 2a), a thresholding operation
was performed with a HU value of −500 (Figure 2b).
The labeling operation is shown in Figure 2c. The
average position of the object in the y-axis for all
labeled objects is shown in Figure 2d. The

region

average
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table (or head support). In this study, the patient table
(or head support) was defined as an object with an
average position on the y-axis >450 (pixels). This
value limit may be set to be smaller or greater
depending on the FOV used. Figure 2e shows an
object with a y-axis average position >450 (pixels),
viz. the patient table. The table image was then
enlarged by a dilation process with a diamond-shaped
structuring element of size five pixels. The patient
table (or head support) can be removed from the
patient’s image by changing the HU value at the table
position to −1000 HU, as shown in Figure 2f. The
complete codes for detecting and removing the patient
table (or head support) from the image can be found
in the Supplementary material.

RESULTS

The result of the automated patient table removal

remnants of the patient table (or head support) auto-
matically from all the images used in this study. In
the thoracic images, the appearance of the remnants
of the patient table can be classified into several
types: the upper and lower parts of the table appear
completely (Figure 3a), the upper table appears com-
pletely but lower parts appear partially (Figure 3b),
only the upper part of the table appears completely
(Figure 3c) and only a small part of the upper table
appears partially (Figure 3d). In the head images,
the head support only appears partially (Figure 4a)
or not at all (Figure 4b). This proposed method is

Figure 1. Different approaches to the Dw calculation. (a) Using a circular ROI, which covers all parts of the patient, as
used in AAPM TG 220(21). (b) Using a ROI fitted to the contours of the patient as proposed previously(13). (c) A simplified
approach without a ROI as proposed in the current study. The value of average HU and the area (A) were directly calcu-
lated from the entire image. In this approach, the patient table is still included in the calculation. (d) Same as method (c),

but the table was removed from the image automatically.
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Figure 2. Steps in the detection of the patient table (or head support). (a) Original image, (b) thresholded image, (c) labeled
image, (d) graph of average y-position for all labeled objects, (e) image of the detected table and (f) image of patient with-

out table.

Figure 3. Appearance of the patient table in the thoracic images. The first row shows the original images and the second
row shows the images after the patient table has been automatically removed. (a) The upper and lower parts of the table
appear completely, (b) the upper table appears completely but lower parts appear partially, (c) only the upper part of the

table appears completely and (d) only a small part of the upper table appears partially.
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able to detect and remove the patient table (or head
support) automatically, as shown by the second rows
of the Figures 3 and 4.

The comparison of Dw values

There are four variants of Dw in this study, namely
Dw,c, Dw,f, Dw,t and Dw,nt. The Dw,c is Dw calculated
using a circular ROI as described in AAPM 220, Dw,f
is Dw calculated using a ROI fitted to patient, Dw,t is
Dw calculated using the entire image without a ROI
and Dw,nt is Dw calculated using the entire image
without a ROI after removing the table. Dw,f is con-
sidered the ground truth in this study.

Histogram graphs of differences in the values of
Dw,c, Dw,t and Dw,nt from Dw,f in the thoracic images
are shown in Figure 5. The difference of Dw,c from
Dw,f is within 5%, with an average value of 1.8±
0.7%. The percentage differences between Dw,t and
Dw,f are <5% for most patients (27 patients or 90%),

with a mean value of 3.3± 1.2%. Meanwhile, the dif-
ference between Dw,nt and Dw,f does not exceed 5%,
with an average value of 1.4± 0.5%. This shows that
if the patient’s table is removed, the Dw,nt values are
more accurate than using a circular ROI (Dw,c).

The differences in the values of Dw,c, Dw,t and Dw,nt
from Dw,f in the head images are shown in Figure 6.
For the head images, the differences of Dw,c, Dw,nt
and Dw,t from Dw,f are <5%. The difference between
Dw,c and Dw,f is the smallest with an average of
0.8± 0.6%.

DISCUSSION

The water-equivalent diameter calculation method
proposed in this study (Dw,t) is very practical,
because there is no need to make a ROI in the
patient image. The area of ROI is calculated easily
as the square of the FOV. We found that the value of
Dw,t calculated using this method is comparable to

Figure 4. Appearance of the head support in the head images. The first row shows the original images, and the second row
shows the images after the head support has been automatically removed. (a) The head support appears partially, and

(b) the head support does not appear at all.
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that using a ROI fitted to the patient border (Dw,f).
In the thorax, the difference was only 3.3± 1.2%,
and in the head, it was only 2.1± 0.7%. This shows
that this method can be used in clinical applications
with acceptable accuracy.

One might expect that the direct Dw,t calculation
(using the entire image without ROI) would cause the
water-equivalent diameter value to be much greater
compared to using a fitted ROI (Dw,f), because the
value of Aimage is much greater than the value of
Apatient. However, when the water-equivalent diameter
is calculated directly from the entire image (Dw,t), the
average HU value of the image is much smaller than
the average HU in the patient, because there is a lot
of air outside the patient with a HU value of around
−1000. Thus, a combination of an increase in Aimage
and a decrease in average HUimage causes the Dw,t
value not to increase significantly.

However, the Dw,t calculation is still less accurate
than the circular ROI method (Dw,c). The difference
between Dw,c and Dw,f was 1.8± 0.7% in the thorax
and 0.8± 0.6% in the head. A previous study regard-
ing the comparison between Dw,c and Dw,f by Anam
et al.(29) reported that the differences were 6.2± 1.7%
for the thorax and 1.5± 0.3% for the head. The

smaller difference values in the current study com-
pared to the previous study are because the images
in the earlier study were scanned using a CT dedi-
cated to radiotherapy with a patient table made from
solid wood material without a cavity in the middle of
table, while the current study used a CT commonly
operated within the radiology department. The
patient table in the radiology department is made of
carbon fiber with cavities in the middle part of table.
Thus, the contribution of the table to the water-
equivalent diameter in this study is smaller than in
the previous study(29).

If the use of a method without any ROI is desired,
more accurate results can be obtained by removing
the patient table (or head support). The difference
between Dw,nt and Dw,f in the thoracic images was
then 1.4± 0.5% and in the head it was 2.0± 0.6%.
Compared to Dw, which was calculated using a cir-
cular ROI (Dw,c), this approach in the thoracic part
was more accurate. However, in the head, Dw,nt was
less accurate than Dw,c. The difference between Dw,c
and Dw,f in the head image was 0.8± 0.6%.

We showed that in the chest images the use of the
table removal algorithm improved the accuracy of
the water-equivalent diameter value. For the head

Figure 5. The histogram graphs of the percentage difference from Dw,f in the thoracic images, for (a) Dw,c, (b) Dw,t and (c)
Dw,nt. The dashed line shows the 5% of difference limit.

Figure 6. The histogram graphs of the percentage difference from Dw,f in the head images, for (a) Dw,c, (b) Dw,t and (c) Dw,

nt. The dashed line shows the 5% of difference limit.

47

WATER-EQUIVALENT DIAMETER CALCULATION TO ESTIMATE PATIENT DOSE

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article-abstract/185/1/34/5224758 by guest on 29 N

ovem
ber 2019



images, the the water-equivalent diameter with head
support removal (Dw,nt) is no different from that
without it (Dw,t); indeed only a few of our images
had parts of the head support in them. However, the
head support can be fully included in the image if
the user sets the FOV too large or mis-centering
occurs in a direction higher than the iso-center.

There are several algorithms for recognizing and
removing the patient table from an image(30–32). The
table removal algorithm by Zhu et al.(30) cannot be
carried out on axial images, so that axial images
must be reformatted into sagittal plane. The assump-
tion used is that the table in the sagittal plane is a
straight line, so that it can be detected by using the
Hough transform. Before the Hough transformation,
thresholding and edge detection should be per-
formed. The results of the Hough transform are dis-
played as a histogram and the table parts will be
detected as objects with the highest accumulated
values. After the table position is detected, the table
pixel values are replaced by a CT value equivalent to
‘air’. Zhu et al.(30) reported that it was able to detect
patient tables from various vendors. We used the
algorithm, and it could detect and remove the
patient tables from all our images. The limitations of
the algorithms are: first, if the table is not perpen-
dicular to the scanner, the assumption that the table
is a straight line cannot be used. However, it is not
case in our images. Second, the algorithm repeats
the process 512 times for every sagittal image, so it is
time consuming.

In this study, we have proposed a simple method
for detecting and removing the patient table from
axial images, so that image reformatting is not
needed. Unlike the Zhu et al.(30) method where the
calculation must be repeated 512 times, in this meth-
od, the loops were only done as much as the number
of slices used. For example, in this study, looping
was only carried out 30 times, because the average
number of slices were around 30. Thus, the proposed
method was computationally faster. The algorithm
was also able to detect the table (head support) in all
the images used in this study. The limitation of the
proposed method is that the patient table is deter-
mined by its position, that is the average object on
the y-axis. In this case, the table is an object with a
y-axis average position >450 (pixels). This assump-
tion may not be used for images that experience
upward mis-centering or images with a large FOV so
that the patient table may be <450 (pixels). However,
a user can change the threshold value for the table
position. The implementation of the table (or head
support) removal method using MatLab software can
be found in the Supplementary material.

We evaluated patient images from only one particu-
lar CT machine. The algorithm has not been tested
on images from other CT machines. A comparison
of the values of Dw,t and Dw,f may be affected by

differences in table design and materials for different
CT machines. This study was only carried out on
chest and head images and has not yet carried out
on other parts of the body. We only used adult patients
of moderate size; the results may be different for adult
obesity patients or pediatric patients. We found that, if
it is not possible to calculate Dw,f or Dw,c, the calcula-
tion of the water-equivalent diameter value using this
method (Dw,t and Dw,nt) is more accurate than using
only patient geometry (i.e. effective diameter, Deff). The
difference between Dw,f and Deff was up to ±10%(28).

CONCLUSIONS

We proposed a simple method to estimate the water-
equivalent diameter from entire CT images without
using a ROI (Dw,t). We found that this method was
accurate and differed from the estimate of water-
equivalent diameter calculated using a ROI fitted to
the patient border (Dw,f) to within ±5% for all of our
head images and most (27 of the 30 patients, 90%)
of our thoracic images. We also proposed a simple
method for recognizing and removing table (or head
support) remnants from patient images. This method
was able to recognize and remove table (head sup-
port) remnants from all images used. The resulting
water-equivalent diameter (Dw,nt) was more accurate,
to within 5% for all images, whether head or thor-
acic images.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at Radiation
Protection Dosimetry online
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