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Abstract

Estimations of organ doses Dr received during com-
puted tomographic examinations are usually performed
by applying conversion factors to basic dose indicators
like the computed tomography dose index (CTDI) or the
dose-length-product (DLP). In addition to the existing con-
version factors for beam apertures of 5 mm or 10 mm,
we present new DLP-Dt conversion factors adapted to
high-resolution CT (HRCT) examinations of infants and
young children with beam apertures of the order of 1
mm and under consideration of bow tie filtration. Calcu-
lations are performed on mathematical MIRD phantoms
for an age range from 0, 1, 5, 10, 15 up to (for com-
parison) 30 years by adapting PCXMC, a Monte Carlo
algorithm originally developed by STUK (Helsinki, Fin-
land) for dose reconstructions in projection radiography.
For this purpose, each single slice CT examination is
approximated by a series of corresponding virtual pla-
nar radiographies comprising all focus positions. The
transformation of CT exposure parameters into expo-
sure parameters of the series of corresponding planar
radiographies is performed by a specially developed
algorithm called XCT. The DLP values are evaluated
using the EGSRay code. The new method is verified

Konversionsfaktoren zur Ermittlung von
Organdosen bei pidiatrischen Patienten in
der hochauflosenden Einzelschicht-
Computertomographie mit enger Kollimation

Zusammenfassung

Die Abschdtzung der vom Patienten im Rahmen compu-
tertomographischer  Untersuchungen in  einzelnen
Organen aufgenommenen Strahlendosen (D) erfolgt
iiblicherweise durch die Anwendung von Konversions-
faktoren, wobei der Computertomographie-Dosis-Index
(CTDI) oder das Dosis-Lingen-Produkt (DLP) als Aus-
gangsdosisgrofien dienen. In dieser Arbeit werden zusditz-
lich zu den bereits fiir Schichtkollimationen von 5
mm und 10 mm existierenden Konversionsfaktoren
neue DLP-Dr-Konversionsfaktoren unter Zugrundele-
gung einer Schichtkollimation von [mm und unter
Beriicksichtigung der Fdicherstrahlfilterung fiir hochauf-
losende CT-Untersuchungen (HRCT) von Sduglin-
gen und Kleinkindern bestimmt. Die Berechnung der
Organdosen Dt wurde an mathematischen MIRD-
Phantomen der Altersstufen 0, 1, 5, 10, 15 und
(zum Vergleich) 30 Jahre durch Adaptation des von
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at a beam aperture of 10 mm by comparison with formerly
published conversion factors. We show that the higher spa-
tial resolution leads to an enhanced DLP-Dt conversion
factorifasmall organ (e. g. thyroid gland, mammae, uterus,
ovaries, testes) is exactly met by the chosen CT slice, while
the conversion factor is drastically reduced if the chosen
CT slice is positioned above or below the organ. This effect
is utilized for dose-saving examinations with only a few sin-
gle slices instead a full scan, which technique is applied in
about 10% of all paediatric chest CT examinations.

Keywords: High-resolution CT, organ doses, dose
length product, CTDI, computed tomographic dose
index, conversion factors, fan beam filter

der finnischen Strahlenschutzbehorde STUK (Helsinki,
Finnland) wurspriinglich fiir Dosisrekonstruktionen in
der konventionellen Projektionsradiographie entwickelten
Monte-Carlo-Algorithmus PCXMC an die in der Com-
putertomographie herrschenden Expositionsbedingungen
durchgefiihrt. Jede CT-Einzelschichtuntersuchung wurde
dabei durch eine Serie entsprechender, simtliche Fokus-
positionen erfassender planarer Radiographien appro-
ximiert. Zur Transformation der CT-Expositionsparameter
in die Expositionsparameter einer entsprechenden Serie
planarer Radiographien wurde der XCT-Algorithmus
entwickelt. Die DLP-Werte wurden mit dem EGSRay-
Algorithmus ermittelt. Zur Verifikation der neuen Methodik
dient ein Vergleich der fiir eine Schichtkollimation von
10 mm ermittelten Konversionsfaktoren mit Literatur-
werten. Es wird gezeigt, dass die hohere Ortsauflosung
bei einem kleinen Organ (z. B. Schilddriise, Brustdriisen,
Uterus, Ovarien, Testes) zu einem erhohten DLP-Dr-
Konversionsfaktor fiihrt, falls die gewdhlte CT-Schicht
genau dieses Organ erfasst, dass der Konversionsfaktor
jedoch drastisch erniedrigt ist, wenn die gewdhlte CT-
Schicht oberhalb oder unterhalb des Organs angeordnet
wird. Dieser Effekt wirkt sich vor allem bei der dosis-
sparenden Untersuchungstechnik der bei etwa 10% aller
pddiatrischen CT-Thorax-Untersuchungen angewandten
hochauflosenden Einzelschicht-CT aus, bei welcher nur
wenige diinne Einzelschichten mit vergleichsweise hohem
Schichtabstand angefertigt werden.

Schliisselworter: HRCT, Organdosen,
Dosis-Ldngen-Produkt, CTDI, Konversionsfaktoren,
Ficherstrahlfilter

1 Introduction

Computed tomography (CT) is a radiological procedure
ranking in the upper sector of the required doses to the exam-
ined regions of the body [1]. With increasing availability of
age-specific low-dose protocols, CT has come to be used more
frequently in paediatric radiology [2]. On the other hand,
the radiation sensitivity of children must be estimated con-
siderably higher than that of adults [3—10]. Recently, direct
epidemiologic proof has been given of a heightened risk for
neoplastic diseases after CT examinations in the age range
under 22 years [11,12]. Against that background, the pos-
sibility of the retrospective reconstruction of organ doses
administered in a long-years practice of paediatric CT exam-
inations - the aim of the present paper - is of significant
importance for radiation safety and radiation epidemiology.
The organ dose Dr is defined as the absorbed dose in an organ
or tissue T, averaged over the mass of that organ or tissue. This
definition is equivalent to the quotient of the energy imparted
to the matter of the organ or tissue and its mass.

In paediatric radiology, CT beam apertures of about 1 mm,
as implemented, e.g., in the CT scanner Philips Aura, have
been used for a long time since this narrow collimation is
necessarily adapted to the small sizes of anatomical struc-
tures in neonates and infants. In the literature of paediatric
radiology [13], this narrow collimation approach, combined
with the application of high-resolution reconstruction filters,
is usually referred to as “high-resolution computed tomog-
raphy” (HRCT). Moreover in some paediatric radiology
departments, about 10% of all chest CT examinations are
performed with a small set of narrow single slices with beam
apertures of about 1 mm and - as a low-dose procedure —
with relatively large gaps between the single slices instead of
continuous CT series [14—16]. Another feature of the narrow
collimation single slice HRCT is the general choice of a
relatively high tube voltage such as 120kV [14], whereas
low tube voltages such as 80kV are normally applied in
paediatric radiology. Relatively high tube voltages are used
as an auxiliary means to obtain the high radiation output
required to produce sufficiently low-noise detector signals in
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the presence of the divergence and scattering of the narrow
beams. The reconstruction of the organ doses received in pae-
diatric CT deserves special attention because the longitudinal
organ dose profile in the body as a function of slice position
will reflect the narrow collimation and the intermittent gaps.
It is an interesting question, whether these features offer the
possibility of organ dose reduction compared with wider
collimation scanners and with continuous CT series.

In most previous publications conversion factors were
established for calculating the organ doses Dt from basic dose
indicators capable of being measured in clinical routine like
the computed tomography dose index CTDI,;;, the CTDIy)
or the dose-length-product DLP [17], referring to beam aper-
tures of more than 5 mm as well as by largely neglecting fan
beam filtering. A comprehensive system of tables with val-
ues of the conversion factor Kcrprairptj, leading from the
CTDL,j for one tube rotation at slice position j to the asso-
ciated organ dose contribution Dr;j, has been created in 1991
by Zankl et al. [18,19] from the Helmholtz Zentrum Miinchen
(formerly the GSF National Research Center for Environment
and Health, Neuherberg) and by Jones and Shrimpton [20,21]
at the National Radiological Protection Board in Chilton, UK,
on the basis of Monte Carlo simulations of many single slices
j in mathematical phantoms and voxel phantoms. The calcu-
lations by Zankl et al. were made using a beam aperture of
10mm as a base and by neglecting fan beam filters, while
Jones and Shrimpton used a beam aperture of Smm and
accounted for selected fan beam filters from various manu-
facturers. Since Monte Carlo simulations of CT examinations
require high computing times, most of the clinically usable
computer programmes for the reconstruction of the organ and
effective doses administered in connection with clinical CT
examinations are based on the tables of Zankl et al. [18,19]
and Jones et al. [20,21]. Noteworthy amongst computer pro-
grammes created on that basis and commercially available are
WinDose [22], CTDOSE [23], CT-Dose [24], IMPACT [25]
and CT-Expo [26]. In most of these programmes, CTDlIy;j or
DLP; (the dose-length-product of the single slice j) are used
as the basic dose indicators for the reconstruction of patient
doses [27].

In consideration of the given geometric conditions, con-
version factors serving in the present study to adequately
reconstruct the organ doses in paediatric CT examinations
are based on a beam aperture of 1 mm as the standard. These
conversion factors were obtained by applying the commer-
cially available PCXMC algorithm of the Finnish Radiation
and Nuclear Safety Authority (Siteilyturvakeskus STUK,
Helsinki) on the basis of Monte Carlo simulations in mathe-
matical paediatric MIRD phantoms for age levels of 0, 1, 5, 10,
15 and (for purposes of comparison) 30 years, and by factoring
in a beam aperture of 1 mm. In addition, special consideration
has been given to the effect of fan beam filtering on the dose
distribution in the child’s body. While, in the 1990s, numer-
ous CT scanners lacked any possibility of fan beam filtering
(synonym: bow tie filtering), fan beam filters are implemented

in all modern CT equipment for technical image processing
reasons. For that reason, the impact of fan beam filtering shall
be illustrated in this paper with reference to the CT scanner
Philips Aura.

Although the operating consoles of the currently used CT
scanners generally indicate the CTDI;; or the CTDI, for one
tube rotation [17], we will in this paper study the conversion
factor kpLppt,j Which converts the DLP; in air, measured for
slice j on the rotation axis, into Dr;, the contribution of slice j
to the dose D to the organ or tissue T. The DLP in air is gen-
erally defined as the line integral of the air kerma over a line
parallel to the rotation axis, and the integration length has to be
stated [17]. In this paper, we are in principle using an infinite
integration length, e.g. in eq. (1) below, and in the numeri-
cal calculations a practical integration length of 100 mm for
any DLP; was chosen as a very good approximation to this
definition.

For the narrow collimations used in paediatric HRCT, the
DLP;j is frequently referred to, and it is available for retro-
spective studies. It is proportional to the energy input into the
patient’ body associated with slice j, and it can be regarded as
proportional to the sum of the detector signals received and
therefore as a measure of the information collected in one tube
rotation. Moreover, conversion factors of the type kpLppt are
useful in numerical comparisons between conversion factors
applicable to different beam apertures, in particular in our
comparison with the conversion factors according to Zankl
et al. [18,19] which are valid for 10 mm beam aperture. For
n adjacent slices with the same DLP;, the combined kpLppT
value for a specific organ T is the arithmetic mean of the
n individual values. This can be shown for a set of n slices
(j=1...n) adjacent to each other, where Dr; is the organ dose
contribution of slice j, and DLP; is the DLP of the j-th slice.
If all DLP; are equal, we have

> Drj
Dt j D1,

DLP _n-DLP; DLP; PP

kpLp.pT =

ey

This relationship has been used in Fig. 5 for the kpLppr
comparison between 10 adjacent slices of 1 mm thickness with
one slice of 10 mm thickness.

As examples to illustrate the methodology used, conver-
sion factors for several organs and varied exposure conditions
will be presented for the single-slice Philips Aura CT scan-
ner with 1 mm beam aperture operated in the Department of
Paediatric Radiology at Dr. von Hauner’s Children’s Hospital,
Munich. This paper will conclude with a view on the possi-
bilities of dose reconstruction for other methods of paediatric
CT examinations.
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2 Materials and methods
2.1 Radiation field geometry

In order to derive the organ doses achieved during CT
examinations, Monte Carlo simulations are generally applied
[28] to realistic virtual mathematical phantoms [29,30] or to
anthropomorphic voxel phantoms identical to reality [31,32].
The Monte Carlo method is based on the simulation of
stochastically distributed interactions of radiation particles
with matter of known chemical composition. In x-ray diag-
nostics it follows the histories of individual photons, starting
from the appearance of a photon at the phantom surface,
throughout the scattering and absorption processes and up to
the deposition of energy in the phantom or detector material
[33,34].

In the present study, the PCXMC algorithm from STUK,
Helsinki, originally designed for the Monte Carlo simulation
of dose distributions in conventional planar radiography, is

z
A

applied to paediatric HRCT examinations. With the aid of the
XCT algorithm developed for this purpose, the STUK-MIRD
phantoms of body height H corresponding to the various age
levels are mathematically divided up into 1 mm thin slices with
axial slice positions z;j (0 < z; < H). To each of these slices a
single slice CT examination with 360° full rotation of the x-
ray tube is allocated, where each single slice CT examination
is composed of 360 individual fan beam exposures under the
rotation angles wj (1° < w; <360°). In that way, each single
slice CT examination is replaced with a set of 360 planar
radiographies under the projection angles w; (1° < w; <360°).

The spatial visualization of the position of a single fan beam
in relation to the MIRD phantom in Fig. 1 shows the source-
to-skin distance SSD(w;), the body diameter d(w;) along the
central beam, the field width w(w;) in the plane of incidence
and the field height h(w;) in the plane of incidence in the direc-
tion of the rotation axis, all of them in functional dependence
upon the projection angle (i.e. the rotation angle of the x-ray
tube) w;. Also shown are the intersection length s of the fan

x-ray tube |

Figure 1. Beam geometry of a single slice CT examination and of the corresponding planar projection radiography. The characteristic
quantities of the CT exposure geometry are the gantry rotation angle w;, the transversal width angle of the fan beam (fan beam angle) ¢, the
axial width angle of the fan beam (fan beam aperture) ¥, the slice collimation s, and the focus-isocentre distance SID. The characteristic
quantities of the equivalent planar radiography exposure are the projection angle w;, the field width w;, the field height h;, and the source-skin
distance SSD;. The relationship between the two exposure geometries is given by the rotation angle dependent patient diameter d(w;). The
dosimetric characteristics are the incidence dose Kg(w;), the CTDI(w;), and the associated partial organ dose Dr(w;), here indicated for

T =mammae as an example.
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beam (identical for all 360 fan beams) along the rotation axis
(equivalent to the axial width angle of the fan beam x the
so-called “beam aperture”), the transversal width angle ¢ of
the fan beam (the so-called “fan beam angle”) and the source-
to-isocentre distance SID. Further indicated are the values
CTDI(w;) to be calculated and an example for an organ dose
Dr(wj) as well as the incidence dose Kg(w;) at the phantom
surface, serving in this study as an auxiliary variable.

For each single fan beam exposure i it is necessary to cal-
culate the parameters of the conventional planar radiography
equivalent to it, namely SSD(w;), h(w;) and w(w;) from the
geometric parameters of the fan beam, SID, s, w; and ¢:

SSD(w;) = SID — d(;)i) )
- d(y)

h(w;) =s - (1 - 2~SID> 3)

w(w;) =2 - (SID — d(w;)) - tan (%) (4)

2.2 Schedule for the calculation of conversion factors

The dose length product DLP; and the organ dose Dr
associated with a slice j result from summations over the
contributions from all rotation angles w; :

360
DLPj=> DLP, 5)
i=1
360
Dyj = ZDTJ,J' (6)
i=1

with the conversion factor kprppr,; defined through the
relationship

DT,J‘ =kDLP’DT,j-DLPj (7)

In our calculation, where two different algorithms are com-
bined to calculate DLPj and D, the incidence dose Kg;
serves to link the two component calculations as follows: For
each fan beam i, j (rotation angle wj, slice z;) the relation
is established between its contribution to the dose-length-
product, DLP;;, and its contribution to the incidence dose,
Kg,ij:

DLP;;=kkgpLprij- KE,j (®)

This is achieved by calculation with the EGSRay algorithm
as described in section 2.3. The conversion factors Kkg, DLP;,j
were calculated from the kerma distributions in air given by
the EGSRay Monte Carlo simulations.

On the other hand, for each fan beam i, j the relationship
between the contribution to the organ dose, Dr;j, and the
contribution to the incidence dose, Kg ;j, is established:

D71 j=kke p1ij- KE i} 9

This is achieved by calculation with the PCXMC algorithm
described in section 2.4. Combining eq. (5) and (8) we can
then derive:

360
E kkepLpij- KEgij

i=1
360 (10)

> K
i=1

kke pLPj =

and from eq. (6) and (9) we have

360
> kkeorij Keij

i=1
360 1

E KE,i,j
i=1

Finally with eq. (7), (10) and (11) we get the sought con-
version factor for a single slice j:

kkEe,pT.j =

kkE, DT, j

kpLp.DTj = (12)

kkE.DLP |

For a series of slices j, all with the same DLPj, we can use
eq. (1) in addition to eq. (12). The calculation of the conversion
factors according to equations (10) to (12) was accomplished
with the XCT algorithm. The conversion factors for individ-
ual slices, kpLppr, (eq. 12) will be illustrated by a series of
examples in the results section 3.2 (Fig. 5.a-d).

2.3 Conversion factors for converting the incidence
dose into the dose-length product (EGSRay algorithm)

The freely available EGSRay algorithm is based on the
EGS4 code [35] and was adapted by Kleinschmidt [36] for
clinical applications. The algorithm allows, inter alia, for
Monte Carlo simulations of spatial air kerma distributions for
random radiation sources, qualities and geometries. To deter-
mine the conversion factors according to eq. (6), in accordance
with the parameters derived by equations (2) through (4), a fan
beam was defined and, for that fan beam, Monte Carlo sim-
ulations with the aid of the EGS-Ray algorithm were used to
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determine spatial distributions of the air kerma for 10° pho-
tons. The air kerma readings were obtained for focus-to-skin
distances resulting from different tube rotation angles, and the
DLP on the rotation axis was obtained by integrating the pro-
file of the air kerma along the rotation axis over a length of
100 mm [17].

2.4 Conversion factors for converting the incidence
dose into the organ dose (PCXMC algorithm)

With the commercially available PC software PCXMC
developed by STUK, Helsinki, an efficient algorithm was
created to conduct Monte Carlo simulations in conventional
radiology [37,38]. Implemented in the algorithm is a com-
plete phantom family of mathematical hermaphrodite MIRD
phantoms at age levels of 0, 1, 5, 10, 15 and 30 years in accor-
dance with the models given by Cristy et al. [39] and the
ICRP standard [40] (Figs. 2 and 3). The algorithm has already
been successfully used to determine new conversion factors
for conventional paediatric radiography [41-44]. The soft-
ware version 1.5.1 was used for calculation of the conversion
factors according to eq. (7), since in the expanded 2.0 version
of this programme [45] in the MIRD phantoms the rotation
symmetry of the cranium suitable for calculating the cranium

1 L 0

.IV"l‘

Figure 2. STUK-MIRD phantom family, consisting of phantoms of
ages 0, 1, 5, 10, 15 and 30 years. The organ situs is shown in the
adult phantom (right).

dose in CT has been replaced by (more realistic) asymmetric
design.

All Monte Carlo simulations were based on the planar
beam geometries according to equations (2) through (5) tak-
ing the geometry of the equipment of the Philips single-slice

Skeleton

Esophagus

Thymus

Lungs

Gall bladder

Ovaries

Urinary bladder

Soft tissue

Figure 3. The organs and tissues of the hermaphroditic mathematical STUK-MIRD phantoms (white =skeleton; grey =soft tissues;
red =brain, heart, spleen, scrotum; yellow =esophagus, gall bladder, urinary bladder; light green =thymus, kidneys; dark green = liver,
uterus; light blue =lungs, ovaries; dark blue =stomach; brown = pancreas, colon sigmoideum, rectum; pink = thyroidea, intestinum; pur-
ple =colon). For better visualization of organ positions, skelettal structures were left out in the pa projection (right). Reference organs not
displayed in these projections, but considered in the calculations are mammae, skin, muscular tissue and red bone marrow.
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Table 1

Exposure parameters of the CT scanner Philips Aura and exposure
parameters of the scanner geometry considered by Zankl etal. [18,19]
as they were used for the Monte Carlo simulations.

CT Philips Aura Zankl et al.
Focus-isocentre distance SID 51.5cm 70 cm
Fan beam angle ¢ 47.2°/ 52° (mean 40°
value 50°)
Beam aperture (slice 1 mm -
thickness) s
10 mm 10 mm
Tube voltage 120 kV 125kV
Total filtration 1.5 A1+0.07 mm 2.2 A1+0.2mm
Cu Cu
Fan beam filtering yes no

Normalized CTDI in air 0.41 mGy/mAs -

Aura CT scanner from Philips Company, Netherlands, year of
construction 2002, into account (Table 1). For each virtual pla-
nar radiography, Monte Carlo simulations of radiation energy
deposition in all of the approximately 40 organs and tissues
of the mathematical MIRD phantoms of all age levels were
carried out, based on beam apertures of 1 mm and 10 mm,
even if the organs and tissues were not directly covered by the
primary radiation field. For each HRCT single slice a total of
360 - 10* individual photon histories was considered.

2.5 Consideration of the fan beam filtering

The procedure to determine CT conversion factors accord-
ing to equations (6) and (7) also allows to consider fan beam
filtering. Fan beam filtering has the effect, inside a given fan
beam, of an angle-dependent modification of the spatial dis-
tribution of air kerma. In the Monte Carlo simulations such
angle-dependent air kerma distributions can be factored in by

means of a subdivision of the entire fan beam into several
disjointed partial fan beam bundles. For reasons of symmetry,
subdivision has been undertaken in this study of fan beam i
with fan beam angle ¢ into a total of 9 disjointed partial fan
beam bundles k=1... 9 with corresponding fan beam angles
of ¢/9. In that way, the factors to be used in eq. (10) and (11)
are obtained by:

E kke.pLPi jk - KE,i jk

k
kke DLPj = (13)
ZKE,i,j,k
k
and
ZkKE,DT,i‘j,k “KEijk
kkEg,pTij = (14)
ZKE,i,j,k
k
Specific  conversion  factors ZkKE’ pTijk  and

i, jk
ZkKE’ pLP, jk for specific fan beam filtrations can be
ijk
determined by Monte Carlo simulations for the partial fan
beam bundles, taking the underlying form filter data into
account. In this study, for exemplification purposes, new
conversion factors have been determined for the Philips Aura
CT scanner used here as a reference model.

3 Results

3.1 Dose profiles in air

Several examples of the calculation with the EGSRay algo-
rithm described in section 2.3 are shown in Fig. 4 using the

14 1,4 é’;
s 1,3 1@ s = 10 mm; 108 photon histories (b) s = 10 mm; 108 photon histories [ 1.3 &
T‘T; 1? 1 —TT-s=1mm; 107 photon histories T s=1mm; 107 photon histories | 1? 3
x L1 r11 =
21,0 1 L10 o
= 0,9 09 &
©
X 0,8 - r08 £
8 07 L07 8
£ 3
5 061 r06 8
= 051 05 B
5 04 F04 £
o
o 031 t03 2
5 024 02 8

01 1 L01 o

0,0 0,0 §

-10 -5 0 5 10 -10 -5 0 5 10

Longitudinal distance from isocentre, r (mm)

Longitudinal distance from isocentre, r (mm)

Figure 4. Air kerma profiles (a) and absorbed dose to air profiles (b) in the direction of the rotation axis. They are valid for the radiation
incidence plane of a water phantom (d=20.4 cm) centered in the isocentre, corresponding to a 10 year old patient, at SID=70cm and
SSD =60 cm. The slice collimation was either s=1mm or s =10 mm. The radiation quality was 125 kV +2.2 mm Al + 0.2 mm Cu.
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(a) Mammae
18

—— Seidenbusch etal. (s = 1 mm)
16 1 —— Seidenbusch et al. (s = 10 mm)
Longitudinal boundaries of mammae

—— Zankletal. (s =10 mm)
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Conversion factor kyp; pr; (MSV mGy" em™)
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Slice position on phantom axis (mm)
(b) Thyroid

Table 2
Maximal longitudinal diameters of selected organs of the STUK-
MIRD phantoms.

Age (years) Maximal longitudinal diameter (mm)
Mamma Thyroid Lungs Brain

0 7 20 70 72

1 12 22 105 98

5 16 28 140 110
10 18 36 174 113
15 41 42 205 115
30 81 50 240 115

07
—— Seidenbusch et al. (s =1 mm)
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Figure 5. Conversion factors kpppjprj of a neonate plotted as
function of the position of slice j on the phantom axis for slice col-
limations s=1mm (red) and s =10 mm (black) at radiation quality
125 kV+2.2mm Al+0.2mm Cu. Computed results of this paper
(left) are compared with the results of Zankl et al. [18,19] (right). The
longitudinal extension of each organ is indicated by the grey dashed
lines. Note that the longitudinal axis of the STUK-MIRD phantoms
goes from caudal to cranial with the origin located at the middle of
the base of the trunk and that of the anthropomorphic voxel phantoms
used by Zankl et al. goes from cranial to caudal with the origin
located at the top of the skull. If the DLP; values of all 1 mm slices

examples of air kerma and absorbed dose to air in the entry
plane of the phantom. The air kerma profiles show weak lat-
eral tails due to the “geometric penumbra”, resulting from
the focus size, and to photon scattering at the collimator
edges. The profiles of the absorbed dose to air are further-
more smoothened by secondary electron transport in air. From
graphs of this type the contribution of each fan beam bundle to
the air kerma in the entry plane and to the dose-length-product
on the rotation axis can be read out. This yields the air kerma
values used in equations (6) and (7).

3.2 Impact of beam aperture and slice position on the
dose profiles in selected neonate organs

In the following, conversion factors calculated under the
exposure conditions considered by Zankl et al. [13,14], listed
in the right column of Table 1, for CT examinations with
single slices of 1 mm and 10 mm thickness in child patients
will be studied in detail, taking as examples in the order of
increasing axial thickness the mammae, the thyroid, the lungs
and the brain. The study will particularly refer to a neonate
or a young infant for whom narrow collimation single slice
HRCT examinations are indicated, for instance, due to inter-
stitial lung diseases. For the organs in question, the maximum
organ diameters on the longitudinal axis of the STUK-MIRD
phantoms, depending upon age level, are listed in Table 2.

In Fig. 5 the values of the conversion factor kpLppr;, i.€.
the quotient of the partial organ dose Dr;j; produced by the sin-
gle slice j and the dose-length-product DLP; belonging to the
same slice and computed by eq. (12), are shown. The partial
organ dose Dr; is the contribution to the entire organ dose Dt
associated with slice j within a series of slices. With all organs,
arranged in a sequence according to the maximum longitudi-
nal diameter of the organ (7 mm in the mammae, 20 mm in
the thyroid, 70 mm in the lungs and 72 mm in the brain), and
with a slice thickness of 1 mm, the topological gradation of
the partial organ doses Dt can be identified depending on the
position of slice j. For the lung organ dose, the shielding of the

were assumed to be equal, Fig. 5 would also show the longitudinal
profiles of the contributions Dr; to the organ doses Dr.
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lungs by the ribs comes out in the form of somewhat reduced
Drj readings when the fan beam is localised over the ribs,
while the brain shows an abrupt break-off of the dose values
when the slice is positioned at the cranial end of the body.
As an organ or tissue is not only met by the primary field
of radiation but also by scattered radiation, the dose profile
does not immediately fall to zero when the slice j is localized
outside the longitudinal boundaries of the organ or tissue. If
the slice thickness is increased from 1 mm to 10 mm and the
addition of the Dr; values and the DLP; values of the ten
1 mm slices is expressed by eq. (1), then the gradation in the
Dr; values becomes correspondingly rougher. For 10 adja-
cent 1 mm slices with the same DLP;, combined to form a
10 mm slice, there is good agreement of the mean values of
the conversion coefficient computed according to eq. (1) with
the 10 mm values given by Zankl et al. [18,19]. Minor differ-
ences are explained by somewhat different organ dimensions
in the anthropomorphic voxel phantoms used by Zankl et al.
Furthermore, the longitudinal axis of the STUK-MIRD phan-
toms used in this study goes from caudal to cranial with the
origin located at the middle of the base of the trunk and that
of the anthropomorphic voxel phantoms used by Zankl et al.
[18,19] goes from cranial to caudal with the origin located at
the top of the skull.

The conversion factors calculated on the basis of a beam
aperture of 1 mm correspond to the higher spatial resolution:
For small organs, particularly noticeable in case of the mam-
mae, the conversion factor from DLP to the partial organ dose
for a 1 mm slice directly placed upon the organ is higher by
a factor of approximately 2 compared with the 10 mm slice,
since only part of the latter is overlapping with the organ. If,
on the other hand, the 1 mm slice is placed directly above
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or below to the small organ, then the concomitant conver-
sion factor from DLP to the partial organ dose is considerably
lower than that produced by the 10 mm wide slice as long as
it continues to overlap with the small organ.

3.3 Impact of fan beam filtering on the dose profiles in
infants

The organ dose profiles shown in section 3.2 were calcu-
lated for fan beams without fan beam filtering. To take the
latter into account, the conversion factors according to equa-
tions (13) and (14) were derived on the basis of air kerma
profiles as they emerge from Monte Carlo simulations with
the aid of the EGSRay algorithm when the exposure condi-
tions and the fan beam filter of the Philips Aura CT scanner,
as listed in the left column of Table 1, are accounted for.

The fan beam filtering has the effect of modifying the angu-
lar distribution of the air kerma in the beam. Fig. 6a and b
show the two-dimensional air kerma profiles in the transver-
sal plane of the fan beam at isocentre distance by neglecting
(a) or including (b) the fan beam filtration of the single-slice
Philips Aura scanner. As clearly shown in the illustrations, the
fan beam filtering has the effect of turning the transversal air
kerma profile from a cap shape without filtering into a wedge
shape after filtering.

This circumstance has ramifications for the magnitude of
the conversion factors. As becomes clear from Fig. 6, fan beam
filtering has the effect of reducing the maximum doses at the
same DLP more in organs and tissues located peripheral to
the rotation axis than in organs near the axis. In that way,
organ doses are reduced in peripherically located organs, e.g.
the mammae doses (Fig. 7a) by about 20% and the kidney

(b) with fan beam filtration for CT scanner Philips Aura

(%)

Figure 6. a, b. 2-dimensional air kerma profile in the transversal plane of a fan beam at isocentre distance, plotted for the longitudinal and
the transversal direction, without (a) and with (b) fan beam filtration of the CT scanner Philips Aura.
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Figure 7. The partial organ dose Dr; of the neonate as function of the position of slice j on the phantom axis, normalized upon the dose-length
product DLP;, for slice collimation s =1 mm and SID =50 cm at radiation quality 120 kV + 1.5 Al+0.07 mm Cu without (dashed line) and

with fan beam filtration of the CT scanner Philips Aura (solid line).

and lung doses (Fig. 7b) by about 10%. For the thyroid which
is located near the patient axis the fan beam filtering merely
has the effect of reducing the radiation dose by 5%. Also for
the brain, located approximately in rotation symmetry, the
maximum dose reduction comes to about 5%.

3.4 Effect of patient age on the dose profiles

Due to variation of the anthropometric dimensions with
patient age [46], the CT conversion factors indicate a depend-
ence on age [47,48]; they decrease with the age of the patient,
and the highest readings are found in the neonatal age group
(Fig. 8). This effect, occuring with all organs and tissues, is
primarily caused by the increase in the size of the organs with
advancing age since the partial organ dose Drj constitutes the
contribution of the 1 mm thick fan beam slice to the whole
organ dose.

3.5 Example: Calculation of organ doses achieved
during a HRCT examination of a six-month-old
female patient

To illustrate the practical application of the method pre-
sented in eq. (12), the organ doses of the lungs, mammae,
thyroid, brain and red bone marrow in a thoracic CT examina-
tion of a new-born child have been determined as an example.
The CT examination was carried out on a six-months-old
female patient with broncho-pulmonary dysplasia (BPD).
Since BPD constitutes a generalised lung disease, the use of a

low-dose procedure of high-resolution CT (HRCT) consisting
of a few single slices with large slice distances made it pos-
sible to refrain from performing a comparatively high-dose
multi-slice or helical CT scan. The exposure data of the HRCT
examination (high-resolution protocol 1/15) are presented in
Table 3.

The 1 mm thick slices were positioned at the levels of the
thoracic vertebral bodies (TVB), TVB2, TVB 4, TVB 6 and
TVB 8. Slice no. 2 was at the level of the left mammary gland.
The actual position of the four slices could be determined with
a precision of one half of the vertebral body height. These

Table 3

Exposure parameters of a HRCT examination of a 6 months old girl.
The HRCT examination was performed using 4 single slices with a
beam aperture of 1 mm and a slice to slice distance of 15 mm (see
Fig. 11).

CT protocol High Resolution 1/15
Number of single slices 4

Beam aperture (mm) 1.0

Slice to slice distance (mm) 15

Source-isocentre distance SID (cm) 51.5

Tube voltage (kV) 130

mAs product per single slice (mAs) 90

Normalized CTDI in air (mGy/mAs) 0.41

CTDI in air (mGy) 36.9

CTDLyol, 16 cm PMMaA (mGy) 1.5
CTDlyol, 32 cm PMMA (MGYy) 0.72
DLP per single slice (mGy x cm) 3.69
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Figure 8. The partial organ dose Dr; for (a) mammae and (b) lungs, of a neonate, of a 1 year, 5 year, 10 year or 15 year old and for an
adult patient as function of the position of slice j on the phantom axis, normalized upon the dose-length product DLP;, for slice collimation
s=1mm and SID=50cm at radiation quality 120 kV + 1.5 Al+0.07 mm Cu under fan beam filter conditions of the CT scanner Philips

Aura.

anatomic coordinates were transformed into the metrical axis
coordinates of the STUK-MIRD phantoms used as the abscis-
sasinFig. 5. Since the body weight of the infant was 4 kg at the
time of the HRCT examination, the calculation of the organ
doses was performed on the basis of the conversion factors
for the neonate phantom whose standard weight is 3.51 kg.
All of the organ doses Dt are composed of the partial organ
doses Dt shown in Fig. 10 as functions of slice position j.
The positions of the four single slices (j=1, 2, 3, 4) are also
indicated. For each 1 mm slice the same DLP of 3.69 mGy cm
was assumed. Therefore, the proportion of the peak heights is
the same as in Fig. 5. In this specific instance it is assumed
that the mammae are included in the fan beam of single slice
no. 2 while the thyroid gland or the brain only receive very
low scattered contributions. The lungs are affected by all four
single slices. By adding up the dose contributions by the four
single slices, the organ doses listed in Table 4 are obtained.

Table 4

Organ doses achieved during the 4-slice HRCT examination of the 6
months old female patient with a slice thickness of 1 mm and a DLP
per slice of 3.69 mGy cm.

Organ T Organ dose Dt (mSv)
Lungs 1.4

Mammae 3.8

Thyroid 0.15

Brain 0.01

Red bone marrow 0.17

As illustrated by the narrow, high peak in Fig. 10, the organ
dose to the mammae critically depends on the exact position
of the HRCT slice. Depending on whether a small organ is
centrally or only tangentially met by a CT slice, the conver-
sion factor may differ by one order of magnitude. Due to the
uncertainty entailed by visual slice positioning it is of signifi-
cance for the reconstruction of a valid organ dose if the organ
is showing up in the tomogram of a single slice. Fig. 9 shows
that in this specific instance only the left mamma was met by
an HRCT slice (slice no. 2). The organ dose given in Table 4
and Fig. 10 therefore only applies to the left mamma. The-
oretically, the attempt can be made of totally avoiding slice
positioning on the mammae, but positioning can only be per-
formed with an uncertainty of about one-half of a vertebral
body height.

4 Discussion

In this study the new XCT algorithm for calculating the con-
version factors for the determination of applied organ doses
for children of all age groups was developed in the framework
of narrow-collimation single-slice high-resolution computed
tomography (HRCT) examinations. The algorithm allows for
application of the PCXMC algorithm originally developed for
dose calculations in conventional planar radiography to the
beam geometry of HRCT. Conversion factors kpp ppr;j for the
calculation of partial organ doses Dr;j from the DLP; readings
of single slices j according to equations (8) through (10) con-
stitute the main result. These values will be made available
elsewhere in tableworks.
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Figure 9. HRCT examination of a six months old female infant with extralobar sequestration and coiling of the feeding vessels. (a) Topogram
of the chest and upper abdomen. The four slices are indicated by the numbered red lines. (b) Axial 1 mm thin slice performed in position nr.
2. The lung tissue is greatly abnormal by engorged lymphatics. The left mammary gland tissue is visible (red circle).
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Figure 10. Dependence of the partial organ dose Dr; on the position of slice j along the phantom axis for T =lungs, mammae, thyroid and
brain, for an HRCT examination with s =1 mm and DLPj=3.69 mGy cm. For a slice series with DLP; =3.69 mGy cm for each slice, the
organ doses Dt would be obtained as the sum of the partial doses Dr; received in this series. The red dashed lines are marking the slice
positions in the 4-slice, the red circles the partial organ doses Dr; achieved by the single slices.

The validity of the new procedure was verified by compar-
ison with the conversion factors given by Zankl et al. [18,19].
The conversion factors calculated for the mathematical MIRD
neonate phantom, based on identical exposure conditions
(Table 1), correlate well with the values given by Zankl
et al. for the “Baby” voxel phantom. This also allows one to
conclude that the mathematically constructed STUK-MIRD
phantom of the neonate in regard to its anatomical properties

correlates well with the voxel phantom reconstructed from CT
cross-section images of a genuine patient.

Whereas in the tables given by Zankl et al. [18,19] a beam
aperture of 10 mm was assumed, in narrow-collimation single-
slice high-resolution computed tomography a beam aperture
of 1 to 1.5mm is generally applied. Moreover, at the time
of publication of the tables by Zankl et al., there was as
yet no necessity of taking fan beam filtering into account.
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Consequently, in the present study new conversion factors
were calculated taking a beam aperture of 1 mm as a base
and considering a variety of fan beam filtrations. The results
are presented by way of examples based on the specific con-
version factors calculated for the single-slice Philips Aura CT
scanner (Figs. 7 and 8). The methodology may also be trans-
ferred to CT scanners of other manufaturers provided that the
characteristics of the fan beam filtration are known.

As shown in Fig. 5, for small organs in neonates such as the
mammae, the narrow-beam conversion factors (red curves)
are partly higher, partly lower than the wide-beam conversion
factors (black curves), since the latter are simply the mean
values of the former over a width of 10 mm as shown in the
introduction. All parts of Fig. 5 confirm that these mean values
are in very good agreement with the values published by Zankl
etal.[18,19]. Narrow beam conversion factors have the advan-
tage to provide the precise organ doses in the case of small
organs and narrow collimation. This fact should be taken into
account in studies to establish the stochastic radiation risk
of premature and neonatal patients. The dose readings with
small-dimensioned organs and tissues are essentially deter-
mined by the position of the single slice HRCT in relation to
the organ, cf. equation (12) as well as Figs. 7 and 8 and Fig. 10.
Any misjudgement in localising the true beam aperture by
only a few mm can by itself entail an erroneous estimate of
the organ dose of the mammae by approximately one order
of magnitude. Therefore in dose reconstructions, it appears as
advisable to use the organ dose to the mammae in terms of a
conservative estimate of radiation exposure.

Our calculations point to the chance of an effective reduc-
tion of the dose to a small organ at risk possibly achievable
by deliberately arranging narrowly collimated single slices to
omit this small organ. However, a small organ such as the
mamma is hardly distinguishable in the topogram. Therefore,
in paediatric radiological practice, complete or partial expo-
sure of the mammae has been excluded with a high probability
by adjusting the beam aperture so that the thoracic vertebral
body TVB 6 was not met by the field of radiation. This tech-
nique has been applied in about 10% of all paediatric chest
CT examinations.

The presented method of organ dose calculation, in addition
to allowing for higher local resolution, also makes it possible
to take account of a variety of fan beam filtrations according
to equations (13) and (14). As could be shown in this study
taking the single-slice Philips Aura CT scanner as an example,
fan beam filtering with its reduction of single organ doses by
up to 20% possesses a non-negligible influence on the radia-
tion exposure of organs and tissues located peripherally to the
rotation axis. This confirms the results previously obtained
with an adult head phantom of 8 cm radius [49].

Unlike the geometric uncertainties in reconstructing doses
in small organs, the stochastic error entailed by the Monte
Carlo method is relatively small in calculations of radiation
energy deposition in the organs and tissues of the mathe-
matical MIRD phantoms. With the given number of photon

histories observed, the stochastic error per fan beam due to the
PCXMC algorithm was normally about 10-20% for the organs
and tissue met by the primary field of radiation. Moreover, a
comparison of our PCXMC dose calculations for issues of
planar projection radiography with other authors (e.g. [31])
yielded a deviation of only a few per cent.

The presented conversion factors for the first time offer the
opportunity of a more precise estimate of the organ doses
administered to small organs in young infants and young
children in paediatric HRCT, whereas for the larger organs
the accuracy of previous dose evaluation codes has proven
to be appropriate. In a further study, a survey will be given
of the diversity of the reconstructed kppppr organ doses that
have occurred in clinical HRCT examinations of neonates and
young children using different kVp and mA settings. The com-
putation techniques developed in this study can also be used
to estimate the organ doses associated with new CT scan-
ners applied in paediatric CT examinations which are today
based on multi-detector technique using wide collimations
for fast volume scanning of the chest but can also be used
for traditional narrow-collimation single-slice high-resolution
computed tomography by combining two detector rows of
0.5 to 0.75 mm width to achieve a narrow collimation of 1.0
to 1.5mm in a similar way as with the former single-slice
scanner Philips Aura, the subject of the present study.
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