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Abstract

Purpose: The aim of this work was to establish the relatiops of patient size in terms of effective diamediag;) and
water-equivalent diameter ¢[pwith lateral (LAT) and anterior-posterior (AP)aénsions in order to predict the specific
patient dose for thoracic, abdominal, and pelvimpoted tomography (CT) examinations.

Methods: A total of 47 thoracic images, 79 abdominal imageg] 50 pelvic images were analyzed in this stidhe
patient’s images were retrospectively collectedfidr. Kariadi and Kensaras Hospitals, Semarang@riadia. The slices
measured were taken from the middle of the scagerafhe calculations of patient sizes (LAT, ARgxand Q) were
automatically performed by IndoseCT 20b softwarg.dhd O, were plotted as functions of LAT, AP, and AP+LAT.
addition, O was plotted as a function of®

Results: Strong correlations of fa and Oy with LAT, AP, and AP+LAT were found. Stronger cglations were found in
the Dy curves (R> 0.9) than in the Pcurves (R> 0.8). It was found that the average: Was higher than the average
Dwin the thoracic region, the average values werdagiim the abdominal and pelvic regions.

Conclusion: The current study extended the study of the reiatipps between {p and 0O, and the basic geometric
diameter LAT, AP, and AP+LAT beyond those previguglported by AAPM. We evaluated the relationsliggghree
regions, i.e. thoracic, abdominal, and pelvic ragidased on our findings, it was possible to eseni+ and O, from
only the LAT or AP dimension.

Key words: anterior-posterior dimension; lateral dimensieffiective diameter; water-equivalent diameter; catag
tomography.

Introduction An annual statistical study by National Health $s(NHS),
England, reported that 5,959,860 examinations u€dd
scanners in 2019/2020This number has increased by 5.2%
compared to the previous year and it was predittatlit will
continue to increase for the next few years. Thénd of
increasing use of CT also occurred in North Ameriksia, and
Italy.”® As a consequence these populations will receigie ki
ray dose$.

There have been several indicators used to gyadtke
radiation of CT scanners, such as multiple scamageedose
(MSAD), computed tomography dose index (CTDI) atsl i
derivatives, dose length product (DLP), and effectiose?
Volume computed tomography dose index (CEipls the most
widely used indicator now. It is affected by th@um scanning
parameters such as tube voltage, tube currentjaotéime,
pitch, and beamwidth.?> However, it really only monitors
scanner radiation output; it is independent ofgrdtsize, and

The capability of computed tomography (CT) to proglhigh-
quality images has steadily grown since its intaiun in the
1970s. Improvements in CT hardware has led to a new
generation of multidetector-row CT (MDCT) with gteeX-ray
tube power, faster acquisition time, and dual-epengd even
multi-energy x-rays capabilitiés. Currently, one axial image
can be acquired in 0.005 seconds, whereas it tbokta300
seconds to acquire one axial image in a first-gaimr scannet.
Advances in software have led to iterative recartsion (IR)
techniques and tube current modulation (TCM) aligyviow
dose CT2* These improvements have made CT a reliable and
desirable imaging modality. In cardio-thoracic irimgg for
example, MDCT has become a viable non-invasiveoaptiue

to its ability to accurately evaluate coronary m@rte
abnormalities.

© 2021 Winda Kusuma Dewi, Choirul Anam, Eko Hidayarrrum Nitasari, Geoff Dougherty. This is an omcess article licensed under the Creative Coramon
Attribution-NonCommercial-NoDerivs License (httpréativecommons.org/licenses/by-nc-nd/4.0/).
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thus, it does not indicate the radiation receivedhe patient’s
body. It is well-known that an accurate metricted patient dose
is not only affected by the scanning parameters, byuthe
patient's size and attenuatiéh. A more appropriate metric
corresponding to the patient geometrical sizedssihe-specific
dose estimate (SSDE), introduced by the Americaogiation
of Physicists in Medicine (AAPM) in Report No 284,

A specific geometrical size factor was used tonmadize
CTDlyo to obtain the SSDE value. The fundamental geonstri
sizes are anterior-posterior (AP) and lateral (LAifensions,
and an advanced geometrical size is an effectamelier (L),
which can be calculated from AP and LAT dimensioAs.
approximation to s using AP or LAT is very helpful for the
busy clinical center. This approximation is based the
relationship between AP andd)or LAT and Q.

Unfortunately, the geometrical size given in AARR&port
No. 204 does not take into consideration any tiggtenuation
and consequently, the dose calculation becomesatzssate.
AAPM Report No. 223° introduced a more robust size metric
defined as the water-equivalent diameter)(D Tissue
attenuation could be evaluated from the averagen@mber
value in the patient field of view (FoV) to enabariations in
patient inhomogeneity.

Assessment of eithercpor D, can be performed once the
scanning procedure is completed, but it is timescoming.
Recently, new methods to automatically calculate &hd 0O
have been reporté@!” A comprehensive study of the
relationships between ¢ and 0O, and geometrical size is
required to obtain an accurate patient d§$8AAPM No. 204
reported the correlations ofel vs geometrical size in the
abdominal region only# The aim of the current work is to
establish robustly patient size in terms ofsand O, as a
function of AP and LAT dimensions in order to pietdiccurate
patient dose for thoracic, abdominal, and pelvigaes from CT
examinations.

Materials and Methods

CT Images
Axial clinical images from thoracic, abdominal amelvic
examinations were retrospectively collected in ftthgital Figure 1. Examples of images used in the current sy, (a)

imaging and communications in medicine (DICOM) fatm  thoracic, (b) abdominal, and (c) pelvic regions.
from two hospitals. We selected 47 images fromepddi who
underwent thoracic examinations. They were scausitg a
Siemens Sensation CT scanner (64 slices) with &ognn
parameters of 120 kVp tube voltage, 0.5 s rotatiore, and
1.399 pitch. We used 79 abdominal images and 0cdetages
scanned using a GE Optima CT580 with a tube voltdgiE20
kVp, rotation time of 0.8 s, and 0.9375 pitch. Exdaes of
images used in this study are showrfigure 1. Patient ages
were from 1 to 84 years old. Tube current modutafibCM)
was activated during all examinations to reducedthee given.
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Determination of AP, LAT, Dett, Dw,and

ellipticity ratio

The AP, LAT, Q«, and ) values were automatically measured
from axial CT images using IndoseCT version 20kvearfe.
Automated segmentation comprised thresholding, obbje
recognition by edge detection, labeling, and calttoih of the
object area. The largest area of the objects whsedeas the
patient's perimetéf. The software provided the effective
diameter value from three alternative options, rigr&rea”,
“Center”, and “Max”. We chose the AP and LAT dimiems at
the position that gave a maximum value (“Max” opjioas
shown inFigure 2. The square root of the product of AP and
LAT dimensions gives the g valuel*

Deff = VAPXLAT

As reported in a previous studfyDes calculations using the
patient cross-sectional area or the maximum vahoeved no
significant differencé’” The calculation of [ utilized
automated segmentatidhywhose results were used to crop the
initial image. The R calculation referred tequation 2:*°

Eg. 1

A
= ZJ ——HU, Y)ror + 1] 22 Eq. 2

difference between automatic and manual calculatiaa less
than 0.5%4

This current work also calculated the elliptiaiatio (r) for all
three regions. The ellipticity ratio is calculatad the ratio of
LAT to AP dimension. We reported the average, siahd
deviation, minimum and maximum values of elliptfciitio in
the three regions.

Correlations of AP, LAT, Def, and Dw

AAPM Report No 204 provided curves ofiDas functions of
AP, LAT, and AP + LAT to estimate the specific gesintal-

size conversion factor in the abdominal regiog: &hd AP, and
Derr and LAT were correlated with each other as secwdes

polynomial functionsEquation 3).

y=ax?>+bx+c Eq. 3

Derr was correlated with AP+LAT as a linear function

(Equation 4):

y=ax+b Eqg. 4

Regression analysis and scatter data points weeel ts
characterize the dependency ofs[and O, on AP, LAT, and
AP+LAT dimensions. R-squared{Rvalues were also provided

HU (x,y)ro; is the mean CT number inside the patient's region Petween B and b to the geometrical-size functions.

of interest (ROI). A previous study showed that pleecentage
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Figure 2. IndoseCT 20b offers automatic calculatiom of AP, LAT, and D calculation by three alternative options namely “Aea”, “Center”,
and “Max”. We opted to use the “Max”. The software dso offers automatic Oy calculation by choosing “The water-equivalent diarater”.

215



Winda Kusuma Dewi et al: The Dw as geometrical size functions Pol J Med Phys Eng 2021;27(3):213-222

Results Table 1. Patient size obtained from the current stuglin the thoracic
) ) region.
Thoracic region Dimensions Mean + Std. Dev (cm) Range (cm)
Figure 3 shows R# and Oy plotted against geometrical sizes LAT 30.39+ 4.42 16.03 - 38.22
(LAT, AP and LAT+AP) for the thoracic region. Thedi fitted AP 18.87+ 2.89 11.25-24.40
lines for D and Oy in terms of LAT or AP are second-order AP; LAT ii'égi ;ég 2173;2;1_ 6320'227
. - - H - eff .08+ 3. . - .
polyn0m|al_ fits. The c_o_efﬂments are §h0\{vn in eafugure,. D, 21014 3.14 1291 - 2613
together with the coefficients of determinatiort, Rhe best fit
lines for Dy and Oy in terms of AP+LAT are first-order
polynomials, and the corresponding coefficients RAdalues
are given within each figur€igure 3gshows that Ris linearly
related to Bx with a slope of 0.8447, an intercept of 0.6738|, an
R?of 0.9474. The average patient sizes are tabuiaf€able 1
In the thoracic region, the average value of I3 greater than
Dw.
28- 5 C) A
a) 32| y=000184x+0.67039x + 1.96761 b) y = 0.0059x° + 0.33236x + 5.35122 32{ y=-0.04023x*+ 2.63298x - 10.95079
R?=0.93788 ; R? = 0.86313 v R?=0.95279 '
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Figure 3. Dett and Dw values as functions of the geometrical-size for ¢hthoracic region, (a) R# vs LAT, (b) Dw vs LAT, (c) Deft vs AP, (d) Dy
vs AP, (e) Rx vs AP+LAT, (f) Dw vs AP+LAT, and (g) Dw vs Det.
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Abdominal region Table 2. Patient size obtained from the current stug in the
. . . abdominal region.
The correlations between#and 0, as functions of geometrical 9
. . . . y Dimensions Mean + Std. Dev (cm Range (cm
diameters in the abdominal region are showRigure 4. The Imenst = v (em) ge (cm)
best-fitted || ¢ d in t f LAT or AP LAT 29.71+ 3.48 22.53 - 39.94
est-fitted lines for @f.an. Oy in terms o. . or are AP 21.47+ 3.43 14.32 — 292
second-order polynomial fits, and the coefficieantsl R values AP + LAT 51.18+ 6.76 37.4—69.14
are shown in each figure. The lines are curvedhédpposite Deit 25.97+ 3.55 18.67 — 35.90
directions to those for the thoracic regions. Thstliit lines for Dw 25.61+ 3.42 18.70 — 35.09
Dett and Oy in terms of AP+LAT are first-order polynomials,dan
the corresponding coefficients and \Rilues are given within
each figureFigure 4g shows that ) is linearly related to B
with a slope of 0.9599, an intercept of 0.6831, Bhdf 0.9908.
Table 2 shows the range of patient dimensions for the
abdominal region. The average values @fand D« are similar.
a) =.0.0156x%+ 1.9387x- 17.79221  P) 36|y =-0.01514x + 1.88177x - 16.75091 ©) y = 0.00977x* + 0.58977x + 8.68683
361 R?=0.94952 . R’= 0.94847 ‘ 361 R?= 0.95547 .
- 321
§ 2] § 284
=
3 8
241 244
20+ 204
24 28 32 36 40 24 28 32 36 40 16 20 24 28
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d) 36{y=000965x +0.55102x + 9.21494  €) g V= 0:52294x-0.79457 f) 36| y=0.52204x- 079457
R?= 0.94058 v 1 R*=0.9928 ; R?=0.9928 ;
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Figure 4. Dett and Dw values as functions of geometrical-size for abdomeegion, (a) D vs LAT, (b) Dw vs LAT, (c) Dettvs AP, (d) Dv vs AP,
(e) Dett vs AP+LAT, (f) Dw vs AP+LAT, and (g) Dw vs Desr.
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Pelvic region

The correlations between#and 0, as functions of geometrical
diameters in the abdominal region are showirigure 5. All
graphs are best fitted with downward curving seeorttbr
polynomial functions.Figure 5g shows that [ is linearly
related to By with a slope of 0.9205, an intercept of 2.1814}, an
R? of 0.9795Table 3shows the range of patient dimensions for

Table 3. Patient size obtained from the current stug in the pelvic

region.
Dimensions Mean + Std. Dev (cm) Range (cm)
LAT 32.47+ 3.43 26.06 — 38.69
AP 19.48+ 2.54 13.19-24.52
AP + LAT 51.95+ 5.79 39.50 - 62.93
Det 25.96+ 2.78 19.08 — 30.97
Dw 26.08+ 2.58 19.11 -30.93

the pelvic region. The average values of &d D« are also
similar in the pelvic region.

a) y =-0.015131x% + 1.75064x - 14.5654 b) y =-0.01972x* + 1.96897x - 16.83481 c) y =-0.0143x’ + 1.60396x + 0.23064
R?=0.89135 - R?=0.861776 M R®=0.929
30 301 301
271 271 27
% 241 Z 244 % 24
a) [a] [a)
214 211 214
18 . . . . , 18 , . . ‘ . 18 . , , ‘
27 30 33 36 39 27 30 33 36 39 12 15 18 21 24
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d) y =-0.01342x7 + 1.48387x + 2.34737 &) % y = 0.47116x + 1.48256 f) =
R?= 0.90531 Y e : y = 0.43096x + 3.68704
30 : R%= 0.96457 R%= 0.93299 i
284 28
274 —
— £ —
5 g 5
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Figure 5. Deit and Dw values as functions of geometrical-size for pelviegion, (a) D vs LAT, (b) Dw vs LAT, (c) Derivs AP, (d) Dv vs AP, (e)

Dett vs AP+LAT, (f) Dw vs AP+LAT, and (g) Dw vs Defr.
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Table 4. Calculation of elliptical ratio (r = LAT/AP) obtained from our study.

Body region Mean + Std. Dev Range
Thorax 1.62+0.11 1.42-1.87
Abdomen 1.40+£0.11 1.19-1.69
Pelvic 1.68+0.11 1.43-1.99

Ellipticity ratio

The ellipticity ratios (LAT/AP) from the three regis i.e.
thorax, abdomen, and pelvis, are tabulatedTable 4. The
highest ellipticity ratio is found in the pelvicgien (r =

1.68+0.11), followed by the thoracic region (r 62+0.11), and
the smallest value is found in the abdominal regioA0+0.11).
The ellipticity ratio obtained from this current tkds more than
unity which means the LAT dimension is longer thAR

dimension. It is consistent with the images usedvashave
shown inFigure 1.

Discussions

The SSDE is the most robust metric to quantify ridwiation
dose received by a patient from a CT scanner.dbtained by
normalizing the CT scanner output (CT&)I with a size-

conversion factorf]. The size-conversion factor was derived

from four independent cohort investigators. Two thie
investigators derived it using Monte Carlo-basedsueement,
whereas the others employed physical phanfém$he
utilization of the size-conversion factor was based the
geometrical diameter, which in this case referthtoeffective

diameter (). The Dy value was calculated as the square root

of the product of the AP and LAT dimensions. UsyaliP and
LAT dimensions are measured manually or automayidaim
CT radiographs or axial CT imag&s?

A metric that incorporates both geometrical sind sissue
composition is the water-equivalent diametery)D The
calculation of SSDE based onyDcan generally be done
automatically. Dose monitoring systems are avadlaild used
in many radiology centers, and many of them autoalit
calculate SSDE. Some of them rely on patient dinogss
calculated from CT radiographs, but some can caleulvater
equivalent diameter from axial imag@%® The D« for chest
examination can be corrected for the presenceraf tissue to
give a more accurate estimation of SSBOE.

Approximating R« using only one dimension, AP or LAT,
would be very helpful in the clinical environmentthat it could
be estimated from the CT radiograph which is ugustbnned
in one direction. It can be obtained in this way, the
relationships between AP andiDor LAT and R, are known.
AAPM Report No 204 provided these relationshipg,dnly for
the abdominal region.
relationships for three regions, i.e. thorax, abdopand pelvis,
but not for the head.

The relationships betweenePand LAT, AP, as well as
AP+LAT dimensions for the thorax region, are showRigure
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The current study provideg th

3a, Figure 3¢, and Figure 3e respectively. B vs LAT
dimension generates an upward curvatuig, M3 AP generates
a downward curvature, andsPand AP+LAT generate a linear
correlation. The three curves all show strong datiens.

We also established the relationships betwegard AP and
LAT dimensions, which make it easier to predict elasore
accurately. The relationships between &nd LAT, AP, and
AP+LAT for the thorax region are shownhigure 3b, Figure
3d, andFigure 3f. In the thoracic region, @ is greater than 3
because the lung mostly consists of air having weugh lower
pixel values than water.

For the abdominal region, the relationship @f Bnd O, as
functions of LAT, AP, and AP+LAT are shownhigure 4. Our
results are different from those given in AAPM Repgdo 204.
In the latter report, the curve ofePvs LAT had a slightly
upward curvature, while our study finds a downweudvature.
Similarly, for the R« vs AP curve, the AAPM reported slightly
downward curvature, while our study finds a slighibward
curve. The data used by AAPM was obtained from a
mathematical pediatric phantom, a water-equivatghihdrical
phantom, and CT examinations of pediatric patién$The
geometric size on the AAPM curves represented a vadge of
diameters (from LAT = 12.7 cm and AP = 9.8 cm toTLA 44
cm and AP =36 cm). Our study used patients witmae
limited range of sizes (from LAT = 22.53 cm and AP.4.32
cm to LAT = 39.94 cm and AP = 29.20 cm). We beli¢he
slightly different trendlines are due to the diéfiet ranges of
data. In addition, Burton el &l.reported the linear correlations
of Dert VS LAT and Ry vs AP in the abdomen region, which
confirmed that the trendlines are dependent odditeeused. We
found that the B value is similar to R in the abdominal region.
This is because the composition of the abdomenoistignsoft
tissue with CT numbers similar to water.

The relationships of & and 0, as functions of the
geometrical sizes for the pelvic regions are showkigure 5.
All the curves have downward curvature. In the jgefirea, the
average value of Dis similar to Rs. Previously, we expected
that the average value of,vill be higher than Bybecause the
composition of the pelvis is soft tissue and devmee with CT
numbers more than +1000 HU. However, the resultshef
current study revealed that thg 3 only 0.14 cm higher than
the Du. On the other hand,Ps similar to R+. This may be due
to the existence of fat with the -150 to -50 HU ga#f
Combination of bone and fat may lead thgi®similar with the
Det.
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Table 5. R value and best fit parameters between and AP, Derand LAT, Derand (AP+LAT), Dw and AP, Dy and LAT, Dw and (AP+LAT),
and Dw vs Deit for the thoracic region.

Der — LAT Dw - LAT Dest— AP D, — AP Durt - (AP+LAT) Dy - (AP+LAT) Du - Der
R? value 0.9379 0.8631 0.9528 0.8483 0.9841 0.8913 947a.
avalue 0.0018 0.0059 -0.0402 -0.0364 0.4905 0.4162 0.8447
b value 0.6704 0.3324 2.6330 2.3064 0.0852 0.5079 6733
¢ value 1.9676 5.3512 -10.9508 -9.2449

Table 6. R value and fit parameters between Brand AP, Defand LAT, Derand (AP+LAT), Dw and AP, Dy and LAT, Dw and (AP+LAT),
and Dw vs Dert for the abdominal region.

Der — LAT Dw - LAT Dest— AP D, — AP Durt - (AP+LAT) Dy - (AP+LAT) Du - Der
R? value 0.9495 0.9485 0.9555 0.9406 0.9928 0.9844 9908.
avalue -0.0155 -0.0151 0.0098 0.0096 0.5229 0.5021 0.9599
b value 1.9387 1.8818 0.5898 0.5510 -0.7946 -0.0890 0.6831
¢ value -17.7922 -16.7509 8.6868 9.2149

Table 7. R value and fit parameters between Brand AP, Defand LAT, Derand (AP+LAT), Dw and AP, Dy and LAT, Dw and (AP+LAT),
and Dw vs Deit for the pelvic region.

Der — LAT Dw - LAT Dest— AP D, — AP Durt - (AP+LAT) Dy - (AP+LAT) Du - Der
R? value 0.8914 0.8618 0.9290 0.9053 0.9690 0.9401 979%6.
avalue -0.0151 -0.0197 -0.0143 -0.0134 -0.0052 0061 0.9204
b value 1.7506 1.9690 1.6040 1.4839 1.0069 1.0630 1812
¢ value -14.5654 -16.8348 0.2306 2.3474

The fit parameters obtained from the current worle a
summarized inTables 5-7 It shows that Rvalues for the
relationships betweenc<and geometrical sizes are greater than

This study has several limitations. It is a retexgjve study
based on limited numbers (176) of patient imagesnfithe
thorax, abdomen, and pelvic regions of local (Irekian)

0.9, and greater than 0.8 for the relationshipsvéen 0, and
geometrical sizes. This confirms that an accuratination of

Dett,and even R, can be obtained by using only one dimension,

either AP or LAT. However, estimatingefpand O, using the
two dimensions, AP and LAT, is more accurate ifhbare

available. Although [ can be estimated with the relationships

obtained from the current study, it is suggestet its value
should be obtained directly from the image udigpation 2.

However, calculating the patient area and the nhlawvalue in
the patient image is not easy in a clinical setting

This study also shows a strong? (R 0.9) correlation of P
with Der. We mentioned that Dis the more robust indicator in
estimating the dose received because it takesaictount the
tissue compositioft D, can be easily estimated fromeD
because of the linear relationship built betweee tiwvo
indicators.

In this study, we calculated the elliptical ratfos the three
regions. Our elliptical ratios are consistent watlrton et ak®,
who reported that the elliptical ratios for therdsoand abdomen
were 1.51+0.21 and 1.38+0.20, respectively. Ouptethl ratio
for the pelvic region was 1.68+0.11. Burton etalid not report
the elliptical ratio in this region but reported48+0.22 for
abdomen-pelvis.
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patients. Further investigations are required flarger range of
LAT and AP dimensions.

Conclusion

The relationships between the constructed diamettrs
effective diameter (B) and water-equivalent diameter D
and the basic geometric diameters, lateral (LATtedor-
posterior (AP), and AP+LAT dimensions, were studisihg 47
thoracic images, 79 abdominal images, and 50 péivages.
The R values for the relationships betweensDand the
geometrical sizes were greater than 0.9, and weratey than
0.8 for the relationships between, Bnd the geometrical sizes.
We found that an accurate estimation af Bnd O, can be
obtained by using only one dimension, either AR.AT. We
also found that in the thoracic region the averajee of Dy is
higher than R, in the abdominal and pelvic regions the average
values of R and O, are similar. Since P includes tissue
attenuation, it is the more accurate parameterdar dose
estimation. Fortunately, pPhas strong linear relationships with
the other dimensions, and can readily be estinfabed them.
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