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Monte Carlo simulations were used to evaluate the radiation dose to infinitely long cylinders of
water, polyethylene, and poly�methylmethacrylate� �PMMA� from 10 to 500 mm in diameter. Ra-
diation doses were computed by simulating a 10 mm divergent primary beam striking the cylinder
at z=0, and the scattered radiation in the −z and +z directions was integrated out to infinity. Doses
were assessed using the total energy deposited divided by the mass of the 10-mm-thick volume of
material in the primary beam. This approach is consistent with the notion of the computed tomog-
raphy dose index �CTDI� integrated over infinite z, which is equivalent to the dose near the center
of an infinitely long CT scan. Monoenergetic x-ray beams were studied from 5 to 140 keV, allow-
ing polyenergetic x-ray spectra to be evaluated using a weighted average. The radiation dose for a
10-mm-thick CT slice was assessed at the center, edge, and over the entire diameter of the phantom.
The geometry of a commercial CT scanner was simulated, and the computed results were in good
agreement with measured doses. The absorbed dose in water for 120 kVp x-ray spectrum with no
bow tie filter for a 50 mm cylinder diameter was about 1.2 mGy per mGy air kerma at isocenter for
both the peripheral and center regions, and dropped to 0.84 mGy /mGy for a 500-mm-diam water
phantom at the periphery, where the corresponding value for the center location was
0.19 mGy /mGy. The influence of phantom composition was studied. For a diameter of 100 mm,
the dose coefficients were 1.23 for water, 1.02 for PMMA, and 0.94 for polyethylene �at 120 kVp�.
For larger diameter phantoms, the order changed—for a 400 mm phantom, the dose coefficient of
polyethylene �0.25� was greater than water �0.21� and PMMA �0.16�. The influence of the head and
body bow tie filters was also studied. For the peripheral location, the dose coefficients when no bow
tie filter was used were high �e.g., for a water phantom at 120 kVp at a diameter of 300 mm, the
dose coefficient was 0.97�. The body bow tie filter reduces this value to 0.62, and the head bow tie
filter �which is not actually designed to be used for a 300 mm object� reduces the dose coefficient
to 0.42. The dose in CT is delivered both by the absorption of primary and scattered x-ray photons,
and at the center of a water cylinder the ratio of scatter to primary �SPR� doses increased steadily
with cylinder diameter. For water, a 120 kVp spectrum and a cylinder diameter of 200 mm, the SPR
was 4, and this value grew to 9 for a diameter of 350 mm and to over 16 for a 500-mm-diam
cylinder. A freely available spreadsheet was developed to allow the computation of radiation dose
as a function of object diameter �10–500 mm�, composition �water, polyethylene, PMMA�, and
beam energy �10–140 keV, 40–140 kVp�. © 2008 American Association of Physicists in Medi-
cine. �DOI: 10.1118/1.2921829�
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I. INTRODUCTION

Radiation dose to patients undergoing computed tomography
�CT� examinations has come under increased scrutiny due to
the increasing utilization of CT in the clinical environment.
Despite the advancements in scanner technology and the ex-
cellent image quality that these systems produce, radiation
dose assessment in computed tomography remains a source
of controversy.1–5 There are a number of reports on CT dose
assessment for human imaging,6–13 small animal,14 and
breast applications,15,16 each of these focusing on a specific

object size range and x-ray energy realm. The range of di-
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ameters for small animal imaging17,18 spans approximately
10–50 mm. For breast imaging15,19–21 this range is approxi-
mately 80–180 mm, and other human imaging applications
span diameters from about 100–500 mm. Indeed in clinical
imaging applications alone, high resolution clinical CT scan-
ners are being used to scan the finger22 and the wrist.23,24 The
average adult head is approximately 170 mm in diameter25

and in the body, larger patients can extend to 500 mm in
diameter.

Given the use of CT technology for research animals and

humans ranging from 10 mm in diameter up to 500 mm in
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diameter, there is utility in the assessment of CT over a com-
prehensive range of object diameters. In addition, the assess-
ment of CT dose over a comprehensive range of object di-
ameters provides insight into the overall physical trends in
dose behavior as a function of object size. Thus, the scientific
focus of this research was to use Monte Carlo dosimetry
techniques to compute CT dose coefficients over a wide
range of object diameters. The comprehensiveness of this
effort serves to unify CT dosimetry across a range of appli-
cations. An additional purpose of this investigation was to
study the influence of parameters �other than diameter� on
CT dosimetry including x-ray beam energy, bow tie filter
characteristics, object composition, and position within the
cylindrical object being scanned.

The extensive Monte Carlo results produced in this re-
search were tabulated in spreadsheet format, and an addi-
tional purpose of this research was to provide this data, in a
relatively ubiquitous format, to interested parties. To further
facilitate the utility of these data, an interactive tool was
developed which allows users to compute CT dose coeffi-
cients over a range of x-ray spectral properties, for three
different phantom compositions.

II. METHODS AND MATERIALS

The previously validated SIERRA Monte Carlo code26,27

was used as the computational engine for this investigation.
The SIERRA code tracks the propagation of x-ray photons and
their ultimate energy deposition and includes the photoelec-
tric, Rayleigh scattering, and Compton scattering interac-
tions. The code tracks each photon until it is absorbed by
photoelectric absorption, or escapes the volume of the phan-
tom. Because the fluorescent yield for elements Z�10 is
negligible, the propagation of characteristic radiation was not
necessary for the low z phantoms used in this study. There-
fore, the energy deposition from photoelectric interactions
was tallied entirely at the site of interaction. The SIERRA code
models the cylinder analytically, and it is not a voxelized
Monte Carlo code system. The attenuation coefficients used
in the simulations were reported previously.28

For this investigation, the x-ray source rotated 2� around
the cylinder being scanned �Fig. 1�a�� with no translation
along the z axis. A source-to-isocenter �SIC� distance of
541 mm was used for this work, corresponding to that of a
clinical CT scanner �Lightspeed models, General Electric
Medical Systems, Waukesha, WI�. A previous investigation14

demonstrated that when the output levels of the scanner are
normalized to the air kerma at isocenter of a CT scanner, that
there is little dependence on the source-to-isocenter distance.

The Monte Carlo studies were conducted on water �H2O,
�=1.0�, high density polyethylene ��C2H4�n, �=0.97�, and
poly�methylmethacrylate��PMMA, �C5O2H8�n, �=1.19�
mathematical phantoms. PMMA is a commonly used x-ray
phantom, and water is approximately tissue equivalent. The
high density polyethylene that was simulated is a good sub-
stitute for adipose tissue, with an average 2% difference in

the mass attenuation coefficients from 20 to 150 keV.
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For the majority of studies, the cylinder of a given diam-
eter was assumed to extend infinitely in both the −z and +z
directions. Exceptions to this assumption were made for
comparing and validating the Monte Carlo results against the
measured computed tomography dose index �CTDI100� data
published by the IMPACT group in the United Kingdom,29

where a 140-mm-long phantom was used. For the compari-
sons with IMPACT, the length of the phantom in the Monte
Carlo simulations was also adjusted to 140 mm. Photons ex-
iting the ends of the phantom were lost and thus did not
contribute further to dose in the phantom. To make the com-
parisons with the IMPACT data which were measured in air,
the Monte Carlo derived doses measured in the PMMA me-
dium were then multiplied by ��̄en /��med

air , computed over the
appropriate x-ray spectrum.

The collimated slice thickness of the CT beam �measured
at the isocenter� was 10 mm along the z axis in all cases,
using a point source of radiation that rotated uniformly and
at constant velocity around the cylinder. The point source
presents no x-ray beam penumbra, however divergence of
the x-ray beam in both dimensions �fan and cone angles� was
modeled. Thus, the irradiated slab of the object material in-
cluded divergence in the z dimension as well as in the fan
beam direction. The source geometry assumptions �point
source and no penumbra� have negligible influence on the
accuracy of the results. While the ideal source geometry as-

541 mm

bow tie filter

center cylinder (10 mm diameter)

entire cylinder

edge cylinder (10 mm diameter)
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FIG. 1. �a� The geometry of the computer simulations is shown. PMMA,
polyethylene, and water were used as phantom compositions. The simula-
tions included the head and body bow tie filters, as well is no bow tie filter.
Dose was computed at the center of the cylinder, at the edge, and over the
entire 10-mm-thick slab of the cylinder as well. �b� The x, y, z coordinate
system typically used in CT is illustrated. The doses computed in this re-
search involved the smooth rotation of the x-ray source 2� around the
cylinder, with no advancement along the z axis. The locations of the center,
edge, and entire CT volumes for dose computation are shown, and in each
case these cylindrical volumes were 10 mm long in the z dimension.
sumptions inaccurately describe the exact shape at the edges
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of the dose profiles along the z dimension compared to an
actual CT scanner, because the primary and scattered energy
deposition are integrated over infinite z �from z=−� to
z= +��, these effects become negligible.

Although the incident radiation beam measured 10 mm
wide at the isocenter, all primary and scattered radiation de-
posited along the entire z-axis �from z=−� to z= +�� at an
�x ,y� position in each cylinder was tallied, and thus the equi-
librium dose is presented here.4 Radiation dose to the phan-
tom was tallied as a function of position in the phantom,
using 1.0 mm �in x� �1.0 mm �in y� �� �in z� voxels. The
energy E deposited along the length of a cylinder of diameter
d was integrated along z, and the dose to a 10-mm-thick �T�
cylinder in the primary x-ray beam was computed using

CTDI� = MSAD =
�−�

+�E�z�dz

�T��d/2�2 , �1�

where T=10 mm for this study. The multiple scan average
dose �MSAD� and CTDI� represent the equilibrium value of
the accumulated dose at the center of the scan length �z=0�,
resulting from a series of multiple contiguous axial scans
spaced at equal intervals T �or a helical scan with a pitch =1�,
and covering a sufficient length of phantom to allow the
center dose to reach its asymptotic upper limit. Using this
approach, the absorbed closes to a 10-mm-diam cylinder
placed at the concentric center of the cylindrical phantom,
and to a 10-mm-diam cylinder located at the periphery of the
cylindrical phantom �with the hole center placed 10 mm
from the edge� were assessed. The location of the center and
peripheral cylinders used for dose measurement converged
for a phantom diameter of 20 mm. These two cylinders ap-
proximate the measurements typically made by medical
physicists at the center and edge of PMMA dosimetry phan-
toms. The radiation dose using the CTDI� metric was also
averaged over the entire volume of the 10-mm-thick CT slice
�Fig. 1�b��. The absorbed dose was computed to the medium
for the specific composition of the phantom used in the
Monte Carlo procedure—PMMA, water, or polyethylene.

Clinical CT scanners make routine use of a beam-shaping
filter �“bow-tie” filter�, and so any dosimetric study involv-
ing clinical CT scanners also needs to include the contribu-
tion of these filters. In this investigation, the proprietary filter
characteristics of a commercial CT manufacturer �General
Electric Medical Systems, Waukesha, WI� were used under a
proprietary agreement from the vendor. For each Monte
Carlo computational run, photons could be tracked using no
bow tie filter, the head bow tie filter, and the body bow tie
filter simultaneously, using a photon-weighting scheme that
factored in the angular and energy dependencies of the bow
tie filter. Secondary radiation such as scatter or x-ray fluo-
rescence from the bow tie filter was not modeled. While the
bow tie filter results in this investigation are specific to the
GE bow tie filters, bow tie filters are sufficiently similar that
the dose data reported here should be reasonable approxima-
tions to other vendors’ scanners as well.

For each Monte Carlo run, 107 photons were tallied for

each diameter, composition, and monoenergetic x-ray en-
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ergy. Simulations were performed from 5 to 140 keV, in
1 keV steps. The raw monoenergetic data were weighted to
compute doses for polyenergetic spectra. The dose data were
computed and normalized for various computer generated
x-ray spectra30 and monoenergetic beams for an air kerma of
1.0 mGy at the isocenter of the scanner. To match the spec-
tral model to the extent possible to the spectra emitted by the
CT scanner, the half value layer �HVL� at each kVp �80, 100,
120, and 140 kVp� was physically measured �in the central
beam� on the GE Lightspeed scanner.25 Aluminum filtration
was then added to the modeled x-ray spectra at each kVp to
produce the same HVL as in the measured x-ray beam.

The doses are reported as dose coefficients �mGy ab-
sorbed dose in the medium per mGy air kerma at isocenter�.
Each monoenergetic Monte Carlo data set was normalized as
mGy per 106 photon /mm2. The x-ray spectra used in this
investigation were normalized to 1 mGy air kerma at iso-
center, and after normalization the number of monoenergetic
x rays in each energy bin were known and these values were
then used to weight the dose coefficient. While the dose co-
efficients demonstrate perhaps up to 2% uncertainty for in-
dividual monoenergetic beams �which use the data from just
one Monte Carlo run�, dose coefficients for polyenergetic
x-ray spectra make use of the weighted average from many
Monte Carlo runs �depending on kVp� and have fluctuations
on the order of 0.5%.

The SIERRA code was used to evaluate the scatter to pri-
mary ratio �SPR� from the center to the edge of water cylin-
ders ranging from 50 to 500 mm in diameter. The energy
deposited from primary photons was tallied as Ep, and that
from scattered photons was tallied as Es. The energy deposi-
tion events included photoelectric absorption as well as the
energy deposited at the site of a Compton scattering event.
The SPR was computed for each annulus of width �r
=10 mm, from the center �where the region is a cylinder� to
the periphery of the phantom:

SPR�r�� =
�r=r�

r�+�r�z=−�
−� Es�r,z�dzdr

�r=r�
r�+�r�z=−�

+� Ep�r,z�dzdr
. �2�

In order to perform the spectral weighting using the mo-
noenergetic Monte Carlo data, and to provide a degree of
flexibility in CT dose calculations, a spreadsheet based tool
was developed �Excel, Microsoft Corporation, Redmond,
WA�. Using visual basic programming, the interactive
spreadsheet allows the user to mathematically generate a
polyenergetic x-ray spectrum ��E� by selecting the kVp and
amount of added Al or Cu filtration. This is achieved by
incorporating the spectral modeling procedure reported
elsewhere30 in the spreadsheet. After the polyenergetic spec-
trum is computed, the monoenergetic dose coefficient data
for the center �L=c�, edge �L=e�, or over the entire slice
volume of the cylinder �L=v� is used to produce polyener-
getic dose coefficients using a weighted averaging proce-

dure:
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DPoly,L =
�E=E min

E max D�E�Mono,L��E��E

�E=E min
E max ��E��E

, �3�

where the spectrum was normalized to 1 mGy air kerma at
isocenter. The locations �L� of the center, edge, and entire
cylinder volume used for dose computation are illustrated in
Fig. 1�b�.

The spreadsheet has tabulated dose coefficient data for
energies from 5 to 140 keV, for three phantom compositions
�PMMA, water, and polyethylene�, and for phantom diam-
eters of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160,
180, 200, 250, 300, 320, 350, 400, 450, and 500 mm. In
order to interpolate to other phantom diameters between 1
and 500 mm, the curve fitting functions inherent to Excel can
be selected and used. The default interpolation function is a
sixth order polynomial, and this was selected because it
proved to be more robust compared to the other interpolating
functions in our testing of the dose calculation tool.

III. RESULTS

In order to validate the Monte Carlo simulations used in
this research, over and above previously reported efforts,26,27

simulations were performed to model physical CTDI100 mea-
surements performed by the ImPACT group in the United
Kingdom.31

Comparisons between the Monte Carlo results and Im-
PACT data are illustrated in Fig. 2. Figure 2�a� illustrates a
comparison between CTDI metrics in the head phantom
�160-mm-diam PMMA�, while Fig. 2�b� illustrates the re-
sults of these comparisons in the larger body phantom
�320-mm-diam PMMA�. In general, good agreement is seen
between the Monte Carlo determined metrics and the physi-
cally measured values from the ImPACT group.

Figure 3 illustrates the diameter dependence of dose for
the center and peripheral regions of a water cylinder. The
dose averaged over the entire 10-mm-thick slice is also
shown. These data are for 120 kVp �HVL=8.3 mm Al�, and
the body bow tie filter. There is an initial increase in the dose
coefficient, and then a subsequent decrease, as the cylinder
increases in diameter.

Figure 4 illustrates the diameter dependence of dose in
water and PMMA, for both the peripheral and center loca-
tions. These data, for 120 kVp and no bow tie filter, demon-
strate the differences between water and PMMA dosimetry,
where the doses to PMMA follow the same general trends as
for water but are lower in magnitude due in part to differ-
ences in the ratio of the mass energy attenuation coefficient
to that of air ���̄en /��air

med�, which is about 25% higher for
water than for PMMA �largely due to the increased photo-
electric absorption produced in water due to its oxygen con-
tent compared to the other lower Z hydrocarbons�. For the
larger phantom diameters, differences in attenuation pro-
duced by differences in density and mass attenuation coeffi-
cients will also play a role. While the dose to the center
location decreases with diameters greater than about 100 mm
due to the increasing attenuation path, the peripheral dose

does not plummet dramatically with increasing diameter.
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This is because the x-ray source contributes disproportion-
ately to the peripheral region in the phantom when the en-
trant beam strikes the peripheral region directly �Fig. 1�. In
this case, the attenuation path to the peripheral cylinder
through the phantom is only about 5 mm and the relative
source intensity is greatest due to the inverse square law.

Figure 5 illustrates the doses for PMMA, water, and poly-
ethylene at 120 kVp and with the body bow tie filter in place.
As in Fig. 4, the water and PMMA phantoms have very
similar trends with diameter, however the polyethylene phan-
tom, which more closely resembles adipose tissue �about a
2% difference in mass attenuation coefficient, averaged from
20 to 150 keV�, has a slightly different trend.

Figure 6 illustrates the doses at the center and periphery
of cylindrical phantoms for monoenergetic x-ray beams at

(a)

(b)

FIG. 2. �a� Comparisons are shown between the ImPACT CTDI100 values for
the head phantom �16-cm-diam PMMA� and head bow tie filter for the GE
Lightspeed 16 slice scanner, and those determined in this work by Monte
Carlo evaluation. Good agreement is seen, although there is a slight upward
bias by the Monte Carlo data, averaging 8.2%. The four values for each
location correspond to 80, 100, 120, and 140 kVp—increasing kVp towards
the right in the graph. �b� The CTDI100 values from ImPACT are compared
for the body phantom �32-cm-diam PMMA� and body bow tie filter against
the Monte Carlo determined values, and again good correspondence be-
tween the measured and simulated values is observed. The differences be-
tween the CTDI100 values for the body average 4.9%.
30, 45, and 60 keV. These curves show the results for cylin-
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ders of PMMA composition and with a body bow tie filter.
Whereas Fig. 6 illustrates the dependence of hypothetical
monoenergetic x-ray beams, Fig. 7 illustrates the diameter
dependence of x-ray spectra of 80, 100, 120, 140 kVp. These
data are for no bow tie filter in water.

The bow tie filter has a profound influence in terms of the
diameter dependence of dose, as seen in Fig. 8. Here, the
curves correspond to no bow tie filter, a head bow tie filter,
and a body bow tie filter. While the abscissa in Fig. 8 spans
from 10–500-mm-diam cylinders, of course the head and the
body bow tie filters are actually designed and used in clinical
CT within a more narrow range of object diameters, with the
average head being approximately 170 mm in diameter and
the average body being in the range of 200–380 mm in di-
ameter.

One of the contentious issues in regard to the use of the
CTDI100

2 is whether or not the length of the chamber dramati-
cally influences the dose measurement. The Monte Carlo

edge

center

entire

FIG. 3. The dose �CTDI�� in infinitely long water cylinders as a function of
diameter for a 120 kVp �HVL=8.3 mm AI� x-ray spectrum, with the body
bow tie filter, is shown. The dose coefficients at the edge, center, and aver-
aged over the entirety of the CT slice are illustrated.

water
PMMA

center

edge

FIG. 4. The dose �CTDI�� as a function of diameter is shown for the pe-
riphery and the center regions, for infinitely long water and PMMA cylin-
ders. These data are for a 120 kVp spectrum �HVL=8.3 mm AI�. No bow

tie filter was used.
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code was modified to integrate the energy over a 10 mm
length �in z�, a 100 mm length �i.e., that of the standard
pencil chamber�, and over an infinite length �the default for
the rest of the figures, except Figs. 2�a� and 2�b��. Figure 9
illustrates the influence of this chamber length for the range
of PMMA diameters with a body bow tie filter and for a
120 kVp x-ray spectrum at the center position. Clearly, there
are large differences between CTDI100 and CTDI�, as this
graph illustrates, as has been discussed in the recent
literature.2,4,5 Comparing CTDI� versus CTDI100, the in-
crease in dose as a percentage is illustrated in the inset in
Fig. 9. There is a monotonic increase in the dose coefficient,
and the percent increase P is given by P=−7.8698
+2.0772d−0.0187d2, where d is the diameter of the cylinder
�r2=0.9988�.

water

polyethylene

PMMA

FIG. 5. This figure illustrates the effect of composition on dose �CTDI�� in
infinitely long cylindrical phantoms. At 120 kVp and with the body bow tie
filter, these curves correspond to the center location in the phantom.

60 keV

45 keV

30 keV

center location
edge location

FIG. 6. Doses �CTDI�� in infinitely long cylindrical phantoms for PMMA
and with the body bow tie filter are shown for different monoenergetic x-ray
beams. The ability of the lower energy photons to penetrate to the center to
contribute to dose decreases with diameter, as expected, however even the
30 keV beam is capable of delivering reasonable radiation dose levels to the
edge location on the phantom. The higher energy x-ray beams produce more
scattered radiation, and hence a “bump” in the dose coefficient is seen for

diameters from 10 to 70 mm.
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A Monte Carlo run was performed as a function of cylin-
der diameter and energy for water, and both the scatter and
primary doses deposited in various annuli in the phantom
were tallied. This allowed the direct computation of the scat-
ter to primary ratio �SPR� of dose at various radii in the
phantom, as shown in Fig. 10. Scatter to primary dose con-
tributions increase as expected with increasing cylinder di-
ameter.

A picture of the interactive dose tool is shown in Fig. 11.
This Excel macro program allows the user to select kVp and
added filtration to generate a vast number of x-ray spectra.
The tool reports back the computed HVL, which allows the
user to better match the modeled spectrum to a measured
one. The lower box in the tool allows the user to input a
specific object diameter, and the macro then reports back the

100 kVp

120 kVp

80 kVp

140 kVp

FIG. 7. The phantom dose coefficients �CTDI�� for water with no bow tie
filter as a function of polyenergetic x-ray spectra at different tube voltages
are shown. These doses are computed to the entire diameter of the cylinder,
not the edge or center. The spectral filtration used for these data corre-
sponded to the amount of Al necessary to deliver the HVLs reported previ-
ously see Ref. 25 for this scanner.

head

body

no bow tie

FIG. 8. The effect of the bow tie filter is illustrated in water at 120 kVp.
Dose coefficients �CTDI�� for infinitely long phantoms at the periphery of
the cylinder are plotted. The head bow tie filter, being designed for typical
170-mm-diam heads, demonstrates more aggressive attenuation as a func-

tion of cylinder diameter, as expected.
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dose results �interpolated if necessary� for the center, edge,
and entire cylinder volumes, for both the medium and air.

IV. DISCUSSION

Composition differences illustrated in Fig. 5 include both
elemental composition and density. At 10 mm diameter, the
higher doses are for water at �=1.0, followed by PMMA
with �=1.19, and the lowest doses are for polyethylene with
�=0.97. In the limit of a zero diameter cylinder, the dose
coefficients in Fig. 5 should in principle be equal to
��̄en /��air

med, the ratio of the mass energy absorption coeffi-
cient for the medium �water, PMMA, or polyethylene� to that
of air. Indeed, extrapolating the first two points �at 10 and
20 mm� back to 0 mm cylinder diameter, the ratio of
��̄en /��air

med for water, PMMA, and polyethylene are within
1.8% of these ratios �computed for the 120 kVp spectrum� of
1.09, 0.87, and 0.78, respectively.

The influence of the bow tie filter �including “no” bow tie
filter� on the CT dose coefficient is more pronounced at the
periphery of the phantom, but is small at the center. Figure 8
shows the influence of bow tie filter selection on the dose
coefficient. The shape of the curves for the head and body
bow tie filters in part reflects the attenuation versus angle
characteristics of the specific bow tie filter. The inverse
square law also contributes to the shape of these curves. In
CT, bow tie filters not only reduce the dynamic range of the
signal which strikes the CT detector arrays through radio-
graphic equalization, but they also reduce the dose at the
periphery of the patient’s body. A properly constructed bow
tie filter reduces dose with no loss of image quality, because
of the manner in which noise propagates during image re-
construction.

The traditional 160 and 320 mm diameter PMMA phan-
toms used by most medical physicists for the evaluation of
CTDI100 allow measurements to be performed at the center
and at the periphery. The concept of the weighted CTDI
�CTDIw� was developed31 to estimate the average dose to the
entire slab from these two point measurements using

CTDIw = 1
3 CTDI100

center + 2
3 CTDI100

periphery. �4�

The Monte Carlo assessments performed in this investigation
allow the direct measurement of the average dose to the slab
of tissue in the primary beam, which is likely to be more
accurate than estimates calculated using Eq. �4�.

Limitations of this investigation include the assumption
that the x-ray source is a point, and therefore the influence of
the penumbra formed by an actual finite x-ray source inter-
acting with the edges of the collimators was not simulated.
While this assumption may have a small influence on the
primary dose assessment used here, because the scattered
energy was integrated over infinite z, the scatter dose would
not be affected by the point source assumption. The fact that
the majority of dose in CT is deposited by scattered radia-
tion, which is shown in Fig. 10, further suggests that the
point source assumption used in this study has little influence
on the applicability of the data reported here to a CT scanner

with finite focal spot dimensions.
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The focus of this investigation was to demonstrate trends
in CT dosimetry over a comprehensive range of object phan-
tom diameters, x-ray energies, and phantom compositions.
the data generated in these Monte Carlo studies may be use-
ful for a range of dosimetry applications. To aid dose calcu-
lations for interested parties working in this area, the data
presented are available in an interactive spreadsheet, de-
scribed in Sec. II, by request of the corresponding author
�J.M.B.�. This tool enables the computation of doses over a

100 mm

10 mm

infinite

FIG. 9. This figure illustrates the effect of “chamber length” for a 120 kVp
cases is infinite, while the length of integration was 10 mm, 100 mm, and infi
measurement position. The inset shows the percent increase in dose coeffic

cylinder
diameter

r
r = 10 mm

r = 100 mm

r = 50 mm

FIG. 10. The relative contribution to CTDI� from scatter and primary pho-
ton interactions is illustrated as the scatter to primary ratio �SPR�, for three
different radii �see inset�. The relative dose from scatter is larger in the
center of the cylinder compared to the edge, due to solid angle

considerations.
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wide range of parameters, and the control box for this is
shown in Fig. 11. The interactive macro allows the selection
of the spectral model �low or high energy�, phantom compo-
sition �water, PMMA, or polyethylene�, bow tie filter �none,
head, or body�, the x-ray beam filter �Al or Cu�, and the filter
thickness. The dose computation tool shown in Fig. 11 was
used to compute all of the data presented in Figs. 3–8.

V. CONCLUSIONS

Monte Carlo techniques were used to evaluate the radia-
tion dose to water, PMMA, and polyethylene, cylinders span-

rum in PMMA with a body bow tie filter. The length of the phantom in all
Thus, this graph compares CTDI10mm, CTDI10mm, and CTDI� for the central
s a function of cylinder diameter, from CTDI100 to CTDI�.
spect
nite.
FIG. 11. A picture of the control box for the dose calculator macro is shown.



2431 H. Zhou and J. M. Boone: Comprehensive CT dose assessment in cylinders 2431
ning a comprehensive range of diameters from 10 to
500 mm. The simulations were performed from 5 to
140 keV, which allow CT doses for polyenergetic spectra to
be computed as well. The principal observations which re-
sulted from this study are that for high energy x-ray beams
typical of CT, CT dose coefficients experience a small in-
crease and then a gradual decrease in value as the diameter
of the cylinder increases �Fig. 3�. The initial increase is the
result of an increasing contribution of x-ray scatter to the
total dose as the diameter of the cylinder increases �Fig. 10�.
When a bow tie filter is not used �which is uncommon in
human imaging applications�, the dose to the periphery of
the patient cylinder is higher than when a bow tie filter is
used, and this trend is more pronounced for larger diameter
cylinders �Fig. 8�. Last, the distance along the z dimension
that is used to integrate scatter dose has a significant influ-
ence on the dose coefficient �Fig. 9�, increasing to 50% for a
50-cm-diam cylinder.
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