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Abstract

Computed tomography (CT) data are required to calculate the dose distribution in a
patient’s body. Generally, there are two CT number calibration methods for commer-
cial radiotherapy treatment planning system (RTPS), namely CT number-relative elec-
tron density calibration (CT-RED calibration) and CT number-mass density calibration
(CT-MD calibration). In a previous study, the tolerance levels of CT-RED calibration
were established for each tissue type. The tolerance levels were established when
the relative dose error to local dose reached 2%. However, the tolerance levels of
CT-MD calibration are not established yet. We established the tolerance levels of
CT-MD calibration based on the tolerance levels of CT-RED calibration. In order to
convert mass density (MD) to relative electron density (RED), the conversion factors
were determined with adult reference computational phantom data available in the
International Commission on Radiological Protection publication 110 (ICRP-110). In
order to validate the practicability of the conversion factor, the relative dose error
and the dose linearity were validated with multiple RTPSes and dose calculation algo-
rithms for two groups, namely, CT-RED calibration and CT-MD calibration. The toler-
ance levels of CT-MD calibration were determined from the tolerance levels of CT-
RED calibration with conversion factors. The converted RED from MD was compared
with actual RED calculated from ICRP-110. The conversion error was within +0.01
for most standard organs. It was assumed that the conversion error was sufficiently
small. The relative dose error difference for two groups was less than 0.3% for each
tissue type. Therefore, the tolerance levels for CT-MD calibration were determined
from the tolerance levels of CT-RED calibration with the conversion factors. The MD
tolerance levels for lung, adipose/muscle, and cartilage/spongy-bone corresponded to
+0.044, +0.022, and +0.045 g/cm?®, respectively. The tolerance levels were useful in

terms of approving the CT-MD calibration table for clinical use.
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1 | INTRODUCTION

Computed tomography (CT) data are imported to a radiotherapy
treatment planning system (RTPS), and it is required to structure a
target and calculate the dose distribution in a patient’s body. In
order to calculate a dose distribution in human body with RTPS, CT
number calibration should be performed with several inserted tissue
substitutes of a calibration phantom.® Generally, there are two CT
number calibration methods for photon radiation therapy, namely
the CT number-relative electron density calibration (CT-RED calibra-
tion) and CT number-mass density calibration (CT-MD calibration).
The CT number calibration methods are different based on each
RTPS or dose calculation algorithm.

In a previous study,2 relative electron density (RED) tolerance
levels were established for each tissue type. In the study, an effec-
tive depth was calculated with RED to water, and RED tolerance
levels were determined with the effective depth and tissue maximum
ratio (TMR). The tolerance levels of CT-RED calibration are useful in
terms of the quality assurance (QA) of the CT-RED calibration table
of planning CT and cone beam CT.2* The tolerance levels of CT-MD
calibration are also useful for the QA because the CT-MD calibration
is used in several commercial RTPSes or dose calculation algorithms.
However, the tolerance levels of CT-MD calibration are not estab-
lished yet. The tolerance levels are useful in approving the CT-RED
calibration table or CT-MD calibration table for clinical use.

It is reasonable to determine the tolerance levels of CT-MD calibra-
tion from the tolerance levels of CT-RED calibration as opposed to
determining the tolerance levels without any reference. The tolerance
levels of CT-RED calibration were determined by classifying standard
tissues to five tissue groups including lung, adipose/muscle, cartilage/
spongy-bone, cortical bone, and tooth tissue.> When the mass density
(MD) is converted from RED within a tissue group, the conversion of
pure organ is simple because MD and elemental composition are fixed.
However, the conversion of multiple organs is complex because there
are differences in the MD and elemental compositions between organs.

The purpose of this study involves determining the conversion
factors from RED to MD with a whole body phantom and verifying
the practicability of the conversion method. Furthermore, the toler-

ance levels for CT-MD calibration are established in each tissue type.

2 | METHODS
2.A | Conversion factor between MD and RED in
human body

The relationship between MD and electron density (ED) is given as

follows:

W,‘Z,'
Pe = pNAZi A (1
i

where p. denotes ED; p denotes MD; N, denotes the Avogadro’s
number (6.022 x 10%%); i denotes the element index; and w;, Z; and
A; denote the weight, atomic number (Z), and atomic mass (A),
respectively, of the i-th element. The relationship between the
atomic number (Z) and mass number (A) is different for each mate-
rial. In order to determine the conversion factor for human body, we
use the adult reference computational phantom data (V1.2) from the
International Commission on Radiological Protection publication 110
(ICRP-110).° The reference anthropomorphic voxel phantoms are
structured with 140 organs that consist of 52 standard tissues and
air. The MD and elemental component of standard tissues are
described for the complete body. Therefore, the voxel phantom is
useful in determining the conversion factor between MD and RED.
Based on ICRP-110 phantom data, the natural human body consists
of 13 elements. Figure 1 shows the ratio of mass number (A) to
atomic number (Z) with respect to the 13 elements. The major mate-
rials under Z = 20, namely H, C, N, O, Na, Mg, P, S, Cl, K, and Ca, in
which the sum of weight percent within whole body is larger than
99.9 wt%. On the other hand, the ratios of minor materials, which
are Fe (A/Z = 2.2) and | (A/Z = 2.4), are higher than major material.
However, the influence of minor material is negligible because the
weight percent of minor materials smaller than 0.1 wt%. Thus, the

ratio of material within whole body is approximately constant A/
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Z = 2 with the exception of hydrogen (A/Z = 1), and the conversion
factors depend on the weight of hydrogen in tissue. Similar tissues
are classified by MD into five tissue groups including lung, adipose/
muscle, cartilage/spongy-bone, cortical bone, and tooth tissues based
on ICRP-110 phantom data, and five conversion factors are deter-
mined for each tissue group.

The MD border between lung tissue and adipose tissue is
p = 0.90 g/em®” The MD of lung tissue is the only value below the
border value of p = 0.90 g/cm3 while the MDs of adipose, muscle,
general organ, and some spongy-bone tissues are between 0.90 and
1.07 g/cm®. The MDs of skin, cartilage, and most spongy-bone tissues
are between 1.07 and 1.25 g/cm3. Furthermore, the MDs of cortical
bone tissue and tooth tissue are 1.92 and 2.75 g/cm?, respectively.

Three tissue groups, namely the lung, cortical bone, and tooth,
consist of one organ. However, adipose/muscle and cartilage/spongy-
bone consist of multiple organs. In order to determine averaged tis-
sue with multiple organs, averaged MD and averaged ED are calcu-
lated with ICRU-110 reference voxel phantom for adipose/muscle
and cartilage/spongy-bone. The averaged MD and averaged ED are
given as follows:

p =S an, - G @
where » and p. denote the averaged MD and averaged ED, respec-
tively; j denotes the voxel index; p;, (pe), and v; denote the MD, ED,
and unit volume, respectively; of the j-th voxel, and V denotes the
sum volume of the tissue group. The conversion factors to MD form
RED are given as follows:

Pe 3
(pe)HZO ( )

=

where C denotes the conversion factor to MD form RED. (pc)y,0
denotes ED of water ((pe)y,0 = 3.34 x10%3). There are five conver-
sion factors for five tissue groups. The conversion errors between
actual RED of ICRP-110 phantom data and RED converted from MD
with the conversion factor are verified for adipose/muscle and carti-

lage/spongy-bone.

2.B | Tolerance levels for CT-MD calibration

The RED tolerance level based on TMR and effective tissue thickness
were shown in previous study.?® The RED tolerance levels were
established to cause 2% dose error at effective tissue thickness with a
10 cm x 10 cm field. The tolerance levels are determined by the mini-
mum usable energy in a RTPS because the tolerance levels are more
strict with lower beam energy. The MD tolerance levels for photon
beam are converted from RED tolerance levels. The conversion factors
to MD from RED are determined based on ICRP-110 phantom data
for each tissue group. The MD tolerance levels are given as follows:

TLMD = CXTLRED (4)

where TLyp denotes the MD tolerance level, TLgep denotes the
RED tolerance level, and C denotes the conversion factor.

WILEY——

2.C | Practicability of the conversion factor

In order to validate the practicability of the conversion factors for
MD tolerance levels in terms of eq. (4), the relative dose errors
are compared between TLyp and Tlgep for lung, adipose/muscle,
and cartilage/spongy-bone. Thus, the dose variation caused by MD
variation is compared with that by RED variation. In other words,
the relative dose error and the dose linearity are compared
between CT-MD calibration and CT-RED calibration. However
RTPS takes either CT-MD calibration table or CT-RED calibration
table as input. The relative dose error and the dose linearity are
validated with four RTPSes, namely Eclipse™ planning system ver-
sion 13.5 (Varian Medical Systems, Palo Alto, CA, USA), iPlan ver-
sion 4.5 (BrainLAB, Feldkirchen, Germany), Pinnacle® version 9.10
(Philips Healthcare, Andover, MA, USA), and Raystation version 6.2
(RaySearch Medical Laboratories AB, Stock-holm, Sweden). The
question of whether it is necessary to register the CT-RED calibra-
tion or CT-MD calibration differs based on the RTPS or dose cal-
culation algorithm. The analytical anisotropic algorithm of Eclipse
(Eclipse-AAA) and pencil beam and Monte Carlo algorithms of iPlan
(iPlan-PC and iPlan-MC) takes the CT-RED calibration table as
input. Conversely, the Acuros XB algorithm of Eclipse (Eclipse-
AXB), the collapsed cone convolution algorithms of Pinnacle® and
Raystation (Pinnacle3-CCC and Raystation-CCC) takes the CT-MD
calibration table as input. The MD range of the three tissue
groups correspond to 0.25-0.41, 0.92-1.07, and 1.07-1.24 g/cm3
for lung, adipose/muscle, and cartilage/spongy-bone, respectively.
The RED are calculated from MD with conversion factors for each
tissue group, and the converted CT-RED calibration from CT-MD
calibration was used in Eclipse-AAA, iPlan-PC and iPlan-MC. The
averaged dose linearities for two groups, namely, the CT-MD cali-
bration and the converted CT-RED calibration, are validated with
multiple RTPSes. In particular, Eclipse-AXB, Pinnacle®>-CCC and
Raystation-CCC are classified to the CT-MD calibration group.
Conversely, Eclipse-AAA, iPlan-PC and iPlan-MC are classified to
the converted CT-RED calibration group. In order to compare the
relative dose error and the dose linearity between four RTPSes or
six dose calculation algorithms, a cubic region of interest (ROI),
with a depth of 30 cm and larger than the irradiation field is
formed with four RTPSes. The cubic ROI is filled with the MD of
each tissue group or the RED converted from the MD with the
conversion factor. The other dose calculation conditions are fixed
through the following parameters: the linear accelerator corre-
sponds to Varian TrueBeam STx (Varian Medical Systems, Palo
Alto, CA, USA), photon beam energy corresponds to 6 MV, source-
to-surface distance (SSD) corresponds to 90 cm, calculation depths
correspond to 10 and 20 cm, the field size corresponds to
10 cm? x 10 cm? with a depth of 10 cm, the monitor unit (MU) is
500 MU, and the dose calculation grid is smaller than 3 mm. Thus,
the absolute doses as a function of the same MD are compared
between four RTPSes or six dose calculation algorithms. In order
to decrease the difference of RTPS and dose calculation algorithm,

the normalized dose was used to compare the relative dose error
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and the dose linearity. Normalized doses were calculated via divid-
ing by the dose of reference MD. The reference MDs corre-
sponded to 0.33, 1.00, and 1.16 g/cm3 for lung, adipose/muscle,
and cartilage/spongy-bone, respectively. The averaged dose linearity
and the relative dose error for two groups are compared between
the CT-MD calibration group and the converted CT-RED calibra-
tion group. The relative dose errors from the tolerance level of
CT-RED calibration or CT- MD calibration table are calculated as
follows:

Derr. rep = TLmp X Prep and Derr,mp = Tlmp < Pmp (5)

where Derrrep and Derrmp denote the relative dose errors from the
tolerance level of CT-RED calibration and CT- MD calibration,
respectively, TLyp denotes the MD tolerance level, Prep and Pyp
denotes the proportionality factors of linear fitting curves for the
CT-MD calibration group and the converted CT-RED calibration,
respectively.

Furthermore the influence of the conversion factor on each tol-

erance level is validated as follows:
AD = Derr, RED — Derr.MD (6)

where AD denotes the dose variation between CT-RED calibration
and CT- MD calibration.

3 | RESULTS

3.A | Conversion factors from MD to RED

Table 1 shows conversion factors from MD to RED by ICRP-110 ref-
erence phantom. There were two reference phantoms in ICRP-110
that included an adult male and adult female. Averaged conversion
factors were collectively calculated from two reference phantoms.
The values of male, the values of female, and average values were in
agreement within 0.2%. Therefore, the average values were useful
irrespective of gender.

Figure 2 shows the relation between MD and RED to water for
adipose/muscle and cartilage/spongy-bone. The conversion factors of
two tissue groups were determined from multiple organs. The con-
verted RED from MD was compared with actual RED calculated with
ICRP-110. The difference was within +0.01 for the most tissues.
Conversely, the difference of upper femora, scapulae, upper humeri,
and mandible were —0.013, —0.01, —0.013, and —0.015, respectively.

3.B | MD tolerance levels for tissue group

Table 2 shows the MD tolerance levels for each tissue group. The

MD tolerance levels were estimated to cause 2% dose error at

TaBLE 1 Conversion factors for lung, adipose/muscle, cartilage/spongy-bone, cortical bone, and tooth

,(g/cm®) 2./ (P w0 C =, x (pe)n,0/ p, (8/cm’)
Classified tissue group AM AF Average AM AF Average AM AF Average
Lung 0.385 0.385 0.385 0.382 0.382 0.382 1.009 1.009 1.009
Adipose/Muscle 1.012 0.998 1.006 1.006 0.994 1.001 1.006 1.004 1.005
Cartilage/Spongy-bone 1.112 1.112 1.112 1.096 1.096 1.096 1.015 1.015 1.015
Cortical bone 1.92 1.92 1.92 1.784 1.784 1.784 1.076 1.076 1.076
Tooth 2.75 2.75 2.75 2.517 2.517 2.517 1.092 1.092 1.092
AM, adult male; AF, adult female.
1.08 1.28
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Fic. 2. (a) and (b) show the relation between MD and RED to water for adipose/muscle and cartilage/spongy-bone, respectively. The solid

line denotes the converted RED from MD with the conversion factor. The dashed lines denote the converted RED + 0.01. The plots (x)

denote actual RED calculated with ICRP-110 as a function of MD for each organ.
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TasLe 2 Summary of effective tissue thickness, RED tolerance level, conversion factor, MD tolerance level, Der, reps Derr, mp @and AD for

each tissue group

Classified tissue  Effective tissue thick- RED tolerance  Conversion factor p X (Pe)myo! MD tolerance level Dz, Dz,

group ness (cm) level », (g/em’) (g/cm®) RED MD AD
Lung 10 +0.044 1.009 +0.044 -1.1% -11% <+0.1%
Adipose/Muscle 20 +0.022 1.005 +0.022 -15% -14% -0.1%
Cartilage/ 10 +0.044 1.015 +0.045 -1.5% -12% -0.3%

Spongy-bone

The RED and MD tolerance levels are established to cause 2% dose error at effective tissue thickness. MD tolerance levels are converted from RED tol-
erance levels with conversion factors. Dey,, rep and Deyr, mp are defined in eq. (5). AD is defined in eq. (6).

MD, mass density; RED, relative electron density.

effective tissue thickness. The MD tolerance levels were calculated
from RED tolerance levels with the conversion factors. The tolerance
levels for cortical bone and tooth were not estimated because corti-

cal bone and tooth were too thin to cause 2% dose error.®

3.C | Practicability of the conversion factor

Figure 3 shows the absolute doses compared with same MD

between four RTPSes or six dose calculation algorithms for three tis-

calibration is used for Eclipse-AAA, iPlan-PC and iPlan-MC. The
absolute doses decreased with increases in the MD.

With respect to the lung tissue group, the doses of iPlan-PC
exceeded the doses of iPlan-MC although they used same CT-RED
calibration table. The relative dose difference between iPlan-PC and
iPlan-MC at depths of 10 and 20 cm were 2.6%-3.1% and 6.3%—
7.6%, respectively, for the lung tissue group. The coefficients of vari-
ation (CVs) were calculated with four RTPSes and six dose calcula-

tion algorithms for each tissue group. The ranges of CVs for the lung

sue groups. The CT-RED calibration converted from CT-MD tissue group at depths of 10 and 20 cm were 1.2%-1.4% and 2.8%—
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Fic. 3. Absolute doses for each tissue group at depths of 10 cm or 20 cm. Figures (a), (b), and (c) are calculated at a depth of 10 cm.
Figures (d), (e), and (f) are calculated at a depth of 20 cm. (a) and (d) correspond to the lung. (b) and (e) correspond to adipose/muscle. (c) and
(f) correspond to cartilage/spongy-bone. The absolute doses as a function of MD are compared between four RTPSes or six dose calculation
algorithms including Eclipse-AAA (), Eclipse-AXB (M), iPlan-PC (a), iPlan-MC (A), Pinnacle3-CCC (x), and Raystation-CCC (+).
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Fic. 4. Normalized doses for each tissue group at depths of 10 cm or 20 cm. Figures (a), (b), and (c) are calculated at a depth of 10 cm.
Figures (d), (e), and (f) are calculated at a depth of 20 cm depth. Figure (a) and (d) correspond to the lung. Figure (b) and (e) correspond to
adipose/muscle. Figures (c) and (f) correspond to cartilage/spongy-bone. The normalized doses as a function of MD are compared between
four RTPSes or six dose calculation algorithms including Eclipse-AAA(), Eclipse-AXB(H), iPlan-PC(a), iPlan-MC (A), Pinnacle3-CCC(x), and

Raystation-CCC(+).

3.2%, respectively. The ranges of CVs for adipose/muscle at depths
of 10 and 20 cm were 0.4%-0.7% and 1.3%-1.8%, respectively. The
ranges of CVs for cartilage/spongy-bone at depths of 10 and 20 cm
were 0.7%-1.3% and 0.5%-0.7%, respectively. Absolute doses were
different based on the RTPS and dose calculation algorithm. Figure 4
shows each normalized doses for four RTPSes or six dose calculation
algorithms. Figure 5 shows the averaged normalized doses and 1
standard deviation (SD) for two groups, namely, the CT-MD calibra-
tion and the converted CT-RED calibration. The effective tissue
thicknesses, Derr, rep, Derr, mp and AD for each tissue type are
shown in Table 2.

4 | DISCUSSION

The goal of this study involved establishing MD tolerance levels of
CT-MD calibration for each tissue group. In a previous study,?’ the
tolerance levels of CT-RED calibration were determined by the
effective tissue thicknesses and TMR data. However, the tolerance
levels of CT-MD calibration were not determined since the relation-
ship between MD and effective tissue thickness was not established.

In this study, tissue groups were determined by classifying with

respect to MD, and conversion factors to MD from RED were cre-
ated from standard whole body phantom data. The conversion error
was within £0.01 for most standard organs. The differences in sev-
eral bone organs exceeded +0.01 although it was assumed that the
conversion error was sufficiently small because the thicknesses of
the bone organs were thin and the conversion error was lower than
the RED tolerance levels (Table 2). The ratio of atomic mass (A) to
atomic number (Z) within major material (H, C, N, O, Na, Mg, P, S,
Cl, K, and Ca) was approximately constant A/Z = 2 with the excep-
tion of hydrogen (A/Z = 1). Therefore, the conversion factor from
RED to MD was affected by the weight of hydrogen based on
eq.(1). We created five conversion factors by classifying all organs to
five tissue groups based on MD.

In order to evaluate the practicability of the conversion factors
when the tolerance levels of CT-MD calibration were converted
from the tolerance levels of CT-RED calibration, the relative dose
error and the dose linearity were compared between CT-MD calibra-
tion and CT-RED calibration for lung, adipose/muscle, and cartilage/
spongy-bone. However RTPS takes either CT-MD calibration table
or CT-RED calibration table as input. Thus, the averaged dose linear-
ity and the proportionality factors for two groups, namely, the CT-
MD calibration and the converted CT-RED calibration, were
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Fic. 5. Averaged normalized doses and 1 SD for two groups, namely, the CT-MD calibration (lll) and the converted CT-RED calibration ((J)
at depths of 10 cm or 20 cm. (a)—(c) are calculated at a depth of 10 cm. (d)—(f) are calculated at a depth of 20 cm. (a) and (d) correspond to the
lung. (b) and (e) correspond to adipose/muscle. (c) and (f) correspond to cartilage/spongy-bone.

validated with multiple RTPSes. Figure 3 shows the absolute doses
as a function of the same MD for four RTPSes or six dose calcula-
tion algorithms. The differences in the absolute doses were affected
by the RTPS and dose calculation algorithm. Specifically, the dose
differences between iPlan-PC and iPlan-MC corresponded to 2.6%—
3.1% at a depth of 10 cm for the lung tissue group although they
calculated doses with same calibration table. The previous studies
also indicated similar results.® The doses by normalizing the abso-
lute dose at reference MD were compared for each tissue group in
Fig. 4. The averaged dose linearities for two groups are compared
between the CT-MD calibration and the converted CT-RED calibra-
tion in Fig. 5. TLrep were established to cause 2% dose error with
the effective depth and TMR measured in water. The relative dose
errors caused by TLgrep were calculated in tissue material with RTPS,
which were —1.1%, —1.5%, and —1.5% for lung, adipose/muscle, and
cartilage/spongy-bone, respectively. In addition, the relative dose
errors caused by TLyp were —1.1%, —1.4%, and —1.2% for lung, adi-
pose/muscle, and cartilage/spongy-bone, respectively. Thus, the rela-
tive dose errors calculated with RTPS were less than 2% for both of
CT-MD calibration group and the CT-RED calibration group. The
dose variations between TLyp and TLgrep were less than 0.3% for
lung, adipose/muscle, and cartilage/spongy-bone, respectively, which
were smaller than the relative doses errors caused by TLgep or TLyp.
One limitation in the current work is that the dose variation value

was not validated with same dose calculation algorithm because
RTPS takes either CT-MD calibration table or CT-RED calibration
table as input. Instead of validating with same dose calculation algo-
rithm, the practicability of the conversion factor and the tolerance
levels for each tissue group were validated with multiple RTPSes and
dose calculation algorithms.

The definition of tolerance levels of CT number calibration was
useful for the QA of planning CT and cone beam CT.3* It was
important to define the tolerance levels with respect to the tissue
type for dose calculations in inhomogeneous mediums because the
accuracy of a dose calculation was stated as 2% for inhomogene-
ity.2° The CT number calibration table is generally obtained by using
a calibration phantom with tissue substitutes. The CT number cali-
bration may slightly vary for CT scan parameters or radiotherapy
institutions due to the phantom size and amount of solid water
around the density inserts. American Association of Physicists in
Medicine Task Group 66 (AAPM TG-66)'! has been the major stan-
dard for CT simulator quality control. In AAPM TG-66, the tolerance
level of CT number in Hounsfield units (HU) has been described for
only water (0 £ 5 HU). Dose distribution in human body has been
calculated with tissue materials, for example, lung, adipose muscle,
and bone. However, the tolerance levels for each tissue type have
not been mentioned in AAPM TG-66. When clinical physicists regis-
ter the CT number calibration table on the RTPS, the consistency is
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confirmed between all scan condition and CT number calibration
table because CT number varies with scan conditions, which are
tube voltage, reconstruction algorithm and acquisition field of
view.*?*® The tolerance levels were useful in approving the regis-

tered CT number calibration table in RTPS for clinical use.

5 | CONCLUSION

In this study, we established the conversion factor from RED to MD
with ICRP-110 data. The RED and MD of organs were not propor-
tional given the differences in the MD and element weights between
organs. However, RED was converted to MD with a proportional
conversion factor by classifying all organs into five tissues groups,
and this study demonstrated the practicability of the conversion fac-
tors with four RTPSes and six dose calculation algorithms. Therefore,
the tolerance levels for CT-MD calibration were determined with

conversion factors from the tolerance levels of the CT-RED.
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