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METHODOLOGY FOR THE EVALUATION OF RADIATION DOSE IN X-RAY CT

I. INTRODUCTION

The current paradigm for characterizing radiation dose in computed tomography (CT) is based
on a metric—the computed tomography dose index (CTDI)—introduced nearly thirty years
ago!!! and subsequently adapted, for example, as CTDI,,, CTDI,o,, CTDI,, CTDI,,,, and dose-
length product (DLP) to facilitate government regulation,™ application at clinical facilities,>*
and manufacturer-consensus standardization of CT dosimetry."~"! Typically CTDI is applied to
represent absorbed dose along an axis of a cylindrical phantom. Essentially CTD/

» corresponds to the average value of the multiple-scan dose profile over the central
range (—nT/2, nT/2) spanning the total width nT of a group of n (=1) simultaneously
acquired tomographic sections, each section of width T;

* is associated with the midpoint (z = 0) of a scanning length L along the scanner lon-
gitudinal axis range (—L/2, L/2) through which the phantom is stepped in a sequence
of multiple, discrete, contiguously spaced exposures; and

* is acquired with each exposure made in an axial-scanning mode, i.e., where there is no
table movement during irradiation while the x-ray source rotates around the system
isocenter.

Because formally, mathematically, this multiple-scan average is equivalent to the single-
rotation dose profile (per total beam width) integrated over (-L/2, L/2), it is convenient to assess
the magnitude of CTDI during a single rotation: typically its value is approximated via meas-
urement with a fixed-length—usually 100 mm—relatively long “pencil” ionization chamber
symmetrically straddling the fan-beam plane. With this configuration CTDI,,, designates a ref-
erence index of dose accumulating at z = 0. For this index, the ionization chamber length, fixed
at 100 mm, represents a standardized scanning length L = 100 mm over which the phantom
dose profile is integrated, by convention irrespective of any particular scanning length actually
used in a clinical examination of an individual patient. CTDI,,, measurements are usually car-
ried out with the ionization chamber placed in a cylindrical, polymethyl methacrylate (PMMA)
dosimetry phantom and aligned along the phantom’s central axis (CTDI,, .)—along the axis of
rotation—or along one of the phantom’s peripheral axes (CTDI 100,1,).1 In the current CT dosime-
try paradigm, PMMA phantoms are typically 14- to 15-cm long and of 16-cm or 32-cm diam-
eter, where the latter two dimensions are intended to correspond in a gross sense to the breadth
of an adult head or adult torso, respectively.” It is also possible to measure CTDI free-in-air
(CTDI1,;,), i.e., with no phantom present.

Since the introduction of CTDI, there have been revolutionary advances in CT technol-
ogy,® in the application of these advances to the development of novel and improved clinical
procedures, and in the proliferation of CT utilization!!*'! involving new modes of operation,

"By convention for the CTDI,y,-based family of indices, air is the reference medium to which absorbed dose
values refer regardless of whether measurements are carried out free-in-air or within a PMMA dosimetry phan-
tom serving as an absorption and scattering material.

? For pre-programmed protocols applied in pediatric exams done with some CT scanner models, the 16-cm diam-
eter PMMA phantom may refer to a child’s torso. This convention is not standardized across CT models of all
manufacturers.



AAPM REPORT NO. I11

e.g., helical scanning and cone-beam irradiation geometries, for which CTDI as initially con-
ceived was not defined. CTDI is defined exclusively for axial scanning, and its application to
characterize dose in helical scanning is therefore conceptually presumptuous. Furthermore,
trends toward wider and wider longitudinal (z)-axis collimations and toward longer scanning
lengths tend to limit the accuracy, clinical relevance, and practical utility for CTDI,,-based
parameters to represent CT dose: as CTDI,, excludes contributions from radiation scattered
beyond the relatively short (100-mm) range of integration along z, it tends to undervalue the
cumulative dose at z = 0 that would otherwise be reported were all contributions included.!3-!"!
This underestimation is systematic, applying to narrow and wide beams alike, and slowly
becomes larger with increasing width of the z-axis collimation.!"!

Even more problematic is the advent of cone-beam CT systems with beam widths along z
sufficiently broad to image the anatomy of interest in a single rotation (or in multiple rotations) with-
out table movement. Conceptually, CTDI is not an appropriate index for a stationary phantom
because its integral form is the direct result of table/phantom translation over the range L, and its
divisor nT is actually just the particular value of the translation interval for contiguous scanning.
Furthermore, some cone beams are broader than 100 mm, and as a practical matter, a 100-mm pen-
cil ionization chamber is insufficiently long to register all of the primary radiation, let alone all of
the scatter radiation. The limitations of CTDI, particularly CTDI,,, have been a compelling moti-
vation for developing metrics robust enough to represent generic patient-relevant radiation doses
accurately, irrespective of the CT scanner mode of operation now and into the foreseeable future.

This report summarizes theoretical, computational, and experimental results!'®?" that
are the underpinning of these proposed new metrics and consolidates them in a new system for
CT dosimetry applicable to the acceptance testing and quality control of CT equipment.’ Moving
beyond the limitations of CTDI,, this system (1) uses a common measurement method and set
of equations directly applicable to helical and axial modes of scanning employing table transla-
tion and is also applicable to fan- and cone-beam modes of operation without table translation,
(2) 1s valid for any beam width, table increment, and scanning length, and (3) is suitable for any
phantom shape—mnot limited to right-circular cylinders—of an appropriately long phantom hav-
ing a uniform cross section and uniform composition along z. The intent is to make available an
accurate approach for specifying CT radiation doses based on a theoretically coherent measure-
ment methodology that can be readily implemented by medical physicists and that can be sup-
ported by manufacturers, standards developers, and regulators.

2. THEORETICAL, COMPUTATIONAL, AND EXPERIMENTAL
UNDERPINNINGS

2.A. CUMULATIVE DOSE FOR FAN-BEAM AXIAL- OR HELICAL-MODE
SCANNING WITH TABLE/PHANTOM TRANSLATION

The cumulative dose resulting from scanning a phantom moving along the z-axis (i.e., longitu-
dinally) through a rotating x-ray fan beam or cone beam can be conceptualized as a buildup of

? See section 4 for a glossary of the symbols and terminology used in this report.

2
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Figure 1. Dose profile f(z) free-in-air modeled for a General Electric LightSpeed-16 scanner with a col-
limation width of @ = 11.4 mm."*¥ g corresponds to the full-width at half-f(0) of the primary beam dose
profile, and it is associated with a total nominal width n7" = 10 mm of four adjacent 2.5-mm wide tomo-
graphic sections simultaneously acquired in a single scan.**! Also evident is the heel effect.

dose resulting from the superposition of stationary, longitudinally displaced single-scan* dose
profiles.!'! A scan is associated with a z-axis collimation width® a sufficiently broad to preclude
penumbral interference with data acquisition in imaging a group of tomographic sections of total
width® nT. Fig. 1 depicts the dose profile free-in-air for a single scan done with no table transla-
tion, and it illustrates the difference in values between a and nT. Parameter a represents a geo-
metric projection onto the axis of rotation of the width of the physical opening of the pre-patient,
z-axis collimator. The total width nT of the simultaneously acquired tomographic sections, on
the other hand, represents an image parameter, viz., the nominal value of the overall width

* An individual scan generally refers to a process of x-ray tube rotation, irradiation, and data acquisition produc-
ing either one image associated with one (n = 1) tomographic section (single “slice” CT) or, in multiple-detector-
row CT (MDCT), a group of images respectively associated with multiple (n > 1), adjacent tomographic sections
simultaneously acquired during the single scan.

> Parameter « is the width along the axis of rotation of the pre-patient z-axis collimator geometrically projected
from the centroid of the x-ray source. Parameter a corresponds to the full-width-at-half-£,(0) of the primary-
beam dose profile f,,(z).m] In the text, “collimation width” is used interchangeably with “a” and refers to a geo-
metric projection of the pre-patient z-axis collimator width onto the axis of rotation.

®nT is denoted N X T in international standards.”™" nT is commonly approximated by the total nominal width
(projected to the axis of rotation) of the contiguous rows (or groups of contiguous rows) of detectors directly con-
tributing to image formation in MDCT. For example, with an MDCT system operating with 16 longitudinal rows
of 1.25-mm wide imaging detectors, n7 = 16 X 1.25 mm = 20 mm. For detector-row signals added in groups of
four, nT = 4 X 5.0 mm = 20 mm. When image acquisition and reconstruction involve longitudinal overlap of
simultaneously acquired tomographic sections, as they do when CT systems operate in a mode employing a “fly-
ing focal spot,” then the value of nT needs to be adjusted to account for such overlap in order to properly evalu-
ate the total nominal width of reconstructed sections.



AAPM REPORT NO. I11

(along z) of the volume imaged in a scan. There is a complex relationship between »nT and a, and
their values are not generally the same.*!

In axial scanning with table/phantom translation, one models a series of N identical rota-
tions comprising a sequence of scans. The midpoint-to-midpoint spacing between successive
scans is a constant interval b, and the range along the z-axis over which scanning is done is
denoted by length L = Nb. This modeling of axial scanning represents a quasi-periodic, oscilla-
tory dose distribution of fundamental period 5.!"¥!7 Smoothing the distribution by taking the
“running mean,” i.e., averaging over an interval z + b/2 at each value of z, yields an expression
for the cumulative dose D, (z) as a convolution:!®!

L)2

D, ()= F(z)OM(e/L) = [ flz=)a, (1)

-L/2

Along a particular longitudinal axis parallel to the axis of rotation, e.g., the central axis or a
peripheral axis, f(z) is the associated dose profile resulting from a single axial rotation centered
about z = 0 in a stationary phantom. It includes both the primary-beam (p) and scatter-radiation
(s) contributions, i.e., f(z) = f,(z) + f{(z) , and therefore f(z) in a phantom is much broader than
the full-width at half-f(0) of the primary-beam dose profile ﬁ,(z).[zg] [(z/L) is the rectangular
function of unit height and length L, where L is the distance through which the full dose profile
f(z) 1s translated during a sequence of scanning. Fig. 2 depicts a group of cumulative dose pro-
files D;(z) resulting from scanning over various L.

| |
300 2100 0 100 200
Longitudinal position z (mm)

Figure 2. Cumulative dose distributions D, (z) for various scanning lengths L from 100 mm to 400 mm
along the central z-axis of an elliptical cross-section water-equivalent phantom (Computerized Imaging
Reference System, Inc.) with minor and major axes of 20 cm and 30 cm. D,(z) values are normalized to
equilibrium dose (see text) D,, = 1, and they are generated from the convolution Eq. (1) using the meas-
ured dose profile f(z).[*"

" For examples illustrating such quasi-periodicity, see Ref. 1, Figs. 3—5 and Ref. 28, Fig. 2.

4



METHODOLOGY FOR THE EVALUATION OF RADIATION DOSE IN X-RAY CT

Evaluation of Eq. (1) at z = 0 provides the cumulative dose at the midpoint of the scan-
ning range,

L/2

jf@mﬁ, (2)

-L/2

1
D L (Z = 0) = ;
which represents an average over a typically small interval (—b/2, b/2) about z = 0, where the
scan interval b is typically much shorter than the total scanning length L, i.e., b << L. Note that
since L = Nb, the limits of integration are implicitly related to the divisor b.

As the scanning length L increases, the cumulative dose at z = 0, i.e., the “central”
cumulative dose,” increases with accumulating contributions from the “scatter tails” of outlying
scan sections. D;(z = 0) increases asymptotically toward an upper limiting value such that the
source of scatter radiation is sufficiently remote so as to make negligibly small additional con-
tributions. This limiting value is called the “equilibrium dose” D,, and is given by

.
D, = | f()dz = afb. (3)

The right-hand term indicates the functional dependence of D,, = D, (a,b) on collimation width
a, to which the primary beam fluence incident on the phantom is directly proportional,'** and
on scan interval b, a decrease in which results in increasing overlap of individual dose profiles
and thus an increase in the cumulative dose.!'®!

As L increases, the central cumulative dose D;(z = 0) tends to approach the equilibrium
value D, first, i.e., before any other value D,(z # 0) of cumulative dose would (cf. Fig. 2). To
distinguish the asymptotic behavior of the central cumulative dose from that of D,(z # 0), and for
purposes of dose evaluation precluding measurements over infinitely long ranges, it is convenient
to introduce a parameter L,, called the “equilibrium scanning length.” L,, is defined as a finite
scanning length for which D, (z = 0) may be deemed to be close enough to the value D, to rep-
resent it practically; section 2.A.2 of this report describes the convention adopted for evaluating
L,,. For the particular phantom represented in Fig. 2, L,, = 400 mm (and L,, = 450 mm for the
32-cm diameter right-circular cylinder PMMA body phantom). As L increases further (L > L,,),
the region over which scatter equilibrium exists expands beyond z = 0, producing a flat central
region about z = 0. The dose D;(z = £L/2) at the endpoints of a scanning length approaches
%2 D,, as the scanning length L > L,, approaches the full-width at half-maximum of the distri-
bution D;(z). The average dose over (-L/2, L/2) is less than the central cumulative dose D;(z = 0)
for any value of L and approaches D,(z = 0) = D, only for scanning lengths L >> L,,. To a good
approximation'*” the dependence of D,, on a/b (Eq. 3) applies likewise to the cumulative doses
expressed in Egs. (1) and (2) even for sub-equilibrium scanning lengths L < L,,, where the
dependence on a is approximate and on 1/b exact.***"]

eq’
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In helical scanning, the scanning length L corresponds to the range along the longitudi-
nal axis through which the table travels continuously during a sequence of scans.® L = vt, where
v is the constant velocity of the patient table during x-ray tube rotation, irradiation, and data
acquisition. 7 is the total time of x-ray tube loading, i.e., the total “beam-on” time (also referred
to as tube “loading time” in the international standard!!). Eqs. (1)—(3) apply to helical as well
as to axial scanning, and they give the actual absolute dose on the phantom central axis. This
dose is naturally smooth (non-oscillatory) for helical scanning in a cylindrical phantom, and no
averaging is necessary.!'8! On the peripheral axes, the helical-scanning dose is quasi-periodic
along z with a period b = vz equal to the table advance per rotation, where 7 is the period of
rotation. Eqgs. (1)—(3) likewise apply to the helical dose on the peripheral axes if an angular
average over 2 at a fixed z is used to smooth the distribution rather than the longitudinal run-
ning mean (as used for axial scanning).!"®! Such smoothing allows the application of Eqs. (1)—(3)
to both helical and axial scanning modes; and, where equilibrium exists, the respective helical
and axial average cumulative doses converge to the same value for the same value of 5.[*1”

D,, is the basis of a robust dose metric applicable to the most frequently used scanning
modes, is applicable to the evaluation of total energy absorbed (integral dose) in a phantom irre-
spective of scanning length, and is representative of the magnitude of cumulative dose that
would be delivered clinically for scanning lengths ~ L,,.!">'®% For clinical scanning lengths that
are shorter than L,,, section 2.A.2 describes an empirical relationship between the central cumu-
lative dose and D,,. Hence D, and its related parameters comprise a concise characterization of
CT-scanner dose, and the description of their measurement is the principal goal of this report.

2.A.1. Cumulative dose parameterization, scan contiguity,
and geometric efficiency

For convenience of measurement and dose estimation, we develop two alternative parameteriza-
tions of dose quantities, the first independent of b and the second independent of a as well as b.
As a preliminary step, we define a “generalized pitch” factor, i.e., one applicable for either axial
or helical scanning,

b

_b )
nT

p
which quantifies the longitudinal overlap (p < 1), gap (p > 1), or contiguity (p = 1) between suc-
cessive groups of tomographic sections. In Eq. (4) parameter b is generalized in the sense that it
corresponds either to the table increment (scan interval) in a sequence of axial scanning or to the
continuous table advance per rotation (b = v7) during helical scanning.'***”! For n reconstructed

8In helical scanning, the scanning length L for irradiation can automatically exceed the image-reconstruction range
of clinical interest that an operator would select on the basis of pre-scanning scout preview images. Such “over-
ranging” by the system ensures that the tomographic reconstruction algorithms have sufficient information beyond
the selected range of clinical interest so as to render accurate interpolations within the clinical range.

? The rotational irradiation geometry of a CT scanner has no bearing on the applicability of this theory, which will
work just as well for a non-rotational fan-beam acquisition (“scout view” or scan projection radiography), and the
preceding equations can be readily adapted to such a case.

6
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tomographic sections, each of nominal width 7', nT is the total nominal width (along the axis of
rotation) associated with the group of sections simultaneously acquired and yielding multiple
images associated with a single scan.

Since the equilibrium dose D,, = D, (a,b) is proportional to the ratio a/b and by defini-

b 1
tion is acquired at pitch p=—, D, (a,b) =D, (a, p) o< —i. Hence the first alternative para-
nT e p nT

meterization is the equilibrium dose-pitch product

A

eq

a

= D a oc — (5)
p-D,,(a.p)e—,

which is independent of p (or b) and is identical to the equilibrium dose D, (a,p) for a general-

ized pitch p of unity.'® For example, for two separate sequences of scanning, one with pitch p,

and the other with pitch p,, if each sequence is done with the same collimation width a and total
section width nT, then p,-D,, (a, pl) =p,-D, (a, pz) = De q(a), independent of pitch (or scan
interval b). The same principle applies to the product of the cumulative (non-equilibrium) dose
D, (z = 0) and pitch: ﬁL =p-D, (z =0;a, p) is independent of p (or b). The pitch independence
of D, and of D, allows one to choose a practical value of the acquisition pitch for the purpose

of acceptance-test and quality-control measurements irrespective of any pitch p, used clinically,
which may not be suitable for measurement, and subsequently infer a dose D, at the clinical

A

technique from the relation D, = ﬁ/ p. (where, according to the particular situation, D may

represent either the equilibrium DAeq or a non-equilibrium 15L dose-pitch product).

The second alternative parameterization we introduce is the equilibrium dose constant,
defined as the following product:

(b/a)- D,, = (b/a)- D, (a.b)= (a7 /a)- pD,, (a.p) = (17 /a) -, ©

which, as indicated in Egs. (3) and (5), is independent of @ as well as b (and independent of
pnT).'" The equilibrium dose constant physically represents the equilibrium dose that would
result were the table increment b to equal the collimation width a (or were pitch p = a/nT). On
a given phantom axis for a particular set of operating conditions, a single evaluation of the equi-
librium dose constant (b/a) - D,, is tantamount to a complete specification of the dose on that
axis: that is, a measurement of the equilibrium dose D, (a,p) at a single known value of the col-
limation width a suffices for the computation of (b/a) - D,,, from which the equilibrium dose
D,, or equilibrium dose-pitch product 15&, can be rigorously obtained by scaling the equilibrium

dose constant to any other collimation width a: D,, and Deq are each directly proportional to a.

In other words, evaluation of (b/a) - D,, is an accurate and robust shortcut that can reduce the
number of measurements needed to represent doses.

1OD is equal to CTDI as originally defined per Ref. 1, i.e., associated with an infinite range of integration.
' The independence of the product (b/a) - D,, from a and b has been demonstrated experimentally'>****”! for fan-
beam axial and helical scanning as well as for cone beams.?!:>*!

7
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However, the collimation width a is not as readily determined as n7. In MDCT, the prac-
tice (commonly referred to as “over-beaming”) of keeping the primary beam penumbra beyond
the location of detectors used to reconstruct images generally necessitates that a > nT, as illus-
trated in Fig. 1, where any particular value of the ratio a/(nT) depends in a complex way on
focal spot size, selected detector configuration, and reconstruction algorithm such that there is
not necessarily a unique correspondence between a value of n7T and a single value of a.**'? The
same value of nT can correspond to different combinations of n and T, e.g., nT = 10 mm =
16X0.625 mm, 8X1.25 mm, and 4X2.5 mm, and associated with each such combination may
be a slightly different collimation width a.!***7!

For systems without post-patient collimation, correspondences between values of nT and a
may be inferred from the following approximation for the geometric efficiency in the z-direction,
which represents the fraction of free-in-air dose actually utilized for image reconstruction:”! 3

nT |a = geometric efficiency in the z-direction

(7)

a/ (nT) = over-beaming factor .

Setting @ > nT (“over-beaming”) keeps the penumbra of the x-ray field extended beyond the
locus of active detector elements that are spread over width nT (where all width values are
understood by convention to be geometrically projected to the axis of rotation).! The geometric
efficiency, approximated by n7/a, is the fraction of the free-in-air radiation dose utilized in cre-
ating the images (with detector septa ignored); it is equal to 88% in the example represented in
Fig. 1.

For some CT scanners operating under particular scanning conditions, and for others
under all conditions, the value of the geometric efficiency in the z-direction may be displayed
on the CT console as a percentage. For all CT systems in compliance with the third edition of
the International Electrotechnical Commission standard IEC 60601-2-44, tables of geometric
efficiencies for all beam collimations are provided to customers in the documents accompanying
the scanners.!”! From these tables one can use Eq. (7) to estimate the typical collimation width a
associated with every possible combination of n and T used clinically. Alternatively, for a par-
ticular value of the total nominal width of a group of tomographic sections, say 7,7, = 10 mm,
a corresponding estimate of the collimation width a, can be obtained directly from the full-
width at half-f(0) of the exposure distribution (free-in-air on the axis of rotation) imaged with a
ready-pack film or other device such as an optically stimulated luminescence (OSL) imager.
Since the infinite integral (free-in-air on the axis of rotation) of the dose profile is proportional
to a, the value a; associated with any other combination of »n; and T, can be inferred from the
ratio of a, to this infinite integral (for n;, T) times the value of the infinite integral measured for
n; and T). (Also see section 2.D of this report.)

12 Adaptive collimation'®'! is an example of a technology developed to reduce over-beaming.

13 Neither the ratio in Eq. (7) nor the IEC definition'” of geometric efficiency in the z-direction accounts for the
spatial inefficiency introduced by the presence of electronically passivated septa, which do not directly contribute
to image formation but are needed to separate active elements of detector rows.

8



METHODOLOGY FOR THE EVALUATION OF RADIATION DOSE IN X-RAY CT

The following observations'?**’! underscore the magnitude of difference between a and

nT and the role these factors play with respect to the equilibrium dose-pitch product ﬁeq versus
the equilibrium dose constant (b/a) - D,,:

D, is directly proportional to the over-beaming factor a/(nT), and it can therefore

vary by nearly a factor of two over the range 2.5 mm < nT < 20 mm.
* (bla) - D,, remains constant over the same range, 2.5 mm < nT < 20 mm.
« Efficiency generally improves the larger the value of nT.

* While (b/a) - D,, does remain constant with respect to z-axis collimation, it varies
according to scanner model, kVp, and shaped filtration.

2.A.2. Central (z = 0) cumulative dose and its approach to equilibrium

An estimate of the equilibrium dose D,, can be obtained through a study of how the dose
D,;(z = 0) at the midpoint of the scanning length changes with L. Also, it is informative, espe-
cially for clinical situations where the scanning length L may be relatively short compared to L,,,
to quantify the dependence of the central cumulative dose D;(z = 0) on L to indicate peak
cumulative dose values that can be significantly less than D,,.

D;(z = 0) may be characterized empirically as a product of a dimensionless “approach-

to-equilibrium function” A(L) and the equilibrium dose Deq:m]

D,(z=0)=h(L)D,,. (8)
where h(L) —1 when L becomes large enough to yield scatter equilibrium at z = 0. As was
demonstrated for a 32-cm diameter PMMA phantom for scanning lengths L greater than the col-
limation width a, h(L) has an approximate form as a constant plus an exponentially dependent

term leading to saturation,”!
W(L)=(1-a)+af 1-exp(-41/L,, ) [=1-cexp(-4L/L,, ) Q)

Hence from Egs. (8) and (9) the equilibrium dose D,, and the “equilibrium” scanning length L,
can be evaluated as two elements of a set of three fit parameters, {«, L,,, D,,}, for which the
specific values would in general depend on phantom radial dimensions as well as on scanner-
specific irradiation conditions. The term (1 — @)D, corresponds to the contribution of the pri-
mary radiation to the cumulative dose D, at z = 0, and the term «[1 — exp(-4L/L,)1D,,
corresponds to the scatter-radiation contribution at z = 0.'* With this parameterization, we iden-
tify by convention L,, with that particular length L for which exp(-4L/L,,) = exp(-4) = 0.0183,
1.e., for which the central (z = 0) cumulative dose is within 2% of the limiting equilibrium value
D,,. In other words, L,, is a finite scanning length with respect to which scanning of a longer
range makes for practical purposes a negligibly small difference in the estimation of D,,.

“The constant « of Eq. (9) is related to the scatter-to-primary ratio (SPR) extant on the phantom axis,'**! and it
increases with increasing SPR. « is only slightly less than unity on the central axis of large-diameter phantoms
where scatter dominates the primary dose contribution.

9
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Figure 3. Approach to equilibrium of peripheral- and central-axis central cumulative doses D, (0) (both
sets normalized to the peripheral-axis D,, = 1) at 120 kVp."””) Measured values: General Electric (GE)
LightSpeed-16 with nT = 20 mm; A GE VCT with nT = 20 mm; V GE VCT with nT = 40 mm.

The data in Fig. 3 indicate that the formula for A4(L) is relatively more robust for central-
axis doses, where scatter contributions dominate and « is close to unity, than for peripheral-axis
doses, where at L = 100 mm the largest variation of measured values occurs. For routine field
work on a particular scanner, Fig. 3 and Eqgs. (8) and (9) also suggest the possibility of using
shorter length, more manageable phantoms, for which previously estimated values of « and L,,
have been validated, to estimate D,, through extrapolation. If & and L,, are not known a priori
however, then extrapolation would require dose measurements at several values of L > a, includ-
ing a measurement at the largest value of L practicable.

Monte Carlo simulations'"! confirm that /(L) has a relatively weak dependence on the
z-axis beam collimation width @ and thus on the nominal width nT of the tomographic sections
imaged: the variation of A(L = 100 mm) with a is less than 1.5% over the range 1 mm < a <40
mm for all kVp settings from 80-140 kVp for both the head and body PMMA phantoms.
Moreover, these simulations show that #(L = 100 mm) varies by <5% over 80-140 kVp and by
<2.5% over 100-140 kVp. The relatively weak dependencies of #(L) on a and on kVp suggest
that once h(L) is evaluated, its application to other cases can be exploited to reduce the number
of measurements needed to characterize dose for various CT conditions of operation.

2.B. CUMULATIVE DOSE FOR SINGLE- OR MULTIPLE-ROTATION
FAN-BEAM OR CONE-BEAM SCANNING WITHOUT TABLE/PHANTOM
TRANSLATION

For a phantom fixed on a non-translating table and undergoing a series of N rotations, the cumu-
lative dose Dy(z) is simply related to the dose profile f(z) for a single axial rotation:

D\(z) = Nf(2), (10)

10
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and hence the central cumulative dose at z = 0 is given by
Dy(0) = Nf(0). (1)

Estimates of the peak value f(0) could be especially useful to characterize the magnitude of
dose in procedures involving CT fluoroscopy,****! which involve fan beams and where a patient
may be subject to skin injury from exposure involving multiple x-ray source rotations about a
circumferential area of the skin that is relatively stationary with respect to the fan-beam plane.
If the collimation width a is wider than the length of the thimble ionization chamber used for
measurements (section 3.C), then f(0) is readily determined as a “point dose” measurement with
this small ionization chamber located on the central ray at z = 0. However, for collimation
widths a that are narrower than the length of the small ionization chamber, it will be necessary
to use an alternative, appropriately small dosimeter to evaluate f(0), such as a small solid-state
detector!?*2!! or thermoluminescent dosimeter (TLD) properly corrected for photon energy
response. Such point dosimeters may also be used to measure the entire axial dose profile
£(z).120211

CT systems having beam widths along z wide enough to cover a significant anatomic
range in a single rotation are rapidly proliferating in the clinic. Some of these systems utilize a
conventional CT platform, can provide either helical or axial scanning modes involving table
translation, and can also provide single- or multiple-rotation acquisitions with a stationary table
(i.e., at a fixed z-location). Stationary-table scanning is used primarily in perfusion studies, and
this technique may also be combined with CT angiography to produce cardiac images from
rapid, sub-second scans, for example, with a 40-mm beam width in 64-detector-row systems,
and also with selectable beam widths ranging from 40 mm up to 160 mm in one 320-detector-
row system recently introduced.¥

For a single rotation of a cone beam about a stationary phantom, the appropriate meas-
urement to make would be that of the dose at the midpoint of the irradiated length; since the
cone beam width a is typically much larger than the ionization chamber length, a direct meas-
urement of the central ray dose f(0) is the simplest and most straightforward measurement
method for the dose delivered using these wide cone beams. Such a dose value would be analo-
gous to that characterizing the dose in fan-beam axial or helical CT scanning with table/
phantom motion. The physics suggests that one can conceptualize a wide primary cone beam
of width a in a stationary phantom as a group of N adjacent, narrow primary beams each of
width a/N, spaced at intervals » = a/N in a manner analogous to an axial-scanning sequence of
length L = Nb = a and thus “directly irradiating” the same length of phantom as would the cone
beam. Since the length of the phantom “directly irradiated” is the same, the dose distributions
in-phantom would likewise be nearly the same in both cases, i.e., f(z) for a single rotation of a
cone beam about a stationary phantom would approximately equal D;(z) for fan-beam scan-
ning—cf. Egs. (1) and (2)—with b = a/N. Thus the dose at z = 0 would be described equally
well by f(0) for the cone beam or by D,(0) for an equivalent group of adjacent narrow beams
covering the same length L = a. This analogy suggests a direct physical connection between the
dose in axial or helical fan-beam CT with table translation and that in stationary-phantom cone-
beam CT: since the dose on the central ray of the cone beam at z = 0 is the direct mathemati-
cal and physical analog of the central cumulative dose D;(0) in axial or helical CT, then f(0) is
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the obvious choice of the dose to measure and report for stationary-phantom cone-beam modes
of scanning. The mathematical formalism automatically forces the same logical conclusion, i.e.,
as the table increment b—0 (no phantom motion), the dose D,;(0) given by Eq. (2) smoothly
approaches the value Nf(0) given by Eq. (9) due to the fact that L = Nb, and the integration
limits +L./2 likewise approach zero. Like D, (z), the cone-beam dose f(0) would approach a max-
imum equilibrium value f,,(0) were the total cone beam width a increased to a value wide
enough to achieve scatter equilibrium on the central ray at z = 0 such that further increases in
a would not affect the dose at z = 0. However, evaluation of f,,(0) is generally not clinically rel-
evant in the case of a stationary phantom, since cone beams of width a,, = L,, > 400 mm are
not usually used in single-rotation acquisitions (except possibly by CT systems employing C-
arm, flat-panel detectors).

2.C. INTEGRAL DOSE AND PLANAR AVERAGE EQUILIBRIUM DOSE

The integral dose E,,, (i.e., the total energy absorbed in the phantom) serves as a simplified indi-
cator of patient risk: the presumption is that cancer risk increases the larger the dose and irradi-
ation volume containing radiosensitive tissue. While more relevant to the concern about radiation
risk than to acceptance testing and physics calibrations per se, E,,, and an associated derivative
quantity, the planar average equilibrium dose Eeq , may be informative to the CT operator,
radiologist, and those concerned with assessing public health implications of radiation dose
for various CT scanning techniques. ﬁeq —or the closely related parameterizations ﬁeq and
(b/a) . Eeq —could prove valuable as a basis for comparisons of values associated with different
scanners and also possibly as a reference quantity to which organ dose estimates could be nor-
malized so as to make such normalized estimates practically independent of scanner model.?>-¢!

Denoting f(r,z) as the single-rotation, axial dose profile along a given z axis located at
radius r from the central axis, and integrating over both r and z, one can calculate the total
energy absorbed in the entire volume of a phantom of mass density p. For N adjacent rotations
each spaced at interval b with respect to one another, the energy deposited in a cylindrical phan-
tom of radius R and mass density p is given by the product of N and the energy deposited per
single rotation:

o R

R oo R
E, =Np | [ f(r.z)2mrdrdz = pNb [ 2mrdr {% | f(r,z)dz} =pL[D, (r)2mdr,  (12)
0 —oo 0

—0 ()

where Eq. (3) for D,, is used, and N is replaced by the spatial surrogate L = Nb.
Eq. (12) can be rewritten as

1t =
E = pﬁRzL {EJD“[ (r)Zm’dr} = pn’RzLDeq, (13)

which is expressed in terms of the planar average (denoted Eeq) of D, (r) over the area 7R? of
the central scan plane, located at the midpoint z = 0 of the longitudinal scanning range of
length L.
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The following points elucidate important physics aspects of Eqgs. (12) and (13):

* E = p][RZ Lﬁeq is not equal to the energy deposited inside the scanned volume 7R’L,

but rather it includes significant energy deposited beyond (-L/2, L/2) by scattered radi-
ation. Therefore division of E,,, by the directly irradiated mass p7R’L does not equal
the average dose over the scanned volume 7R*L.

e Thus it follows that Deq is not equal to the average dose over the scanned volume
7R*L; moreover, there is no analytic expression for such an average dose.

 Therelation £ = pr R? Lﬁw is valid for any scanning length L, even for sub-equilibrium
scanning lengths. So if, for a particular value of L, dose equilibrium has not been
obtained, then to evaluate E,, accurately, one must nevertheless use the equilibrium
dose D,, in Eq. (13).

* N = t/t corresponds to the total x-ray beam-on time ¢, which is related to the roral
mAs on which E,,, fundamentally depends.

» For a given tube current and a given beam-on time ¢, i.e., for one particular fotal mAs,
E,, is independent of the scanning length L, where L depends on table velocity v. For
example, say in case 1 the system is configured for 100 mAs per rotation, 1 rotation
per second, t; = 30 s, and v; = 10 mm/s. Hence the total number of rotations = 30,
and the rotal mAs, = 30 rotations X 100 mAs per rotation = 3000 mAs; and L, =
v,¢; = 300 mm. Now consider case 2: the system is configured just as in case 1 except
for the table velocity: 100 mAs per rotation, 1 rotations per second, #, = 30 s and
v, = 5 mm/s. In case 2, the total number of rotations = 30, the total mAs, = 30 rota-
tions X 100 mAs per rotation = 3000 mAs; but L, = v,t, = 150 mm. Here’s the
point: because the fotal mAs is the same in both cases, the total integral dose E,,, is
the same in both cases. The phantom would absorb the same amount of energy E,,, but
in a smaller irradiation volume for case 2 than for case 1.

As the scanning length L increases, the cumulative dose radial distribution D;(z = 0; r)
becomes relatively more uniform across r due to greater scatter buildup on the central phantom
axis than on the peripheral axes, and thus the equilibrium dose D, (r) exhibits a weaker radial
variation than the cumulative dose D,(z = 0; r) for L < L,,. Since dose measurements are typi-
cally made at only two values of —on the phantom central (» = 0) and peripheral (r = R — 10
mm) axes—a “two-point” approximation to the radial integral in Eq. (13) can be made by
assuming a plausible relative functional variation®”*¥! of D, (r) with r, e.g., D, (r) r?. Better
approximations can be made determining a more exact functional form of D, (r), which could
be established by measurement or Monte Carlo simulation for the particular phantom and scan-
ner being utilized.

Here is an example of the evaluation of the integral dose E,,, and its relation to the pla-
nar average equilibrium dose Ijeq: consider body scanning with a GE VCT 64-multiple-row
detector CT (MDCT) system at 120 kVp, 250 mAs per rotation, with 10 contiguous 0.5-s
rotations and nT = 40 mm. Under these operating conditions, L = 10 rotations X 40 mm per
rotation = 400 mm = 40 cm = 0.400 m. The central and peripheral equilibrium doses in a

13
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0.400-m long, 0.320-m diameter PMMA phantom were measured to be, respectively, D,, . =
21.8 mGy and D,,, = 32.4 mGy."?”) With the assumption that D, (r) , Ijeq =% D, +
%2 D,,, = 27.1 mGy. Applying Eq. (13) with p = 1190 kg/m?, 7 =3.14,R = 0.160m, L =
0.400 m, and Deq = 27.1 mGy = 0.0271 Gy = 0.0271 J/kg, where the units have been con-

verted to kilograms, meters, and joules for convenience of calculation, one obtains
E, =prR’LD,,
= 1190 kg/m® x3.14x(0.160 m? ) x 0.400 m x 0.0271 J/kg
=1]J,

independent of both pitch and scanning length, deposited in the phantom at a rate of (1 J)/(10
rotations X 0.5 s/rotation) = (1 J)/(5 s) = 0.2 W. For a 70-kg (150-1b) person, an integral dose
value of E,,, = 1 J corresponds to an “average whole body dose” of about 1 J + 70 kg = 0.014
Gy = 14 mGy.

2.D. FREE-IN-AIR EQUILIBRIUM DOSE-PITCH PRODUCT

During acceptance tests (see section 3 for materials, equipment—e.g., ionization chamber in
section 3.C—and instructions to be applied in the measurements), it is useful to determine val-

ues of the equilibrium dose-pitch product free-in-air, D, . :
q,air

A 1 T ’ ’ a
Deq,air = I’I_T_J.;fair (Z )dZ = n_Tfair (Z = 0)’ (14)

where f,;.(z) is the associated dose profile free-in-air resulting from a single axial rotation
centered about the central scan plane (z = 0); see Egs. (3)—(5) and Fig. 1. ﬁeq i » lIKE its in-

phantom counterpart Deq, is directly proportional to the same over-beaming factor a/(nT), and it

is also proportional to the machine output f,;(0) along the central ray z = 0. As there is
minimal radiation scatter free-in-air, f,;(z) can be identified with the primary-radiation compo-
nent: f,,(z) = f, .,/(2). Values of DAeq’al)_ that are initially measured can subsequently be checked
in routine quality control testing of the constancy of x-ray emissions. They can also be used to

establish phantom-to-air ratios [13 / D } at acceptance to which subsequent measurements
eq eq,air
of D could be applied to infer in-phantom equilibrium dose-pitch products D . The ratios
eq,air eq

[lA)e ” / 136 q,air} are analogous to “phantom factors” that have been demonstrated to vary signifi-

cantly amongst scanner models.?*”
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3. MEASUREMENT OBJECTIVE, MATERIALS, EQUIPMENT,
AND INSTRUCTIONS

3.A. OBJECTIVE

For each clinically relevant mode of CT operation—helical, axial, fluoroscopic, or cone-beam
scanning—and for each clinically relevant set of operating conditions {focal spot size, bow-tie
filter, kVp, n, T, (a)'®}, the objective is to evaluate

(1) the equilibrium dose-pitch product lﬁeq for modes involving table translation and
the single-scan dose f(0) for stationary-table modes'®—each dose metric normal-
ized per mAs per rotation—on the central axis and on a peripheral axis of cylin-
drical phantoms, and

(2) corresponding quantities free-in-air.

Such evaluation constitutes a reasonable characterization of CT dose for the purposes of accept-
ance testing and quality control.

For any particular set of operating conditions, a single assessment of the equilibrium
dose constant (b/a) - D,, can be used to reduce the number of measurements required to evalu-
ate 156 , for the other sets of operating conditions.'*” In phantoms, these parameters can be eval-
uated from measurements and analyses made via an approach-to-equilibrium function A(L).

3.B. PHANTOMS

While this report describes a new CT dosimetry system that depends crucially on radiation
absorption and scattering phantoms sufficiently long (e.g., at least 45 cm) to accommodate scan-
ning lengths L,, related to cumulative dose equilibrium, at this time there is not consensus to
recommend precise specifications for

» phantom material composition

» phantom dimensions and shape (e.g., elliptical cylinders, or other shapes that are not
right circular cylinders to probe CT modes of operation using tube current modulation
or other means of automatic exposure control)

* media to which reported dose values would refer (i.e., dose in air of an ionization
chamber located within the phantom material vs. dose in the phantom material itself)

' In keeping track of the number of different operating conditions for which measurements are to be made, it is
assumed that each unique combination of 7 and T is associated with one and only one value of the collimation
width a. For example, for GE LightSpeed scanners employing a small focal spot, when n = 4 and T = 2.5 mm
(nT = 10 mm), @ = 11.4 mm = 1.3%, and there is no other value of @ associated with that particular combina-
tion of n and T. > Another example: when n = 8 and T = 1.25 mm (nT = 10 mm), a = 12.0 mm exclusively.'**!
However, any particular value of @ may correspond to more than one combination of n and 7. For example, for GE
LightSpeed scanners employing a small focal spot, the collimation width of @ = 12.0 mm is associated with n = 8
and T = 1.25 mm (#nT = 10 mm), and it is also associated with » = 16 and T = 0.625 mm (nT = 10 mm)."*¥

' In a scanning mode involving fan-beam or cone-beam irradiation without translation of the patient table, the clin-
ically relevant in-phantom dose descriptor is f(0), not DAM.
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Figure 4. Quick-fill water phantom: 30-cm diameter, 50 cm long body phantom with quick-disconnect
hoses for attaching to a small centrifugal pump. A Farmer chamber is shown on the central axis.

 values of ratios of mass energy-absorption coefficients of the phantom material vs. air,
for the purpose of evaluating dose in the phantom material

* how many phantoms (i.e., corresponding, for example, to an adult-size torso, head,
pediatric-size torsos and heads) would be sufficient to represent the attenuation char-
acteristics of the clinical population in a way reasonable and practicable for purposes
of dosimetric acceptance testing and quality control.

We recommend the formation of a new task group to address these particular points and related
issues. The following examples illustrate the kinds of phantoms that merit consideration:

3.B.1. Water

A water-filled, 30-cm diameter phantom, 50 cm long (Fig. 4) would correspond to the attenua-
tion and absorption of the average-sized adult body.'*”! The phantom is designed to be trans-
ported empty, and once placed on the table, it can be quickly filled or emptied in 2 minutes
with a small pump operating from a room sink as a reservoir. A second water-filled phantom, of
20-cm diameter, could be used to correspond to the attenuation properties of an adult head and
pediatric body.

3.B.2. Polyethylene (PE)

Monte Carlo calculations'” suggest that PE cylinders with diameters approximately 3.5 cm larger
than those of water cylinders would yield values of dose in air (at the phantom center, i.e., in an
ionization chamber) that match the corresponding values of dose in air for the water phantoms.
When one considers central doses in the respective media rather than dose in air, the central
dose in PE of 25-cm diameter would be approximately the same as the central dose in a water

17 J.M. Boone, A Short Report for CT Physicists on the Equivalency between Water and Polyethylene in CT
Dosimetry, private communication to AAPM TG-111, November 2, 2008.
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cylinder of 26-cm diameter; for a 30-cm diameter phantom, the dose in PE would be nearly the
same as the dose in water. The explanation of the seeming paradox in the matching of dose val-
ues for the respective media at a particular diameter without matching of central air dose values
has to do with the difference in ratios of the spectrally averaged mass energy-absorption coeffi-
cients for the medium with respect to that for air, where this ratio is denoted by

the symbol (‘am / ,D)

material . For polyethylene, ( I, / P)P.E ~ (.78 is lower than that of water, where

air

( i / p)w”m ~ 1.09"" Hence, because the dose is reduced (per unit air dose in the center) by a

factor ~ 0.78, the diameter of a polyethylene cylinder would need to be somewhat smaller than
that of a water cylinder in order to compensate so as to yield the same value of in-medium dose.
For the purpose of measurements of equilibrium dose, 30-cm long modules of PE cylinders
could be assembled adjacent to each other along the longitudinal axis.

3.B.3. Polymethyl methacrylate (PMMA)

While dose in a 32-cm diameter PMMA phantom would be approximately 30% lower than the
dose in a 30-cm diameter water cylinder,'*!! there is a large stock of PMMA phantoms already in
use in the field, and such phantoms could be assembled contiguously for requisite lengths. Dose
in 16-cm diameter PMMA would be relatively close to the value in a 20-cm cylinder of water.!*!!

3.C. IONIZATION CHAMBER AND ELECTROMETER

The measurements described in this report should be made using a conventional thimble ioniza-
tion chamber with an active length / of 20-35 mm for charge collection, a nominal collection
volume of at least 0.6 cm’, a flat energy response (~1.5% variation) over the half-value layer
(HVL) range 2—-15 mm AL '™ and which is calibrated by an accredited dosimetry calibration
laboratory (ADCL) for ranges of beam quality and kVp (80-140 kVp) associated with those of
CT scanner spectra. An example of such a chamber is shown in Fig. 5.

Figure 5. RadCal “Farmer-type” 0.6-cm® ionization chamber and cable. The red line along the circum-
ference of the chamber locates the middle of the charge-collection volume.
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Depending on the particular electrometer, it may be important for the ionization cham-
ber to be configured with a cable long enough to allow the electrometer to operate out of the
phantom scatter-radiation field, e.g., shielded in the control area outside the scan room, in order
to avoid induction of extra-cameral currents'® in the electrometer itself:?”! not to mention the
increase in data collection efficiency obtained by locating the electrometer at the CT control
console. If the chamber is only equipped with a short cable, an extender cable could be used,'
or alternatively the electrometer can be shielded with a lead apron. The electrometer should pro-
vide a bias voltage of at least 300 volts, and it should have sensitivity and a leakage current
consistent with the ionization chamber volume and dose rate. Since measurements involve irra-
diation of the entire ionization chamber stem plus a significant length of cable, the ionization
chamber should be tested for a “stem effect” prior to use.'*”? A 0.6-cubic centimeter Farmer-type
ionization chamber satisfies all of these criteria,'®!%?>*" but other types may be equally satis-
factory. At least one such 0.6-cm® Farmer-type chamber is available for dosimetric electrometers
used by diagnostic physicists, and it has been found to exhibit good performance, comparable to
that of the Nuclear Enterprise 2571 Farmer-type chamber.

If ¢ (nC) is the total charge collected by the ionization chamber during scanning over the
length L, and N; (mGy/nC) is the ionization chamber calibration factor supplied by an ADCL,
then under the assumption that the chamber reading ¢ has been corrected for temperature and
pressure, the dose to the phantom material (e.g., water, PE, or PMMA) is given by

— material — material
Dmate‘n'al = Ka (‘uen /p)air = qu ('uen /p)air ’ (15)
where K, = gN, approximates (to within ~2% for the range of beam quality of CT systems)
the magnitude of the air kerma in the cavity occupied by the ionization chamber,?’#**! and

(ﬁen / p)'ﬁfterml is the ratio of the spectrally averaged mass energy-absorption coefficient of the
phantom material to that of air. (Note that if the dosimetric reference medium were ldesignated
to be air itself, then the value of this ratio would be unity.) This ratio (,L_ten / p)me will vary
somewhat with kVp, with the shaped filtration, with the phantom, between the central and
peripheral axes in a given phantom,**! and even as the ionization chamber moves along the

z-axis. However, the variation is less than 3%. For water, 120-kVp—based estimates for the
— water — PE
average (i, / P)al.r are ~1.06" to ~1.09“"". For PE and PMMA, estimates of (i, / p)w_r and

—_— PWA . [41] . . .
(,uen / p)air are 0.78 and 0.87, respectively."”" For any particular medium, a more detailed

18 Unshielded electronic components may be susceptible to such spurious currents: for these x-ray energies, any
p-n junction—even unbiased—acts like an ionization chamber because of the junction potential and has a sen-
sitivity more than four orders of magnitude higher than that of an air-filled ionization chamber of the same vol-
ume. In this application the ion chamber is integrating very low currents when traversing the scatter tails of the
dose profile (unlike the typical diagnostic application using a large volume ion chamber in the unattenuated pri-
mary beam). The prudent physicist will therefore perform a simple verification (perhaps with a lead apron)
under the above experimental conditions to rule out such errors (in lieu of relying solely on the manufacturer’s
assurance).

19 An extender cable could possibly introduce signal degradation and noise pick-up; however, a simple test with and
without the extender cable should verify its suitability. The physicist should carefully consider the strengths and
limitations of the particular equipment when configuring the components—ionization chamber, cable, electrom-
eter—for measurements.
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analysis of the variation with kVp and HVL is warranted to develop estimates of mass energy-
absorption coefficient ratios more precisely matched to x-ray energies and beam quality.

3.D. MEASUREMENT INSTRUCTIONS
3.D.1. Select CT conditions of operation

While equilibrium doses and stationary-table, single-scan central doses are to be evaluated for
each clinically relevant set of operating conditions {focal spot size, bow-tie filter,zo kVp,n, T, a},
for each iteration through the instructions, start by designating a “reference” set of operating con-
ditions {...},, to be associated with doses denoted D,, . and f,,(0), with parameters focal spot
Size,.p, bow-tie filter .y Nyops Tropy Qs Dyeps Dreps €1C., and with an approach-to-equilibrium function
denoted A,,(L). We recommend that for the initial designation, the reference set of operating con-
ditions correspond to those of the most frequently used clinical protocol, for example, {large focal
spot, body bow-tie filter, kVp,,, = 120 kVp, n,,, = 4 slices per scan, T,,, = 5-mm thickness per
slice . If at all possible, select a combination of 7, and T, that corresponds to a value of the
pre-patient collimation projection width a,,, that is known a priori (via direct measurement with
film, with an OSL imager, or via the manufacturer) or can be inferred with Eq. (7).

For normalization to the tube current-time product, e.g., to 100 mAs per rotation, in
scanning a phantom, select a value large enough, such as 400 mAs, so that the signal/noise ratio
within the f(z) dose profile tails at the level of 1% peak signal assures that dose values accrued
in the tails during scanning are statistically significant. It should be understood that dose metrics

to be evaluated, ﬁeq and f(0), refer to values that are normalized to the current-time product,

e.g., to 100 mAs per rotation.

3.D.2. Set up the phantom and ionization chamber

Place the thimble ionization chamber in the phantom central hole. Center the charge-collection
volume of the chamber at the phantom central plane, which will correspond to the midpoint (z
= 0) of the scanning range (—L/2, L/2) for all measurements. Align the phantom central axis
with the scanner axis of rotation. See Fig. 6.

3.D.3. Select b, n, T, and p for table translation

In subsequent measurements for scanning modes involving table translation, although either hel-
ical or axial scanning can be used for most measurements, helical scanning is relatively more
convenient than axial scanning. For helical-scanning data to be acquired on the phantom central
axis, dose would be a smooth function of z, and therefore any value of pitch could be selected;
p = 1is a reasonable default value. For helical scanning on peripheral axes however, and also for
axial scanning on any axis where there is table translation, as the dose along z would be oscilla-
tory, quasi-periodic with period b, the pitch should be small enough so that oscillations would
be averaged out over the active length / of the ionization chamber: b < [, i.e., p < I/(nT).*™ If
possible, use b < [/2, i.e., p < 1/(2nT), which allows for averaging over at least two oscillations

22 The bow-tie filter selected should correspond to the phantom size (i.e., representing adult or pediatric torso or
head) and be appropriate for the clinical protocol associated with the other parameters of the technique set.
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Figure 6. The 0.6-cm® ionization chamber (indicated by the arrow) is shown with the middle of its
charge-collection volume positioned at the center of the phantom assembly and aligned along the scan-
ner axis of rotation (z-axis direction). The phantom assembly shown comprises three adjacent PMMA
sections, each 15-cm long and of 32-cm diameter, assembled along the patient table and held together
with filler rods in mutually aligned holes. Overall length of the assembled phantom is 45 cm.

and reduces the amplitude of oscillation typically to less than ~10%. For the 0.6-cm® Farmer
chamber, / = 23 mm, and thus for n7 = 20 mm, p = 0.5 is a good selection.

The adequacy and robustness of this method on the peripheral axes in the PMMA body
phantom has been experimentally demonstrated for total nominal tomographic section widths
nT up to 40 mm."”"! If the collimation widths a are known, then the value of D,, . on the
peripheral axis for a total section width n7 > 40 mm can be inferred from the constancy of
(bla) * D, peri—cf. Eq. (6)—and from a value D,, ,,,; measured with nT < 40 mm. If the colli-
mation widths a are not known, and if a suitably small value of pitch cannot be selected to
accommodate averaging over the short active length of the thimble chamber, an approximate

value for D = pD may be inferred as follows:

eq, peri eq,peri

D ~ 5D pZDeq,pen', nT <40 mm 16
pl eq,peri, nT 240 mm - pl eq,cen, nT 240 mm X D ° ( )
p2 eq,cen, nT <40 mm

In Eq. (16), D,y cen, nr > 40 mm 18 the value of the equilibrium dose measured on the phantom cen-
tral axis for a particular nT > 40 mm (i.e., which corresponds to one particular value of a) where
there is no restriction on selected pitch (say p,) even for the relatively large (= 40 mm) value of
nT. However, values for equilibrium doses in the ratio in Eq. (16) are each measured for a nar-
rower width nT < 40 mm with a pitch value p, that satisfies the condition p, < [ /(nT).*!

2! Because the equilibrium dose-pitch product is independent of pitch, the numerator and the denominator of the
ratio in Eq. (16) can each be evaluated at different values of pitch (say p, and p;) so long as the scanning in each
case is done with the same value of nT (< 40 mm) corresponding to one particular value of a.
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3.D.4. Scan, measure, and record cumulative dose values D,(0)

For scanning modes involving table translation, for the selected set of operating conditions,
pitch, and related parameters, and for a group of scanning lengths ranging from L = 50 mm to
L = the phantom length minus n7,** begin the measurement set with scans along the phantom
central axis. For each value of L used, evaluate a cumulative central dose D;(0) defined in
Eq. (2). Values of D;(0) are determined according to Eq. (15) via measurements of the ionization
chamber air kerma. Figs. 7a—c illustrate schematically a sequence of measurements of D, (0) val-
ues. For simplicity and clarity of presentation, only three scanning lengths are depicted, and the
components within the figures are not drawn to scale: in actual measurements, the full length of
the thimble ionization chamber would be irradiated in each of the scanning sequences.

Figure 7a. (Left figure) Phantom assembly and centered ionization chamber moving together from right
to left over scanning length L, (right figure), so that the chamber integrates values over the area indicated
in green under the dose profile.

Figure 7b. (Left figure) Phantom assembly and centered ionization chamber moving together from right
to left over scanning length L, (right figure), so that the chamber integrates values over the area indicated
in green under the dose profile.

221t is prudent to limit the maximum scanning length L to a value slightly less than the phantom length in order to
prevent the primary beam from extending beyond the end of the phantom and impinging directly on the ion
chamber cable during charge collection in the low-amplitude scatter tails at the opposite end. In no case should
the scanning length L be taken to have a value greater than the phantom length.
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Figure 7c. (Left figure) Phantom assembly and centered ionization chamber moving together from right
to left over scanning length L5 (right figure), so that the chamber integrates values over the area indicated
in green under the dose profile.

When determining a value for L, note that in helical scanning, because scanners use over-
ranging to accommodate interpolation and reconstruction algorithms, the programmed scanning
length per se or the total length along z of reconstructed tomographic sections does not corre-
spond to the actual scanning length L.'**! For dosimetry measurements the actual scanning
length L, which includes any over-ranging in helical scanning, should be quantified according to
the relation L = vt for helical scanning modes. In this expression for L, v = b/z is the table veloc-
ity, b = pnT the table increment per rotation, 7 the rotation period, and ¢ the total beam “on-
time” (“loading time”) during scanning over length L. In some scanners, t may be indicated
when the scanning protocol has been selected; following scanning over a selected range, the
post-exposure on-time ¢ may be indicated directly, or a post-exposure value of mAs may be indi-
cated from which ¢ may be inferred as t = mAs/mA. If no indication is available from which ¢
may be determined, L may be estimated as the sum of the programmed scanning range plus an
over-ranging increment AL, where, for a given set of conditions of operation, AL is the ratio of
the intercept to the slope of a plot of free-in-air kerma values versus programmed scanning
lengths.[45] If axial scanning is done, L = Nb, where N is the number of rotations.

3.D.5. Evaluate and record the equilibrium dose D,

For scanning modes involving table translation and for the CT conditions of operation selected
in 3.D.1, mathematically fit the values of D;(0) measured in 3.D.4 with Egs. (8) and (9), i.e.,
applying the ‘“approach-to-equilibrium” function /4(L), in order to estimate values for the equi-
librium dose D,,, the equilibrium scanning length L,,, and the third fit parameter (). (See
Fig. 3 and reference 27.) Values of L,, and « yield the approach-to-equilibrium function /(L)
defined according to Eq. (9). Compute and record the equilibrium dose-pitch product
1560 = pD, , where p is the pitch used in acquiring D;(0) values. If the pre-patient collimation
projection width a associated with this acquisition is known, also compute and record the equi-
librium-dose constant (b/a) - D,,, which is independent of the collimation width a and the table

interval b.

eqr
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3.D.6. For CT modes with table translation, evaluate and record the equilibrium
dose-pitch product Deq

Retaining the same filter,; and kVp,,, designated in 3.D.1, systematically permute the respective
values of focal spot size, n, and T. For each clinically relevant combination {focal spot size, n,
T}, if the scanning mode involves table translation, evaluate D as described in either of the fol-
lowing paragraphs: (a) or (b). On the basis of the definition of h(L) in Eq. (9), and from the
weak dependence of A(L) on a,!'” it can be assumed that the same approach-to-equilibrium
function evaluated in 3.D.5 is valid here as well, and there is no need to re-evaluate it in 3.D.6.

(a) If the value of the collimation width a associated with a particular combination
{focal spot size, n,, T,} 1s known, then the equilibrium dose-pitch product ﬁeq (a)
can be inferred by scaling the equilibrium-dose constant (b,./a,,)D,, .; obtained at
the reference values of a,, and n,,T,,in 3.D.5 to any other values of (a, n,T,), using
the scaling factor a/(n,T,):

A a bref
Deq (a) = (Ej ) (amf ] ) Deq,ref (aref ) (17)

Here n,T, is the nominal total width of the tomographic sections for acquisitions
associated with collimation width a. In other words, if the value of a is known for
each associated combination {focal spot size, n, T}, then each of the respectively

associated values ﬁeq (a)z pD,, (a,p) can be determined via Eq. (17) without

additional measurements.?*-*"]

(b) If the value a associated with a particular combination {focal spot size, n, T} of
operating conditions is not known, repeat instructions 3.D.3 and 3.D.4 for that com-
bination, but only for a single scanning length L > L,,, where L,, is the value esti-
mated according to 3.D.5. With this scanning length, the measured cumulative dose
is the equilibrium dose D,,, and for the pitch p selected for this scanning, the equi-
librium dose-pitch product D, is just pD,,.

3.D.7. For CT modes without table translation, evaluate and record the single-scan
central dose f(0)

For scanning modes that do not involve table translation but nevertheless apply the same CT con-
ditions of operation selected in 3.D.1 that were used to evaluate {«, L,,, D,,} in 3.D.5, measure
Jrer(0) directly with the smallest charge-collection-length (/) ionization chamber consistent with
the condition that [ < n,,T,.

Then, retaining the same filter,,, and kVp,,, designated in 3.D.1, systematically permute
the respective values of focal spot size, n, and T. For each collimation width a associated with
a particular clinically relevant combination {focal spot size, n, T}, measure f,(0) directly with
the smallest charge-collection-length (/) ionization chamber consistent with the condition that

[ < nT.
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3.D.8. Repeat 3.D.1 through 3.D.7 for each other clinically relevant combination
of bow-tie filter and kVp

3.D.9. Repeat 3.D.1 through 3.D.8 for peripheral-axis scanning

In iterating through instruction 3.D.2 for peripheral-axis scanning, center the thimble ionization
chamber at the phantom central plane in a peripheral hole. Align the phantom central axis with
the scanner axis of rotation. Rotate the phantom about its central axis so that the peripheral hole
containing the ionization chamber is in the 12 o’clock position, i.e., directly above the scanner
axis of rotation.

3.D.10. Repeat 3.D.| through 3.D.9 with each different-sized phantom

3.D.11. Measure and record equilibrium dose-pitch products ISeq . free-in-air

For each clinically relevant set of operating conditions {focal spot size, filter, kVp, n, T}, eval-

uate D

eq,air

(a)

(b)

(©

as follows:

As in 3.D.1, designate a “reference” set of conditions of operation and related
parameters to be associated with the initial iteration of free-in-air measurements.
Since for all practical purposes free-in-air dose profiles do not manifest radiation-
scatter tails, select any convenient mAs per rotation for purposes of dose normaliza-
tion per mAs.

Clamp or otherwise fix the base of the same thimble ionization chamber used for
phantom measurements to a sufficiently long extender rod (e.g., using plastic “tie
wraps” to attach the chamber base to a thin wooden dowel), where the rod may be
attached to a laboratory stand such that it moves longitudinally with the table, and
such that the sensitive volume is always located far enough from any structure, par-
ticularly from the patient support table itself, to reduce scattered radiation. Align
the chamber axis parallel to the z-axis on the axis of rotation. See Fig. 8.

For a “generalized pitch”—defined in Eq. (4)—with value p = 1, perform either
helical or axial scanning and translate the ionization chamber so that the chamber
starts entirely outside the beam, passes through the beam, and then finishes entirely
beyond the other side of the beam.?® A conservative operational value for the scan-
ning length would be L = [/ + nT + 15 mm. This procedure is tantamount to meas-
uring the total area, i.e., its infinite integral, under the free-in-air dose profile, an
example of which is depicted in Fig. 1. If a pitch value p other than 1 is used, note
the value of the pitch and apply it in the following instruction (d).

2 In a helical-scanning mode, the ionization chamber would be translated in a continuous movement through the
scan plane a total distance L during tube rotations and irradiation. In an axial-scanning mode, the ionization
chamber would be moved through the scan plane in successive translational steps (between rotations and irradi-
ation) a total distance L.
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Figure 8. Thimble ionization chamber free-in-air and aligned along the axis of rotation. The chamber is
attached to an extender rod from a lab stand, and the assembly is illuminated by the CT system align-
ment laser lights.

(d)

(e)

()

()

Do the scanning and measurement, and, according to Eqgs. (15) and (14), evaluate
the equilibrium dose in terms of the air kerma measured, i.e., D =~ gN,. The

for p = 1, and for

eq,air

equilibrium dose-pitch product D is then just equal to D

eq,air eq,air

p # 1 the equilibrium dose-pitch product D is just equal to pD,, ;.

eq,air
Retaining the same filter and kVp selected in the instruction (a) of 3.D.11 (where
the “reference” conditions are designated), systematically permute the respective
values of focal spot size, n, and T. For each clinically relevant combination {focal
spot size, n, T}, evaluate Deq’air in a manner analogous to that of 3.D.6: if collima-
tion width a is known for a particular combination {focal spot size, n, T}, use
Eq. (17) to evaluate Iﬁeqm (a) from the previously determined product (b,./a,.)

D oy airrer (@yep). If collimation width a is not known, measure ﬁeq 4 as prescribed by
instructions (b), (¢), and (d) of 3.D.11.

Repeat the preceding instructions (a) through (e) of 3.D.11 for each other clinically
relevant combination of filter and kVp. For each iteration of instruction (a), re-des-
ignate as “filter,,/” and “kVp,,/” each clinically relevant permutation of filter and
kVp, respectively.

Repeat instructions (a) through (f) of 3.D.11 with the ionization chamber placed at
the same radial location it had occupied for measurements along the peripheral axis
of each phantom used. For a phantom of radius R, the measurement location corre-
sponding to the phantom peripheral axis is at a distance of R — 10 mm above the
axis of rotation. For peripheral-axis scanning free-in-air, use the same small pitch
values p < //(2nT) as were used for the in-phantom measurements (cf. 3.D.3).
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4. GLOSSARY

a

(bla) - D,,

eq

(w]]

eq

o>

eq

D,(z)

D,(0)

D(2)

D(0)

Width (mm, along the axis of rotation) of the pre-patient z-axis collimator geo-
metrically projected from the centroid of the x-ray source. Parameter a corre-
sponds to the full-width at half-f,(0) of the primary-beam dose profile ﬁ,(z).m’m
In the text, “collimation width” is used interchangeably with “a” and refers to a
geometric projection on the axis of rotation.

Fit parameter (dimensionless) associated with the magnitude of the exponential
term in the approach-to-equilibrium function 4(L); 0 < o < 1. Fora =1, scat-
tering contributions dominate; for & = 0, primary-radiation contributions dom-
inate. See Eqs. (8) and (9).

Scan interval (mm). In axial scanning, b is the midpoint-to-midpoint spacing
between successive scans. In helical scanning, b is the distance the table moves
continuously at constant velocity v per rotation period 7: b = v, the table
advance per rotation.

Equilibrium dose constant, a parameterization of the equilibrium dose (mGy),

where D,, is the equilibrium dose evaluated at collimation width @ and scan
interval b. Since D, is directly proportional to a and inversely proportional to b,
the product (b/a) - D,, is independent of a and b. See Eq. (6).

Equilibrium dose (mGy) accumulated at longitudinal position z = 0, viz., at the
midpoint of a scanning range sufficiently long so that radiation from the “scatter
tails” of outlying scan sections is sufficiently remote to make negligibly small
additional contributions toward the accrual of dose. For scanning at pitch p =
b/(nT), D,, =< a/lb = a/(pnT), i.e., the equilibrium dose is directly proportional to
the collimation width @ and inversely proportional to the scan interval b, i.e.,
inversely proportional to the pitch p. See Egs. (3), (8), and (9).

Equilibrium dose D, (r) average (mGy) over the area 7R? of the central (z = 0)
scan plane in a phantom of radius R. See Eq. (13).

Equilibrium dose-pitch product (mGy), pD,,, where D, is the equilibrium dose
evaluated at pitch p. Since D,, is inversely proportional to p, the product pD,,, is
independent of p. See Eq. (5).

Cumulative dose (mGy) at longitudinal position z resulting from scanning over a
range L. See Eq. (1).

Cumulative dose (mGy) at longitudinal position z = 0, viz., at the midpoint (cen-
tral plane) of a scanning range of length L. See Eq. (2).

Cumulative dose (mGy) at longitudinal position z resulting from scanning with
N rotations done without table translation. See Eq. (10).

Cumulative dose (mGy) at longitudinal position z = 0, viz., at the central plane
of the scanner in scanning with N rotations done without table translation. See
Eq. (11).
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Integral dose, i.e., the total energy (J) absorbed in the phantom, a simplified
indicator of radiation risk for a patient. See Eqgs. (12) and (13).

Single-scan dose (mGy) at longitudinal position z, where the table is stationary.
f(2) is comprised of a component f,(z) associated with primary radiation plus a
component f,(z) associated with scatter radiation. The collection of f(z) values
for a single axial scan is referred to as the “dose profile.” It is assumed that f(z)
is a symmetric function and that f(0), the midpoint value, is the peak value.

Approach-to-equilibrium function (dimensionless), an empirically derived
expression characterizing the dependence on scanning length L of the ratio of the
central-plane cumulative dose D,(0) to the equilibrium dose D,,. See Egs. (8)
and (9).

Air kerma (mGy).
Charge-collection length (mm) of an ionization chamber.

Scanning length (mm), i.e., the distance through which the dose profile f(z) is
translated during a sequence of scanning. For axial scanning, L = Nb; for heli-
cal scanning, L = vt; for scanning without longitudinal translation of the table,
L=0.

“Equilibrium” scanning length, a finite scanning length for which D, ,(z = 0) is
arbitrarily close to the value D,,, i.e., a scanning length with respect to which
scanning of a longer range makes for practical purposes a negligibly small dif-
ference in the estimation of the equilibrium dose. In this report L,, is evaluated
as a fit parameter (mm) corresponding to a scanning length characteristic of
exponential saturation in the approach-to-equilibrium function: by convention,
L,, is identified as the value of the scanning length L for which exp(-4L/L,,) =
exp(—4) = 0.0183. See Eqgs. (8) and (9).

Ratio (dimensionless) of the spectrally averaged mass energy-absorption coeffi-
cient of the phantom material to that of air.

Number (dimensionless) of tomographic sections acquired simultaneously in a
single scan.

Number (dimensionless) of rotations of the x-ray tube associated with a sequence
of scanning over a range L, where N may not be an integer for helical scanning.

Ionization chamber calibration factor in terms of air kerma per collection charge
(mGy/nC) supplied by an accredited dosimetry calibration laboratory.

Total nominal width (mm) of the reconstructed tomographic sections acquired in
a single scan.

The “generalized” pitch (dimensionless), i.e., associated with either axial or heli-
cal scanning. The pitch is the ratio of the scan interval b to the total nominal width
nT of reconstructed tomographic sections acquired simultaneously per single scan.
See Eq. (4).
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Total charge (nC) collected by the ionization chamber during scanning over the
length L. See Eq. (15).

Radial coordinate (mm). r = 0 locates the scanner axis of rotation and the cen-
tral axis of a phantom aligned along the axis of rotation. See Eqgs. (12) and (13).

The radius (mm) of a phantom shaped as a right-circular cylinder. See Eqgs. (12)
and (13).

Uniform mass density (kg/m?) of a phantom. See Egs. (12) and (13).

Total irradiation time (s), also referred to as the beam ‘“on-time” or x-ray tube
“loading-time,” in a sequence of scanning.

Nominal width (mm) of a single tomographic section.
Period (s) of rotation of the x-ray source over 27z about the axis of rotation.
Constant table velocity (mm/s) in a sequence of helical scanning.

Longitudinal coordinate (mm). z = 0 locates the central plane, i.e., the midpoint
in a range of scanning over length L. For scanning without table translation, z =
0 locates central plane of the scanner.
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