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The radiation exposure to patients undergoing CT exam-
inations is determined by two factors: equipment-related
factors, i.e. the design of the scanner with respect to dose
efficiency, and application-related factors, i.e. theway in
which the radiologist or the radiographer makes use of

3.1 CT Dose Descriptors

The dose quantities used in projection radiography are not
applicableto CT for three reasons:

» Firgt, the dose distribution inside the patient is com-
pletely different from that for aconventional radiogram,
wherethe dose decreases continuously from the entrance
of the X-ray beam to its exit, with a ratio of between
100 and 1000 to 1. In the case of CT, as a consequence
of the scanning procedure that equally irradiates the
patient from al directions, the dose is aimost equally
distributed in the scanning plane. A dose comparison of
CT with conventional projection radiography in terms
of skin dose therefore doesn’t make any sense.

e Second, the scanning procedure using narrow beams
along the longitudinal z-axis of the patient implies that
asignificant portion of the radiation energy isdeposited
outside the nominal beam width. Thisis mainly due to
penumbraeffectsand scattered radiation produced inside

15T

-
1

Relative dose

o
&)
t

5 4 3 2 1 0 1 2 3 4 5
Slice position [cm]

Fig. 3.1 lllustration of the term ' Computed Tomography
Dose Index (CTDI): CTDI is the eguivalent of the dose
value inside the irradiated dlice (beam) that would result
if the absorbed radiation dose profile were entirely concen-
trated to a rectangular profile of width equal to the nomi-
nal beamwidth N-h_,.

the scanner. In this chapter, the features and parameters
influencing patient dose are outlined. First, however, abrief
introduction on the dose descriptors applicable to CT is
given.

the beam.

» Third, thesituationin CT isfurther complicated by the
circumstancesin which - unlikein conventional projec-
tion radiography - the volumeto beimaged isnot irradi-
ated simultaneously. Thisoften leadsto confusion about
what the dose from a complete series of e.g. 15 slices
might be compared with the dose from asingle slice.

As aconseguence, dedicated dose quantities that account
for these peculiarities are needed: The * Computed Tomo-
graphy Dose Index (CTDI)’, which is a measure of the
local dose, and the ‘ Dose-Length Product (DLP)’, repre-
senting the integral radiation exposure associated with a
CT examination. Fortunately, a bridge exists that enables
to compare CT with radiation exposure from other mo-
dalities and sources; this can be achieved by the effective
dose (E). So there are three dose descriptorsin all, which
everyone dealing with CT should be familiar with.

3.1.1 Computed Tomography Dose Index

The * Computed Tomography Dose Index (CTDI)’ is the
fundamental CT dose descriptor. By making use of this
quantity, thefirst two peculiaritiesof CT scanning aretaken
into account: The CTDI (unit: Milligray (mGy)) isderived
fromthe dosedistribution along alinewhichisparallel to
the axis of rotation for the scanner (= z-axis) and whichis
recorded for asingle rotation of the x-ray source. Fig. 3.1
illustratesthe meaning of thisterm: CTDI isthe equivalent
of the dose value inside the irradiated slice (beam) that
would result if the absorbed radiation dose profile were
entirely concentrated to arectangular profile of width equal
to thenomina beamwidth N-h_, with N being the number
of independent (i.e. non-overlapping) dicesthat are acquir-
ed simultaneously. Accordingly, al dose contributions
from outside the nominal beam width, i.e. the areas under
the tails of the dose profile, are added to the area inside
thedlice.
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The corresponding mathematical definition of CTDI
therefore describes the summation of all dose contributions
along the z-axis:

CTDI = L
N Ch

DT D(2) [0z (33

col
where D(z) isthe value of the dose at agiven location, z,
and N-h_, is the nominal value of the total collimation
(beam width) that is used for data acquisition. CTDI is
therefore equal to the area of the dose profile (the ‘dose-
profile integral’) divided by the nominal beam width. In
practice, the dose profile is accumulated in arange of -50
mm to + 50 mm relative to the centre of the beam, i.e.
over adistance of 100 mm.

The relevancy of CTDI becomes obvious from the total
dose profile of a scan series with e.g. n=15 subsequent
rotations (fig. 3.2). The average level of the total dose
profile, which is called ‘Multiple Scan Average Dose
(MSAD)’ (Shope 1981), is higher than the peak value of
each single dose profile. This increase results from the
tailsof thesingledose profilesfor ascan series. Obvioudly,
MSAD and CTDI are exactly equa if thetablefeed TFis
equal to the nominal beam width N-h_, i.e. if the pitch
factor
TF

N Ohg

p= (32)

isequal to 1. In generadl (i.e. if the pitchiis not equal to 1,
see fig. 3.3), the relationship between CTDI and MSAD

isgiven by

MSAD = %[«:Tm (3.3)

Thepractical implication of equation (3.3) isthat - in order
to obtain the average dose for a scan series - it is not
necessary to carry out all the scans. Instead, it is sufficient
to obtain the CTDI from a single scan by acquiring the
entire dose profile according to equation (3.1). This is
achieved with dose measurements using long, pencil-like
detectors, with an active length of 10 cm (fig. 3.4). These
detectors accumul ate the dose profile integral (DPI, unit:
mGy-cm), i.e. the area under the dose profile shown in
fig. 3.1. The CTDI isthen obtained according to equation
3.1 by division with the nominal beam width N-h_.

In order to obtain estimates of the dose to organs that are
located in the scan range, the CTDI generally refers to
standard dosimetry phantomswith patient-like diameters.
In the standard measuring procedure for CTDI, which
utilizes two cylindrical Perspex (PMMA) phantoms of
different diameter (fig. 3.4), doseis measured at the centre
and near the periphery of the phantom (fig. 3.5). Thelarger
phantom, being 32 cm in diameter, represents the absorp-
tion that is typical for the trunk region of adults. The
smaller phantom (16 cmin diameter) representsthe patient
in head examinations. The smaller phantom is also used
for dose assessment in paedi atric examinations (Shrimpton
2000). The dose values thus obtained are denoted as
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Fig. 3.2 Total dose profile of a scan serieswith n=15
subsequent rotations. The average level of the total dose
profile, which is called ‘ Multiple Scan Average Dose
(MSAD)’, isequal to CTDI if the table feed TF is equal
to the nominal beamwidth N-h_, (i.e. pitch p = 1).

Fig. 3.3 Total dose profile of a scan series with n=15
subsequent rotations, scanned with pitch = 0.7,
however. Due to the larger overlap, MSAD is higher
than in fig. 3.2 and amountsto CTDI divided by pitch.
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Fig. 3.4 Cylindrical standard CT dosimetry phantoms (16
and 32 cm in diameter) made from Perspex for repre-
sentative measurements of CTDI in regions of the head
and thetrunk and a pencil-like detector for measurements
of the dose profile integral.

and

CTDI,, and CTDI,,  (3.4b)

with H = head, B = body, ¢ = centre, p = periphery.

Tomakelife easier, each pair of CTDI values (central and
peripheral) can be combined into one single one named
‘Weighted CTDI (CTDI )’, which represents the CTDI
averaged over the cross section of the pertaining phantom:

DI, = 14D, + 24 CTDl,,,  (35)

where the subscript XY Z stands either for H(ead) or
B(ody). In daily practice, CTDI  is used as one of two
dose descriptors for dose recommendations (' reference
values') that have been introduced by the European
Commission (1999a).

If pitch-related effects on the radiation exposure are taken
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Fig. 3.5 Arrangement of the locations A to E for the
determination of CTDI in a standard CT dosimetry
phantom.

into account at the level of local dose (i.e. CTDI) aready,
aquantity named ‘Volume CTDI (CTDI )’ isdefined (IEC

2001):
col,, = “Phy/

So CTDI , isthe pitch-corrected CTDI . Apart from the
integration length, whichislimited to 100 mm, CTDI_ is
practically identical to MSAD based on CTDI  (i.e.
MSAD ). Since averaging includes both the cross section
and the scan length, CTDI , therefore represents the
average dose for agiven scan volume. CTDI , isused as
the dose quantity that isdisplayed at the operator’s console
of newer scanners. Thisaso holdstrueevenif thedisplay
islabelled as‘CTDI ' dueto faulty definition in the first
edition of the particular IEC standard for CT (IEC 1999),

or simply as‘CTDI’.

(3.6)

Attentionisrequired if the dose displayed asCTDI , shall
be used for comparison with reference values given in
terms of CTDI, . For this purpose, the pitch correction
introduced in equation (3.6) needs to be reversed by
multiplying the CTDI_, value with the pitch factor. Care
isalso required if the CTDI , displayed is used to assess
paediatric radiation exposure: whether head or body CTDI
values are displayed depends only on the scan mode (head
or body), but not on the patient size. Consequently, the
doseto children and infants undergoing CT examinations
of the trunk region, which for the same scan parameter
settings depends on the patient diameter, iscurrently under-
estimated with the dose displayed at the operator’s console
by afactor 2to 3.

CTDI statementsin scanner specification sheetsaregiven
for the head phantom as well as for the body phantom,
and often apply to acurrent-time product of 100 mAsor 1
mAs. In this case it must be recognized that a quantity
named ‘normalized CTDI’ is used, which is labelled
* CTDI (unit: mGy/mAs)’ in order to avoid confusion. The
normalized CTDI isobtained by dividing the CTDI value
by the mAs product Q that was used to measure CTDI:

CTDI = CTD%?

It is worthwhile (and indeed necessary) to note that the
normalized CTDI isacharacteristic quantity for ascanner
(doserate coefficient) which simply representsthe capacity
of ascanner in terms of output and which conveys abso-
[utely nothing about patient dose. Very oftenitisassumed
that scannerswith ahighvalueof CTDI aremore*danger-
ous' than other models with lower CTDI values. Thisis
not necessarily the case. Reference to patient dose cannot
be made unlessthe normalized CTDI has been multiplied
by the tube current-time product Q that isrequired in order
to produce images of diagnostic quality with the type of

(37)
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scanner under consideration. Only after having carried out
thisstepisit possibleto decideif aparticular scanner needs
more or less dose than another model for a specified type
of examination.

3.1.2 Dose-L ength Product

Thethird peculiarity of CT, i.e. the question what the dose
fromacomplete seriesof e.g. 15 slicesmight be compared
with the dose from asingle slice, is solved by introducing
adose descriptor named * dose-length product (DL P; unit:
mGy-cm))’. DLP takes both the ‘intensity’ (represented
by theCTDI ) and the extension (represented by the scan
length L) of an irradiation into account (fig. 3.6):

DLP = CTDI, OL  (3.8)

vol

So the dose-length product increases with the number of
slices (correctly: with the length of the irradiated body
section), while the dose (i.e. CTDI ) remains the same
regardless of the number of slicesor length, respectively.
In fig. 3.6, the area of the total dose profile of the scan
series represents the DLP. DLP is the equivalent of the
dose-area product (DAP) in projection radiography, a
quantity that also combines both aspects (intensity and
extension) of patient exposure.

In sequential scanning, the scan length is determined by
the beam width N-h_, and the number n of tables feeds
TF:

L = nOF + Nh,  (3.9)

whilein spiral scanning the scan length only depends on
the number n of rotations and the table feed TF:
= nOF Ep N h,, (3.10)

where T isthetotal scantime, t_ istherotation time, and
pisthe pitch factor. Whilein sequential scanning the scan
length L is equal to the range from the begin of the first
dlice till the end of the last, the (gross) scan length for
spiral scanning not only comprises the (net) length of the
imaged body section but also includes the additional
rotations at the begin and the end of the scan (‘over-
ranging’) that are required for data interpolation.

If an examination consists of several sequential scan series
or spiral scans, the dose-length product of the complete
examination (DLP__ ) isthe sum of the dose-length pro-
ducts of each single series or spiral scan:

Pon = » DLP (311
Indaily practice, the DLPisused asthe second (and most

important) of the two dose descriptors for dose recom-
mendations (‘ reference values') that have been introduced
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Fig. 3.6 Total dose profile of a scan serieswith n=15 sub-
sequent rotations. The dose-length product (DLP) is the
product of the height (dosg, i.e. CTDI ) and the width
(scan length L) of thetotal dose profile and isequal to the
area under the curve.

by the European Commission (1999a).
3.1.3 Effective Dose

CTDI and DLP are CT-specific dose descriptors that do
not allow for comparisons with radiation exposures from
other sources, e.g. projection radiography, nuclear
medicine or natural background radiation. The only
common denominator to achievethisgoal isthe Effective
Dose'. With effective dose, the organ doses from a partial
irradiation of the body are converted into an equivalent
uniform dose to the entire body.

Effective dose E (unit: Millisievert (mSv)) according to
ICRP 60 (ICRP 1991) is defined as the weighted average
of organ dose values H, for anumber of specified organs:

= Yw OH;, (312
How much aparticular organ contributesto effective dose
depends on its relative sensitivity for radiation-induced
effects, as represented by the tissue-weighting factor w,
attributed to the organ:

« 0.20 for gonads;

 0.12 for each of lungs, colon, red bone marrow and
stomach wall;

 0.05 for each of breast, urinary bladder, liver, thyroid
and oesophagus,

* 0.01 for each of skeleton and skin;

* 0.05 for the ‘remainder’

The ‘remainder’ consists of a group of additional organs
and tissues with alower sensitivity for radiation induced
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effects for which the average dose must be used: small
intestine, brain, spleen, muscle tissue, adrenals, kidneys,
pancreas, thymusand uterus. The sum of all tissue-weight-
ing factorsw, isequal to 1.

Effective dose cannot as such be measured directly invivo.
M easurementsin anthropomorphic phantomswith thermo
luminescent dosemeters (TLD) are very time-consuming
and therefore not well suited for daily practice. Effective
dose, however, can be assessed in various ways by using
conversion factors. For coarse estimates, it is sufficient to
multiply the dose-length product with mean conversion
factors, depending on which one out of three body regions
was scanned and whether the scan was made in head or
body scanning mode:

E = DLPOf,_ (313

For adults of standard size, the following generic mean
conversion factorsf__ apply:

* 0.025 mSv/mGy-cm for the head region

* 0.060 mSv/mGy-cm for the heck region, scanned in head
mode

* 0.100 mSv/mGy-cm for the neck region, scanned in body
mode

¢ 0.175 mSv/mGy-cm for the trunk region

Similar factors (‘Ej '), which additionally distinguish
between chest, abdomen and pelvis, but do not account
for differences in scan mode, are given in report EUR
16262 (European Commission 1999b).

In order to apply equation (3.13), the DLP or at least the
CTDI , and the(gross) scanlength L, fromwhichthe DLP
can be calculated according to equation (3.8), must be

3.2 Equipment-related Factors
3.2.1 Beam Filtration

In conventional projection radiography, beam filtrationis
awell-known means to reduce those portions of the radi-
ation spectrum with no or little contribution to image for-
mation. In the early years of CT history, beam filtration
was comparatively largein order to compensate for beam-
hardening artefacts. Filters made from 0.5 mm of copper,
with filtering properties equivalent to approximately 18
mm of aluminium (quality equivalent filtration, Nagel
1986), were not unusual at that time. The present genera-
tion of scanners typically employs a beam filtration for
the X-ray tube assembly of between 1 and 3 mm Al and
an additional filtration (flat filter) of 0.1 mm Cu, giving a
total beam filtration of between 5to 6 mm Al.

available. If the scanner isnot equipped with adose display,
or if amoredetailed assessment of effective doseisdesired
(e.g. to bemore specific for the scanned region of the body,
to distinguish between ma es and females, to assess paedia-
tric doses, or to take differences between scanners into
account), dedicated CT dose calculation software should
be used. These programs make use of more detailed
conversion factors and also allow for calculation of organ
doses. Currently, five different programs are either com-
mercially availableor in general use, which differ signific-
antly in specifications, performance, and price. A compara-
tive study on these programs has recently been published
by Tack (2006).

Typical tolerancesin effective dose assessment with these
programs are in the order of 20 to £30%. Similar uncer-
tainties also apply to effective dose assessment with TLD
measurementsin Alderson phantoms. This should always
be born in mind when comparing doses from different
scannersin termsof effective dose. Careisalso needed to
not mix up effective dose with organ doses, as both are
expressed in mSv. Nevertheless, effective doseis of great
value, e.g. to answer questions raised from patients. For
this purpose, the annual natural background radiation,
which is between 2 and 3 mSv in many countries, can be
used asascae.

A comprehensive compilation of dose-relevant scanner
data and other useful information required for CT dose
assessment can be found in Nagel et a. (2002). The data
given there apply to most of the scanners currently in use
except for the most recent ones. However, data for these
new scanners can befound in the CT-Expo software pack-
age (Stamm and Nagel 2001) that isbased on the dataand
formalism outlined in this book and is updated regularly.

Apart fromthis, thereareanumber of older and also newer
scanners which operate with an added filtration of appro-
ximately 0.2 mm Cu, resulting in atotal beam filtration of
between 8 and 9 mm Al, and sometimes even more (cur-
rently up to 12 mmAl quality-equivalent filtration). Like-
wise, there are also scanners that employ less filtration.
Consequently, the normalised dose values for these scan-
ners (,CTDI in terms of mGy/mAs) differ significantly.
Very often these lower or higher val ues are misunderstood
as being an indicator that the equipment is more or less
dose-efficient compared with other scanners. This might
not necessarily be the casein redlity.

Apart from dose, the consequences on image quality
arising from the beam hardening and beam attenuating
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properties of filtration have also to be considered (Nagel
1989). The use of additional filtration impairs primary
contrast and increases noise due to reduced beam intensity
per mAsas experienced by the detectors. Without compen-
sating for these adverse effects (e.g. by increasing tube
current-time product), the contrast-to-noise ratio, which
affectsthe detectability of small or low-contrast details, is
reduced. Unpublished studies by the author show that, in
order to maintain the contrast-to-noise ratio (i.e. for con-
stant image quality), the net reduction interms of effective
dose achieved by increasing the standard beam filtration
(I mmAIl + 0.1 mm Cu = 4.5 mm Al quality equivalent)
by 0.2 mm Cu amounts to not more than 10%, even in
favourable situations (soft tissue imaging, see fig. 3.7).
Conversely, the same added filtration leads to higher
patient doses (up to 15%) in examinations with adminis-
tration of contrast agents (iodine). At the same time, tube
loading must beincreased by 20% in order to compensate
for reduced beam intensity.

Newer surveyson CT practice (e.g. Galanski et al. 2001)
reveal ed that scanners of comparable age but with largely
differing beam filtration are operated at amost similar dose
levels. Similar resultsin terms of dose efficiency have been
found in comparativetests on scannerswith differing beam
filtration conducted by IMPACT (2004). Contrary to pro-
jection radiography, which operates at comparatively lower
tube potentials, beam filtration plays only aminor rolein
CT where higher tube potentials are applied. A return to
increased beam filtration - as sometimes recommended
or practised - is less advantageous than expected and
should only be made if sufficient X-ray tube loading
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Fig. 3.7 Changes in patient dose due to increased beam
filtration at constant contrast-to-noiseration for different
types of detail. Sandard filtration: 1 mmAl + 0.1 mm Cu
(= 4.5 mm Al quality equivalent); added filtration: 0.2
mm Cu (= 7 mm Al quality equivalent).

capacity is available or if other important aspects exist
(e.g. improved performance of reconstruction filters).

3.2.2 Beam Shaper

Most scanners are equi pped with a dedicated filter device
named ‘beam shaper’ or ‘bow-tiefilter’ that modifiesthe
spatial distribution of radiation emitted within the fan
beam. The purpose of thiskind of filter (which is charac-
terised by increasing thickness towardsits outer edges) is
to adapt the beam intensity to match the reduced attenua-
tion of objects in the outer portions of the fan beam.

N

A
- Beam width Beam width Nominal beam width
® |10 mmy, 25 mm g, @ Nheol =45mm
1 1
$ a b. c.
[0}
o
=
[0}
3 Restrictive
kel post-patient
) collimation
=
©
[0}
x

Detector array

e

Slice collimation hcol dz
| -

>

Z-axis

Fig. 3.8 Dose profiles free-in-air with umbra (dark grey) and penumbra (light grey) portionsfor a single-slice scanner
(a.), a dual-dlice scanner (b.), and a quad-dice scanner (c.). With single- and dual-slice scanners, the width of the
active detector rowsis sufficient to capture the entire dose profile, penumbraincluded (except for some scannerswhich
employ restrictive post-patient collimation). For scannerswith four and more slices acquired simultaneously, penumbra
is excluded from detection in order to serve all detector channels equally well. The combined width of the penumbra
triangles at both sides is characterized by the overbeaming parameter dz.
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Dynamic range requirements for the detector system can
thus be reduced. Simultaneously, beam-hardening effects
areaso less likely.

In order to provide attenuating properties that are almost
tissue equivalent, beam shapers should be made from
materials containing only elements with a low atomic
number Z. However, thisisnot alwaysthecasein practice.
Beam shapers preferentially affect the dose in the outer
portions of an object, thereby reducing the peripheral
CTDIpval ues. But asthedose at the centreismainly caused
by scattered radiation from the periphery of the object,
the central CTDI_ value is also somewhat reduced. The
ratio of dose at the periphery to the dose at the centre
therefore decreases, making the dose distribution inside
an object more homogeneous and so improving the unifor-
mity of noisein theimage. Contrary to the flat filter, the
beam shaper hasamuch greater impact on the dose proper-
ties of a scanner.

The beam shapers found in practice not only differ by the
material from which they are made. They also differ by
their shape, thus producing more or less compensation. A
prominent example is the beam shaper of the Elscint CT
Twinthat was modified in 1998 to produce more compen-
sation. In addition, different types of beam shapers can be
selected on some scanners, depending on the nature and
diameter of the object (e.g. for head and body scanning
mode).

3.2.3 Beam Collimation

The beam collimation for defining the thickness of the
sliceto beimaged ismadein thefirst instance close to the

X-ray source (primary collimation). The shape of thedose
profileis determined by the aperture of the collimator, its
distance from the focal spot, and the size and shape (i.e.
the intensity distribution) of the focal spot. Due to the
narrow width of collimation, penumbral effects occur.
These effects become more and more pronounced as colli-
mation is further narrowed.

In addition, there is a secondary collimation close to the
detector (* post-patient collimation’) that primarily serves
to remove scattered radiation. On some single-slice and
dual-slice scanners this secondary collimation is further
narrowed in order to improve the shape of the slice profile
(‘restrictive post-patient collimation’, seefig. 3.8a,b). For
multi-slice scanners with more than two detector rows,
the primary collimation must necessarily be made wider
than N timesthe sel ected dlice collimationin order to avoid
(or at least to reduce) penumbral effectsin the outer por-
tions of the detector array (fig. 3.8c). In both cases, the
dose profile iswider than the dlice profile or the nominal
beam width, and the patient is exposed to a larger extent
(‘overbeaming’), as becomes obvious from normalized
CTDI values that increase with reduced beam width.

Overbeaming can be expressed by asingle parameter, the
‘overbeaming parameter’ dz, that isequal to the combined
width of the portion of the dose profile that isnot used for
detection (fig. 3.8c). Overbeamingitsdlf, i.e. the percentage
increase in CTDI due to the unused portion of the dose
profile, isthen given by

2 100

ACTDI, = — (3.14)
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The overbeaming parameter dz typically amountsto 1 mm

50%

N=4
hcol =2-2.5mm
o N=2
40% hcol =5mm —
=
= ]
E 0% [~ N=6-8 ~—  N=16
@ NN hcol =2-3mm hcol =1-1.5mm N=24-32
= \ hcol =1-1.25mm
= 20% +—— N=1 || S _
g hcol =7mm / \
— _ ) .
10% — _ || || _
| | H H H
O% T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
- o = = = = [t IO e N Y Y Y ' B o = < < = [ T o R R
idoine 4060wl toos osse Tony TEEE
GO = L oo e Mo ER
E A A=)

Type of scanner

Fig. 3.9 Overbeaming, i.e. the percentageincreasein CTDI, for single-slice (N=1), dual-dlice (N=2), quad-dice (N=4),
6 to 8-dlice (N=6-8), 16-dice (N=16) and 32 to 40-dlice (N=32-40) scanners from different manufacturers (A to F) for
the slice collimations h_, typically employed. The red trend line indicates that overbeaming is most pronounced with
quad-slice scannersin practice and is diminished with an increasing beam width N-h_.
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for single- and dual-slice scanners that employ restrictive
post-patient collimation, and to 3 mm for multi-slice scan-
nerswith N =4 and more slices that are acquired simulta-
neously, but may vary depending on the type of scanner.
For narrow beam width settings the increase in dose that
results from overbeaming can be 100% and more.

In practice, overbeaming is no real issue for single- and
dual-slice scanners, as the limited coverage restricts the
use of narrow beam width to a few examinations with a
short scanrange (e.g. inner ear). With multi-dlice scanners,
however, overbeaming effects have to be taken serioudly,
as M SCT technology aimsto provideimproved resolution
along the z-axis, which requiresreduced dlice collimation.
Overbeaming, i.e. theincrease in CTDI that results from
beam width settingsthat aretypical for each type of scanner
isshown in fig. 3.9 for a number of scanners from diffe-
rent manufacturers. As indicated by the trend line, over-
beaming is most pronounced with quad-dlice scannersand
isdiminished with anincreasing beamwidth N-h_, provid-
ed by scanners with more slices (Nagel 2005).

3.2.4 Detector Array

In contrast to single-dlice scanners, multi-slice scanners
are equipped with a detector array that consists of more
than a single row of detectors. Gas detectors or fourth-
generation stationary detector rings are no longer compa-
tible with multi-dlice requirements. Consequently, only
third-generation detector arcs with solid-state detectors
have remained. In general, solid-state detectors are more
dose-efficient than gasdetectors (van der Haar et al. 1998),
but require additional meansto suppress scattered radiation
(anti-scatter-grids) that inevitably cause a certain loss of
primary radiation, too.

The single detectors in a multi-row, solid-state detector
array are separated by narrow strips (‘ septa’) which are
not sensitive to radiation and therefore do not contribute
to detector signal. Due to the large number of additional

Multi-slice
scanner (N=4)

Single-slice
scanner (N=1)

Fig. 3.10 MSCT scanner, with simultaneous scanning of
four glices, compared with a conventional single-slice
scanner. Dueto the additional septa between the detector
rows, the geometric efficiency of MSCT detector arrays
is comparatively lower by 10 to 20%.

strips, theseinactive zonesresult in minor or major geome-
trical losses, depending on the design of the detector array.
In addition, further losses occur due to a decrease in
sensitivity at the edges of each row that resultsfrom cutting
thescintillator crystal. In contrast to asingle-row detector
array whose width can be larger than the maximum slice
thickness (seefig. 3.10), the edges of the rowsin amulti-
row detector array are located inside the beam. Due to
both these effects - separating strips and decreased sensi-
tivity - the net efficiency of a solid-state detector array,
which is typically 85% for single-slice scanners, is fur-
ther decreased to typically 70%.

When 4-dlice scanners wereintroduced in 1998, very dif-
ferent detector designs were used (fig. 3.11), with varia-
tions in the number of rows (between 8 and 34) and the
smallest detector size (between 0.5 and 1.25 mm). The
large number of rows (much larger than the number N of
dlicesthat can be acquired simultaneously) was necessary
to enable the use of different slice collimations (between
4-0.5 mm and 4-8 mm). Slice collimations wider than the
detector size are achieved by electronically combining
several adjacent detector rows (e.g. 4-1.25 mm =5 mm

16 - 1.25 mm

General Electric (LightSpeed QX/i, matrix)

Philips / Siemens (Mx8000 / Volume Zoom, progressive)

Fig. 3.11 Detector arran-

| gement of four-slice scan-

5 25 15 11 15 25

15 -1 mm 4-0.5mm

Toshiba (Aquilion Multi, hybrid)

1T

ners with significant dif-
ferences in design (num-
ber of rows, detector size,
array width). Most of
themare optimized for si-
multaneous acquisition of
four dlices.

5 mm
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Fig. 3.12 Detector arran-
gement of 16-dice scan-
ners, all of them employ-
ing a hybrid design, but
with differences in the
number of rows, detector
size, and array width.

4-1.5mm

12 -1 mm
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16 - 0.75 mm 4-1.5mm
Toshiba (Aquilion 16)

16 - 0.5 mm 12 -1 mm

(GE) or 1+1.5+2.5 = 5 mm (Philips/Siemens)). Each
detector design had its specific advantages and drawbacks:
Toshiba' shybrid arrangement offered the largest coverage
(32 mm) and the acquisition of four sub-millimetredlices,
but had the largest number of septa (1 per mm) and the
smallest detector size (0.5 mm). The progressive design,
commonly used by Philips and Siemens, had the smallest
number of septa (0.35 per mm), but was restricted to two
sub-millimetre slices only. GE’s matrix arrangement was
acompromise (0.75 per mm) that, however, facilitated the
next technol ogy step towards el ght simultaneously acquir-
ed dlices with the same detector array.

All 16-dlice scannersintroduced in 2001 now made use of
the same hybrid design, with 16 smaller central detectors,
accompanied by anumber of larger detectorsat both sides
(fig. 3.12). Apart from the number of detector rows (bet-
ween 24 and 40) and array width (between 20 and 32 mm),
therewere differencesin the size of the detectors (between
0.5 and 1.5 mm), and each manufacturer claimed his solu-
tion to be the best one. Asin redl life, there are a number
of conflicting needs (spatial resolution, dose efficiency,
coverage) that must be met, especially with respect to car-
diac imaging where scan timesbelow 20 s (one breathhol d)

aremandatory. Consequently, designs, which put emphasis
to a single one of these criteria, only were definitely not
thebest compromise. Dueto theincreased number of septa
(from 0.6 per mm (4-slice) to 1.1 per mm (16-slice) on
average), the geometric efficiency of 16-slice detector ar-
raysis somewhat lower.

Inthelatest generation of 64-dlice scanners, matrix arran-
gementsthat allow for simultaneous acquisition of 64 sub-
millimetre dicesare employed by the mgjority of manufac-
turers(fig. 3.13). By electronically combining several ad-
jacent rows, thicker slices can be acquired, too, but at a
reduced number of dlices (e.g. 32:1.25 mm, 16-:2.5 mm
etc.). Once again, the number of septa was increased (to
1.6 per mm on average), resulting in an additional lossin
geometric efficiency.

The hybrid detector design exclusively used by Siemens
for its Sensation 64 scanner is particular insofar as the
number of simultaneous slices claimed by the manufac-
turer (64) is much larger than the number of rows (32-0.6
mm or 24-1.2 mm). Theclaimisbased on aspecia acquisi-
tion modethat employstwo alternating focal spot positions
to simultaneously produce 64 data sets per rotation with

Fig. 3.13 Detector arran-
gement of 64-dice scan-
ners, most of them em-
ploying a matrix design
with 64 rows of uniform
size. TheSemensdesign
refersto a 32-slice scan-
ner that makes use of a
particular acquisition
mode (alternating focal

General Electric (LightSpeed VCT)

I

64 - 0.625 mm

Philips (Brilliance 64)

64 - 0.625 mm

Toshiba (Aquilion 64)

64 - 0.5 mm

Siemens (Sensation 64)

spot) with 64 overlapping

(i.e. non-independent)
dlices.

4-1.2mm

32-0.6 mm 4-1.2mm

9
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50% overlap in order to achieve a somewhat improved
spatia resolution in z-direction. With respect to all other
important features (collimation, coverage, overbeaming
effects etc.), however, this model behaves as a 32-dlice
scanner in submillimetre mode and a 24-dlice scanner in
all other modes at maximum. In addition, the thickness of
the smallest dlice that can be reconstructed (relevant for
partial volume effects) isat least equal tothesmallest slice
collimation, i.e. 0.6 mm (Flohr et al. 2004), not lower.

3.2.5 DataAcquisition System

The data acquisition system (DAS) serves to collect the
detector signals, to convert them into digital information
and to transfer the datato theimage reconstruction system.
The number of DAS channels, not the number of detector
rows, is the decisive parameter that limits the number N
of independent dlicesthat can be acquired simultaneously.
Consequently, theterm ‘M DCT (multi-detector-row CT)’
is somewhat misleading, as has recently becometheterm
‘MSCT (multi-slice CT)’, too. So ‘multi-channel CT
(MCCT)’ would be the most unequivocal notation.

With the advent of 16-dlice scanners at latest, the spatial
reguirements of an increased number of detector rowsand
the exorbitantly increased data rate no longer allowed to
usetraditional circuit boards. Instead, application-specific
integrated circuits (ASIC's) were devel oped, with signi-
ficantly reduced dimensions (fig. 3.14) and drastically
increased data transfer capabilities. As these AICS's
operate with reduced €electronic noise, they are advanta-
geous with respect to the dose efficiency of the detector
assembly. Thisisdemonstrated by fig. 3.15 wherethedose
that is necessary to obtain images of equal image noise at
equal slice thickness was reduced by 25% with the
introduction of this advanced DAS chip (Vlassenbroek
2004).

TACH v

TRADITIONAL .
DETECTOR
TECHNOLOGY
L]

g

iy

Fig. 3.14 The spatial requirements of an increased number
of detector rows and the exorbitantly increased data rate
necessitated the devel opment of data acquisition systems
with tiny application-specific integrated circuits (ASC's)
that replaced the traditional circuit boards (courtesy:
Philips Medical Systems).
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Fig. 3.15 As a side effect, the lower electronic noise of
AS C-based data acquisition systems introduced with 16-
slicescannersallowsfor a 25% dose reduction at constant
noise (beamwidth for all scanners: N-h_, = 10 mm).

2m
20

[ | [
0 — z 0 _ A} A} z
K] Q \ @
=) = \
c c
© © \ \
5 5 =
- T - \
2, 3, \ \ \
o g \ M \
o o \ \
MERILE RA

Fig. 3.16 The most common interpolation schemes for single-slice scanners are either
360°LI (a.) or 180°LI (b.). Both schemes empl oy two data points closest to the position z,
of thereconstructed dicefor each projection angle. Making use of the virtual (complement-
ary) data (dashed lines), a shorter interpolation distanceisachieved with 180°LlI, resulting

ina narrower dlice profile.
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Projection angle

Y

Fig. 3.17 Most MSCT make use of a filtered multi-point data interpolation scheme (z
filtering). All data points (true and virtual) lying inside a pre-selected filter width FW
contributeto thedicereconstructed at position z,, with slicethicknessh _ =FW. Thisexample
shows the interpolation scheme for a 4-dlice scanner at pitch 0.875 (FW 2:h ).

3.2.6 Spiral Interpolation

Data acquisition in spiral scanning mode requires an ad-
ditional interpolation step to obtain axial slices. The
interpolation scheme of single-dlice scanners employstwo
data pointsfor each projection angle only, thus producing
a bell-shaped dlice profile. Depending on whether only
truedata (360° linear interpolation (L1), fig. 3.16a) or also
virtual data(180° LI, fig. 3.16b) are used, the width of the
dlice profile is significantly broadened with increasing
pitch (fig. 3.183). The relative noise, however, remains
independent from pitch and amounts to 83% (360° LI)
and 117% (180° L) compared to sequential scanning.

Most multi-slice scanners make use of adifferent interpo-
|ation schemewith morethan two datapoints (‘ z-filtering’,
Taguchi and Aradate 1998). Depending on the slice thick-
ness h__ to be reconstructed, interpolation is made using
all datapointsthat arelocated insidethe pre-sel ected filter
widthFW (=h_, fig. 3.17). Contrary to single-slice scan-
ners, thewidth of the slice profile thusremains unaffected
from changes in pitch settings of up to p=2 (fig. 3.18h).

However, as the number of data points inside FW is
reduced, the noisewill increase with pitch unlesscorrective
actions are taken. This can be accomplished by adjusting
the (electrical) tube current |, proportional to the change
in pitch p. This adjustment is automatically made for al
MSCT scannersfrom Elscint, Philipsand Siemens, thereby
using adifferent mAsnotation (Q,,) named ‘ effective mAs
or ‘mAs per dlice’ that is different from the traditional
electric mAs product Q,:

I, Ot
Q — ‘e — ‘rot
o p

As a result, pitch has no longer any influence on slice
profile width, image noise and average dose (CTDI ) if
Q,; isheld congtant. Thisdoes not hold for MSCT scanners
manufactured by General Electric and Toshiba, which do
not automatically correct the tube current for pitch and do
not use effective mAs notation.

-2 (315
p

3.2.7 Adaptive Filtration

Adaptive filtration (AF) is a dedicated data processing
technique for projectionsthat are subject to strong attenu-

360° LI
| 4
—~3 —~
= =
5 - 5
Ao
3
§ 2 // 180° L §
g 7 | )
° ~ 3
< | =
=1 =
[ o 1
L o
n n o
0
0 0.5 1 1.5 2.5 3 025 05 075 1 125 15 175 2
Pitch p a. Pitch p b.

Fig. 3.18 With single-dlice scanner, two-point data interpolation results in a significant
broadening of the effective dlice thickness with increasing pitch, depending in the selected
interpolation scheme (a.). The multi-point data interpolation used for most multi-slice
scanners ensures a constant effective dlice thickness regardless of the pitch setting that
depends only on the selected filter width and holdsup top = 2 (b.).
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Fig. 3.19 Projections suffering from excessive attenuation result in images with unisotropic noise patter ns (Ieft); images
processed with adaptive filtration show a reduced and more homogeneous noise pattern (right).

ation. Without AF, images e.g. from the pelvisregion often
exhibit inhomogeneous noi se patterns dueto ‘ photon star-
vation’ (fig. 3.19, left). The noise statistics of these projec-
tionsareimproved by making use of additional dataclose
to the position of thereconstructed slice, i.e. by increasing
the filter width FW at the level of image reconstruction.
However, as indicated in fig. 3.20, thisis made only for
those projections that suffer from excessive attenuation.
Thus the spatial resolution in z-direction is only slightly
impaired. As aresult, images processed with AF show a
reduced and more homogeneous noise pattern (fig. 3.19,
right). Thiscan be used either toimprovetheimage quality
or to lower the dose settings.

3.2.8 Overranging

‘Overranging’ isthe increase in dose-length product due
to the additional rotations at the beginning and at the end
of aspiral scan required for datainterpol ation to reconstruct
thefirst and the last slice of theimaged body region. With
single-slice scanners, theory requiresthat An = 1 additio-
nal rotation isusually madein total (Kalender 2000). For
multi-slice scanners, the situation is much less obvious,
aswill be seen from the results presented below.

Overranging effects can be expressed both in terms of the
additional number An of rotations and the increase AL in
scan length. AL primarily dependson two factors: the beam
width N-h_, and the pitch factor p. This can befairly well
described by alinear relationship (Nagel 2005):

AL = (my [ + byy) ON [h, (3.16)

While single-dlice scanners behave as expected from theo-
ry, the characteristics of typica MSCT scannersdiffer mar-

[
|

processed

/N

Attenuation (logarithm. scale)

0° 90° 180° 270° 360°
Projection angle

Fig. 3.20 Adaptivefiltration affects only those projections
where the attenuation exceeds a pre-selected level.
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Fig. 3.21 While single-dice scanner (SSCT) usually require only one additional rotation An in spiral scanning mode,
multi-slice scanners (MSCT) show a pronounced pitch dependence. Conver sely, the normalized el ongation of the scan
range, AL/N-h_,, isalmost constant for most MSCT scanners, but increases linearly with pitch for SSCT scanners.
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Fig. 3.22 Overranging, i.e. the percentageincreasein DLP, for single-slice (N=1), dual-slice (N=2), quad-slice (N=4),
6 to 8-dlice (N=6-8), 16-dice (N=16) and 32 to 40-dlice (N=32-40) scanners from different manufacturers (Ato F) for
a scan length L of 20 cmand the slice collimations and pitch settings typically employed. The red trend line indicates
that overranging becomes more pronounced with scanners that allow for a wider beamwidth N-h_.

kedly. The number An of additional rotations (fig. 3.21a)
isstrongly pitch dependent, while the normalized elonga-
tion of the scan range, AL/N-h_, is amost independent
from pitch (fig. 3.21b) and amountsto approximately 1.5,
i.e. AL istypically 1.5 timesthe total beamwidthN - h_,.
For most single-dice scanners, the overranging parameters
m., and b, are equal to 2 and -1, respectively. For the
majority of MSCT scanners, typical values for m__ and
b, are 1 and 0.5, respectively.

The implications of overranging effects for the radiation
exposure to the patient, i.e. the dose-length product DLP,
not only depend on AL, but also on thelength L _ of the
imaged body region. The percentage increase in DLPis
given by

AL

ADLP, = — (0100  (3.17)
Lnet
T ks
: Chapan v
o0 | VD +i] 11
Dereanos =
Inge
Wilihoui AEG wilih AEC

Thr ey (S T

Fig. 3.23 Automatic exposure control (AEC) accounts for
the average attenuation of the patient’s body region that
is to be scanned. For dlim patients, mAs is reduced to a
level that ensures constant image quality.

and will belargest if AL islargeand L _ is small.

The extent of overranging is shown in fig. 3.22 for a
representative sel ection of single and multi-slice scanners
from different manufacturers for typical scan parameter
settings and atypical scan length of 20 cm. Overranging
effectsare normally almost negligiblefor single-sliceand
the majority of dual- and quad-slice scanners. Contrary to
overbeaming, overranging becomeslarger with anincreas-
ing number of slices acquired simultaneously due to the
enlarged beam width. Even greater values might occur
for beam widthslarger than the typical onesassumed here
and scan ranges being shorter than 20 cm.

3.2.9 Devicesfor Automatic Dose Control

Newer scanners are equipped with means that automa-
tically adapt the mAs settings to the individual size and

ST

100%
AV —\ /-/\
\/

Modulated mAs

Standard mAs

Average mAs

50%
z-axis

Fig. 3.24 Longitudinal dose modulation (LDM) is a
refinement of AEC that adapts the mAs settings slice-by-
dliceor rotation by rotation. Those parts of the scan range
with reduced attenuation will be less exposed.
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Fig. 3.25 Angular dose
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shape of the patient. As this matter is discussed in detail
in chapter 6, only abrief overview shall be given here.

Automatic dose control systems offer up to four different
functionalities, which can be used either alone or in
combination:

« Automatic exposure control (AEC, fig. 3.23) that
accountsfor the average attenuation of the patient’sbody
region that isto be scanned. Information on the patient’s
attenuation propertiesisderived from the scan projection
radiogram (SPR) usually recorded prior to the scan for
planning purposes.

 Longitudinal dose modulation (LDM, fig. 3.24), which
is a refinement of AEC by adapting the mAs settings
locally, i.e. slice-by-dlice or rotation by rotation.

e Angular dose modulation (ADM, fig. 3.25), another
refinement of AEC that adapts the tube current to the
varying attenuation at different projection angles. In-
formation on the patient’s attenuation propertiesiseither
derived from two SPR or inrea -timefrom the preceding
rotation.

« Tempora dose modulation (TDM, fig. 3.26) that re-
duces the tube current in cardiac CT (or other ECG-
gated CT examinations) during those phases of the
cardiac cycle that are not suited for image reconstruc-
tion due to excessive object motion.

The common denominator of these functionalitiesis that
the user no longer needs to select his parameter settings

with respect to the ‘worst case’, i.e. obese patients, the
part of the scan range with the highest attenuation (e.g.
shoulder in chest exams), the projection with the highest
attenuation (lateral) etc.. Consequently, asignificant dose
reduction from the application of these devices can be
expected.

All major CT manufacturersnow offer someor al of these
functionalitieswith their latest scanners. A comprehensive
report on the current status of automatic dose control
systems has been published by ImPACT (2005). However,
thereare significant differences how these devices operate
and perform. At present, some of these systems are not
sufficiently user-friendly and make adjustmentsin away
that seemsto be theoretically sound, but does not comply
with other, more comprehensive aspects of image quality.
Some of these shortcomings will be discussed in the
following section.

3.2.10 Dose Display

Newer scanners must be equipped with adose display. At
present, only the display of CTDI  is mandatory (IEC
2001). However, many scanners already show the DLP,
too, either per scan series or both DL P per scan seriesand
DLP per exam. An example with display of CTDI , and
DLP per scan seriesis shown in fig. 3.27.

With the dose display, dose is not saved per se, but feed-
back is provided that may help to achieve this god, e.g.

Tube current | ECG signal

400ms |

=

o

S
T
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250 ms

Relative tube current (%)
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Fig. 3.26 In cardiac CT
(or other ECG-gated CT
examinations), temporal
dose modulation (TDM)
reduces the tube current
during those phases of
the cardiac cyclethat are
not suited for image re-

n n+1 n+2
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n+3 construction due to ex-
cessive object motion.
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by comparison of the displayed dose values with dose
recommendations. |n addition, changesin scan parameter
settings and their implications for patient exposure are
made immediately obvious. Thusthe dose display can be
used for purposes of dose optimisation. Finaly, CTDI |
can be used as afair estimate for the dose to organs that
are entirely located in the scan range.

The interpretation of the dose values displayed at the
scanner’s console needs specia attention in thefollowing
situations:

e Many dose recommendations are given in terms of
weighted CTDI (CTDI); in order to alow for compari-
sons, the pitch correction involved in CTDI , must be
reverted by multiplying CTDI_, with the pitch factor.

 Up to now, the dose values for examinations carried out
in body scanning mode are always based on body-CTDI
regardlessof patient size. In paediatric CT examinations,
the displayed figures should be multiplied by 2 for chil-
dren and by 3 for infantsin order to give arealistic esti-

mate of patient dose.

Fig. 3.27 Scan protocol window of a Philips Mx8000 IDT
scanner with dose display (CTDI , and DLP per scan
series) at the bottom.
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3.3 Application-related Factors

Although the scanner design is of some importance, sur-
veys on CT practice have regularly shown that the way
how the scanner isused hasthelargest impact on the doses
appliedin a CT examination. The application-related fac-
tors on which patient exposure depends are subdivided in

« scan parameters, i.e. thosefactorsthat directly determine
the local dose level (CTDI ) and that are often pre-
installed or recommended by the manufacturer (e.g. in
application guides);

 examination parameter, i.e. those factorsthat —in combi-
nation with CTDI_, - determine the integral exposure
(i.e. DLP) and that depend on the preferences of the
user;

* reconstruction and viewing parameters, which implicitly
influence the dose settings.

First, however, the pricipal interdependences between dose
settings and image quality shall be outlined

3.3.1 Brooks Formula

Asin conventional projection radiography, aspects of dose
and image quality arelinked. For CT, Brooksand DiChiro
(1976) have formulated the correl ation between these two
opposed quantities:

B . _
0 ——— with B = exp¥®
cg*@*blh P

where

(3.18)

D = patient dose

B = attenuation factor of the object

| = mean attenuation coefficient of the object
d = diameter of the object

0 = standard deviation of CT numbers (noise)
a = sample increment

b = sample width

h = dicethickness

This fundamental equation - commonly known as the
‘Brooks' formula - describes what happens with respect
to patient dose if one of the parameters is changed while
image noise remains constant;

* dose must be doubled if slice thicknessis cut by half;

« dose must be doubled if object diameter increases by 4
cm;

« aneightfold increasein doseisrequired if spatial resolu-
tion is doubled (by cutting sample width and sample
increment by half).

Inthiscontext, theterm ‘dose’ isapplicableto each of the
dose quantitiesthat are appropriatefor CT. Dose and noise
are inversely related to each other in such a way that a
fourfold increase in dose is required if noiseis to be cut
by half.

It should be noted, however, that the Brooks' formulais
incompleteinthat image quality isonly considered interms
of quantum noise and spatial resolution. Other important
influences, such as contrast, electronic noise or artefacts,
are not taken into account and will therefore modify
optimization strategies under particular circumstances.

3.3.2 Scan Parameters
3.3.2.1 TUBE CURRENT-TIME PRODUCT (Q)

Asin conventional radiology, alinear relationship exists
between the tube current-time product and dose; i.e. all
dose quantities will change by the same amount as the
applied mAs. The mAs product Q for a single sequential
scan is obtained by multiplying the tube current | and
exposuretimet; in spiral scanning mode, Q isthe product
of the tube current | and rotationtimet . This should not
be mixed up with the total mAs product of the scan which
is the product of tube current | and (total) scantimeT.

The consequences on image quality resulting from varia-
tions in the tube current-time product are relatively sim-
ple to understand. The only aspect of image quality so
affected isimage noise, whichis- asindicated in equation
(3.18) - inversely proportional to the square root of dose
(i.e. mASs).

Thetube current-time product is often used as a surrogate
for the patient dose (i.e. CTDI). However, thisis highly
misleading, as the normalized CTDI values and thus the
dose that results for the same mAs setting can vary by up
to afactor 6 between different scanners. So it makes abso-
lutely no senseto communicate doseinformation or recom-
mendations on the basis of mAs. Instead, only CTDI
(and DLP) should be used for this purpose.

With the advent of multi-slice scanners, additional confu-
sion arose due to the introduction of a different, pitch-
corrected mAs notation (‘effective mAs or ‘mAs per
dlice’, see equation (3.15)) by Elscint, Philips and Sie-
mens. As most multi-slice scanners make use of a multi-
point spira interpolation scheme as outlined in section
3.2.6, effective mAs is the most appropriate notation for
MSCT. Nevertheless, General Electric and Toshiba still
prefer the traditional electrical mAs notation which fur-
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Fig. 3.28 \oltage dependence of patient dose (CTDI ) and
detector signal (reference: 120 kV).

ther makes it difficult to compare mAs settings from dif-
ferent scanners. This particularly holds for cardiac CT
where very low pitch settings are used.

Recommendation

The settings for the tube current-time product should be
adapted to the characteristics of the scanner, the size of
the patient (see section 3.3.2.5), and the dose requirements
of each type of examination. Examinationswith highinhe-
rent contrast, such asfor chest or skeleton, that are charac-
terised by viewing with widewindow settings, canregular-
ly be conducted at significantly reduced mAs settings.

3.3.2.2 TUBE POTENTIAL (U)

When the tube potential isincreased, both the tube output
and the penetrating power of the beam areimproved, while
image contrast is adversely affected. In conventional pro-
jection radiography, increased tube potentials are applied
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Fig. 3.29 \oltage dependence of contrast-to noise ratio
squared (CNR?) at constant patient dose (CTDI ) for dif-
ferent types of detail. While CNR? is almost constant for
imaging of soft tissue and bone, imaging performanceis
significantly improved for iodine at lower voltages.

in order to ensure short exposure times for obese patients,
to equalize large differences in object transmission (e.g.
during chest examinations) or to reduce patient dose. In
thelatter case, automatic exposure control (AEC) guaran-
tees that the improved penetrating power of the beam is
exclusively for the benefit of the patient.

In CT, increased tube voltages are used preferentially for
improvementsin tubeloading and image quality. Contrary
to the case for mAs, the consequences of variationsin kV
cannot easily be assessed. The relationship between dose
and tube potential U isnot linear, but rather of an exponen-
tial nature which varies according to the specific circum-
stances. Theintensity of the radiation beam at the detector
array, for example, varies with U to the power of 3.5. If
thetube potential isincreased e.g. from 120to 140kV, the
electrical signal obtained from the detectors therefore
changes by afactor 1.7 (fig. 3.28).

The decrease in primary contrast which normally results
fromthisactionislargely over-compensated by the associ-
ated decrease in noisg, i.e. the higher the tube potential,
the better the contrast-to-noise ratio CNR (except for the
application of iodine as contrast agent). The only reason
why this analysis generaly holds true is the absence of
any kind of AEC inthe mgjority of scanners which might
prevent unnecessary increasesin the detector signal. This
clearly demonstrates that dose is not reduced by applying
higher kV settings, but merely increased as long as mAs
settings are not changed: weighted CTDI and effective
doseincreasewith U to the power of 2.5 (fig. 3.28), which
means that both are increased by approximately 50% if
KV settings are changed from 120 to 140 kV.

Therefore the question is justified whether and when it
might be reasonable to deviate from the 120 kV setting
usually applied. Ascan be seen fromfig. 3.29, thisdepends
on the attenuation characteristics of the detail that is
diagnostically relevant. The figures are given in terms of
contrast-to-noise ratio squared (CNR?) at constant patient
dose; thisnotation allowsto directly convert the percentage
differences into dose differences. For soft tissue contrast
(e.g.differences in tissue density), higher tube potentials
perform dightly better than lower ones, but the differences
are quite small. The opposite holds true for bone contrast
(i.e. bone vs. tissue). For iodine contrast, however, there
is a strong dependence on tube potential that is much in
favour of lower kV settings. So 80instead of 120 kV would
allow to reduce the patient dose by almost afactor of two
without sacrifying image quality.

17
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Recommendation
Tube potentials other than 120 kV should be considered
only in case of

« obese patients where mAs cannot further be increased:
use higher kV settings

« dim patients and paediatric CT where mAs cannot fur-
ther be reduced: use lower kV settings

« CT angiography with iodine: use lower kV settings.

Variations in tube potentia should not be considered for
pure dose reduction purposes except for CT angiography.
Dueto the complexity involved, adaptation of mAs settings
should not be |eft to automatic exposure control systems,
as these do not account for changes in contrast. Dose
settings in CT angiography should not be higher than in
unenhanced scans of the same body section and should be
lowered if performed at reduced kV settings.

3.3.2.3 SLICE COLLIMATION (h_) AND SLICE
THICKNESS (h,)

With single-slice CT, the slice collimation h_, used for
data acquisition and the reconstructed slice thicknessh
used for viewing purposeswereidentical (except for dice
profile broadening in spiral scans with increased pitch as
discussed in section 3.2.6). So there was no need to
distinguish between both of them. With multi-slice CT,
the dlice collimation (e.g. 0.75 mm) and the reconstructed
dicethickness(e.g. 5mm) areusually different. Frequent-
ly, the selection of the reconstructed slice thicknessismade
with respect to multiplanar reformating (MPR) purposes
(e.g. 1 mm), thuscreating aso-called ‘ secondary raw data
set’, i.e. astack of thin slicesfrom which MPR dlabswith
larger thickness (e.g. 5 mm) can be made for viewing pur-
poses.
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Fig. 3.31 Relativeimage quality in dependence of the slice
shickness h . Improvements in image quality (better de-
tail contrast due to reduced partial volume effects) out-
weigh the detoriations caused by increased noise. As a
result thereisa net gain in contrast-to-noise ratio (CNR)
at reduced dlice thickness without any increase in dose.

Theability to acquirelonger body sectionswith thin slices
in order to achieve an almost isotropic spatial resolution
isthe most important achievement of multi-slice technol-
ogy. Asreduced dlicethicknessisassociated with increased
image noise, thismay have asignificant impact on patient
dose asexpressed by the Brooks' formula(equation 3.18).
Therefore it isworth while to treat this matter in a some-
what more detailed fashion.

A narrow dlice collimation is a precondition for a narrow
dlice thickness, but itsimpact on patient doseisrestricted
to aspects of overbeaming and overranging only. Asthese
show opposed dependences on beam width, asoutlined in
sections 3.2.3 and 3.2.8, the question arises for the opti-
mized beam width settings. As demonstrated for atypical
MSCT scanner in fig. 3.30, beam width settings greater
than 10 mm perform almost equally well (a.) except for
short scan ranges (spine, paediatrics) where abeam width
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Fig. 3.30 Increased dose-length product due to overbeaming (OB) and overranging (OR) effects for a typical MSCT
scanner. For avarage to long scan ranges (L = 20 cm and more, a.), all beam width settings above 10 mm perform
almost equally well. For short scan ranges (L = 10 cm as in paediatric and spine exams, b.), beam width settings

between 10 and 20 mm should be preferred.
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of between 10 and 20 mm is more appropriate (b.). Beam
width settings below 10 mm should be avoided due to
increased overbeaming effects unless there are other im-
portant aspects that justify to override this recommend-
ation.

The decisive determinant with respect to image noise and
itsimplicationsfor patient dose, however, isthedicethick-
nessh_thatisfinally usedfor viewing purposes. Therela-
tionship between dlice thickness, noise and dose expressed

inthe Brooks' formulatemptsto correct any reductionin
slice thickness by a corresponding increase in dose to
ensure a constant image noise, and some automatic
exposure control systems exactly do so. However, any
variationin slicethickness also affectsimage contrast due
to a modification in partial volume effect, which is not
taken into account by the Brooks' formula. As shown in
fig. 3.31, image noise and image contrast of small details
will react in a different fashion on reduction of the slice
thickness: whileimage quality intermsof noiseisimpaired

Fig. 3.32 MSCT examination of the liver performed on a MSCT scanner (Siemens Somatom Volume Zoom) at 120 kV,
4-2.5 mmsdlicecollimationand 125 mAs_ (CTDI , = 11 mGy). Fromthe same raw data set, slices of different thickness
(3 mm (a.), 5 mm (b.), 7 mm (c.), and 10 mm (d.)) were reconstructed at the same central position z. Despite the
increased noise pertaining for thinner dlices, the visibility of small lesions improves remarkably owing to reduced
partial volume effects. This is clearly demonstrated by a lesion approximately 3 mm in size (arrow) (courtesy Dr.
Wedegaertner, University Hospital Eppendorf, Hamburg, Germany).
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proportional to the squareroot of the changein slicethick-
nessonly, the contrast isimproved proportional to theslice
thickness. As aresult, thereisanet gain in image quality
intermsof contrast-to-noiseratio CNR without any incease
in dose whenever partial volume effect is of importance.

Thisisclearly demonstrated by the clinical examplegiven
infig. 3.32, wherethevisibility of aliver lesion (approxim-
ately 3mm in size) diminishes continually withincreasing
slicethickness—despite reduced image noise. |n addition,
adetailed analysis of the results of the German survey on
CT practice in 1999 (Galanski et al. 2001) has reveaded
that dlice thickness has only minor or no influence on cli-
nical dose settings. This is shown in fig. 3.33 for liver
examinations with slice thicknesses of between 3 and 10
mm that were used in practice. Thereforeit is essential to
understand that the selection of anarrow slice collimation
isonly ameansto an end: to enable M PR images without
or with reduced step artefacts, and, if necessary, to over-
come partial volume effects.

Recommendation:

The dlice collimation should be selected as small as com-
patible with aspects of overbeaming/overranging, total
scan time and tube power. Viewing should preferentially
be made with thicker slabs (e.g. 3 to 8 mm), thereby
reducing image noise and other artefacts. Thinner slabs
should only be used if partial volume effect is of impor-
tance. This should preferentially be done in conjunction
with workstations that allow to change the slab thickness
in real-time. Except for very narrow slices there should
be no need for any increase in dose settings on reduction
of dlice thickness.

3.3.2.4 PITCH (p)

With SSCT scanners, scanning at increased pitch settings
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Fig. 3.33 Thepatient dose (CTDI ) for liver examinations,
applied by the participants of the German CT survey 1999,
was almost constant despite the selection of different slice
thicknesses.

primarily servesto increase the speed of dataacquisition.
As a side effect, patient dose is reduced accordingly, at
the expense of impaired dlice profile width, i.e. z-resolu-
tion, however. Asalready outlined in section 3.2.6, MSCT
scanners make use of aspiral interpolation schemethat is
different from SSCT. Thusthe slice profile width remains
unaffected from changesin pitch settings. Instead, image
noise changeswith pitch (fig. 3.34a) unlessthetube current
is adapted accordingly.

Scanners that make use of the effective mAs (mAs per
slice) concept not only keep dlice profile width, but also
image noise constant when pitch changes (fig. 3.344). To
achieve this goal, the electrical mAs product supplied to
the x-ray tube automatically changes linearly with pitch
(fig. 3.34b). As a consequence, patient dose (CTDI ) is
no longer reduced at increased pitch settings in contrast
to SSCT scanners. On the other hand, dose will also not
increase at reduced pitch settings. MSCT scannerswithout
automatic adaptation of mAs will still save dose at in-
creased pitch setting, but this will happen at impaired
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Fig. 3.34 For MSCT systems that employ multi-point spiral data interpolation (z-filtering), image noise changes with
pitch unless effective mAs is held constant (a.). This implies that the electrical mAs product supplied to the tube
changeswith pitch (b.). Contrary to SSCT, changesin pitch settings therefore no longer have any influence on patient

doseintermsof CTDI .
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image quality (more noise) aslong as mAsis not adapted
manually.

Frequently, image quality in terms of artefacts depends
on pitch settings. In general, spiral artefacts are reduced
at lower pitch settings. For similar reasons, some scanners
allow the setting of alimited number of ‘ preferred’ pitches
only. Reduced pitch settings can al so be applied to enhance
the effective tube power, however, at the expense of
reduced scanning speed.

Recommendation:

Pitch settingswith MSCT scanners should be made exclu-
sively with respect to scan speed, spiral artefacts and tube
power. Dose considerations no longer play aroleif scan-
ners that employ effective mAs are used or if (electrical)
mAsis adapted to pitch to achieve constant image noise.

3.3.2.5 OBJECT DIAMETER (d)

Patient size, although not a parameter to be selected at the
scanners's console, represents an important influencing
parameter that needs to be considered in this context.
Considerable reductions in mAs settings are appropriate
whenever slim patients, and particularly children, are
examined. In order to avoid unnecessary over-exposure,
the mAs must be intentionally adapted by the operator
unlessAEC-likedevicesareavailable. Dueto the decreas-
ed attenuation for the smaller object, image quality will
not be impaired if mAs is selected appropriately. This
meansthat theimage quality will be at least asgood asfor
patients of normal size, although the dose has been
reduced.

The two questions to be solved in this context are:

 Towhich degree shall mA s settings be adapted in depend-

ence of the object diameter d?
» Which diameter istypical for astandard patient to whom
the standard protocol settings refer to?

From theoretical considerations (half-valuethicknessHVL
for CT beam qualities), mAs should be atered by afactor
2 for each changein patient diameter of 4 cm tissue-equiv-
alent thickness. However, dedicated studies (e.g. Wilting
et al. 2001) have shown that this algorithm doesn’t work
well in practice: Although objective (i.e. measured) noise
was almost constant for patient diameters of between 24
and 36 cm, it wasfound that the subjective (i.e. perceived)
image quality continually decreased with the patient dia-
meter and viceversa. Thisismost likely dueto the circum-
stance that adipose patients have more fatty tissue around
their organs. Thustheinherent contrast isbetter, and more
noise can be tolerated. The opposite holds true with slim
patients.

Consequently, a more gentle adaptation of mAs with
patient diameter (factor 2 in mAs per 8 cm change in
patient diameter) will better comply with clinical needs.
Among the automati c exposure control systems currently
in use, those from Philips and Siemens already make use
of this modified algorithm that ensures a constant ‘ ade-
guate’ image quality, while those implemented by Gene-
ral Electric and Toshibasimply attempt to ensure aconstant
noiselevel. Asalready outlined in sections 3.3.2.2 for tube
potential and 3.3.2.3 for dicethickness, strategiesfor auto-
matic dose control that do not account for image contrast
will fall short with respect to clinical needs. Similar consi-
deration apply to thelongitudinal dose modulation functi-
onality: in examinations comprising several consecutive
body sections with differing attenuation properties (e.g.
in tumor staging of chest, abdomen and pelvisin asingle
spiral acquisition), mAsadjustment isoften madein away
that ensures constant image noise, thus producing the
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highest settings in the pelvis region. However, inherent
contrast in the pelvis region is much better than in the
upper abdomen; consequently, reduced mAs settings
would be more appropriate, as recommended in ICRP
publication 88 (ICRP 2001).

Although not specified explicitly, standard protocol set-
tingsimplemented by the manufacturersare usualy tailor-
ed to satisfy the vast mgjority of clinical situations except
for obese patients where higher mAs or kV settings must
be applied. So thereisgood reason to refer these standard
settingsto patients of about 80 to 85 kg body weight, which
alsoistheaverageweight of European males. Thiscorres-
pondsto alateral diameter of 33 cm according to adetailed
analysis of patient datafrom alarge children’s hospital in
Germany (Schneider 2003, fig. 3.35a.). Thefollowing for-
mula can be used to convert from lateral patient diameter
d, (in cm) to patient weight m (in kg) and vice versa

d, = 65+ 30/m (319

In current literature, numerousdiffering recommendations
can be found on how to reduce mAs settings with patient
weight or diameter. Infig. 3.35b, three examplesare shown
which are representative for aweak (Donelly et al. 2001),
moderate (Rogalla2004) or strong (Hudaet al. 2000) adap-
tation of mAsto patient weight. Asindicated by the dashed
lines, mAs adaptation by afactor of 2 per 8 cm changein
patient diameter is ailmost perfectly met by Rogalla's
recommendation which followsavery simplerelationship:

Relative mAs O body weight+ 5kg  (3.20)

A similar relationship has been proposed by an other re-
search group (Honnef et al 2004). This formula can be
used to create a set of standard protocols for different
weight classes (e.g. 0-10 kg, 11-20 kg, 21-40 kg, 41-60
kg, 61-80 kg etc.) which can easily be applied in daily
practice.

Recommendation:

mMASs settings should be adapted to patient size in amore
gentle way (factor 2 per 8 cm change in diameter) than
predicted by theoretical considerations that only account
for image noise. In addition, body regions with better in-
herent contrast should be scanned at reduced mAs settings.
Preferentially, AEC systems that rather measure than
estimate patient absorption should be used, provided that
their algorithm make use of this more gentle mAs adjust-
ment. If not, manual adjustment using a set of patient-
weight adapted protocols that are based on Rogalla's
formula (3.19) should better be applied instead. For head
examinations, mAs adaptation should not be made with
respect to patient weight, but to patient age.

3.3.3 Examination Parameters
3.3.3.1 SCAN LENGTH (L)

As aready pointed out in section 3.1, the local dose, i.e.
CTDI, isalmost independent of the length of the scanned
body section. The same does not hold, however, for the
integral dose quantities, i.e. dose-length product and
effective dose. Both increase in proportion to the length
of the body section. Therefore, limiting the scan length
according to the clinical needsis essential.

Onmost scanners, the scan length L isusually not indicated
explicitly. Instead, the positions of the first and the last
slice are stated only; the same holds for the information
that is documented on the images or in the DICOM data
file. The net scan length L, i.e. thelength of the imaged
body section, is calculated by

Lo =|pos. first sl.— pos. last slf+h,,

while the gross scan length L
irradiated body section, is

(3.2)
i.e. the length of the

gross’

Lyos =L +AL  (3.22)

where AL istheincreasein scan length dueto overranging
as descibed in equation (3.16). As a rule of thumb that
holds for the majority of MSCT scanners, the actual scan
range, overranging included, is extended at each side of
the planned scan range by approximately 0.75-N-hcol +
0.5 hrec. This amounts to roughly 2 cm for a 16-dlice
scanner with 20 mm beam width and 5 mm slicethickness.

Recommendation:

For each patient, the scan length should be selected indi-
vidualy, based on the scan projection radiograph that is
generally made prior to scanning for the purposes of loca-
lization, and should be kept as short as necessary. More-
over, areduction in the scan range should be considered
in multi-phase examinations and fol low-up studies. When-
ever feasible, critical organsliketheeyelensesor themale
gonads should be excluded from the scan range. Thismay
be difficult for MSCT scannersthat allow for large beam
width settings due to increased overranging effects.

3.3.3.2 NUMBER OF SCAN SERIES (Ser)

In CT terminology, ascan seriesisusually referredto asa
series of consecutive sequential scans or one complete
spiral scan. With thelimited tube power availablefor many
SSCT scanners, CT examinations of long body sections
(e.g. tumor staging of the entire trunk) had to be divided
into several consecutive subsections. If the same protocol
settings are applied to each series, the local dose will
aways be the same, while the integral dose is the sum of
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the DLPor effective dose values of each series. Soit would
not make a difference if the body section is scanned as a
whole or in several shorter subsections except for over-
ranging effectsthat will increase proportional to the num-
ber of subjections. On the other hand, mAs settings can
be adapted to the particular needs of each subsection, e.g.
lower settings for the chest, higher setttings for the upper
abdomen and reduced settings for the pelvis, asindicated
in section 3.3.2.5.

If the same body section (or parts of it) is scanned more
than once, thisisusually denoted as* multi-phasic’. How-
ever, thisnot only appliesto examinationswith administra-
tion of contrast agents, but also to examinations where
the same body section is scanned with different orientation
(likeinfacia bone exams) or with different slice collima-
tion settings (e.g. chest standard plus high resolution). Al-
though more than one scan is made at the same position,
thelength of each single scan of amulti-phasic exam must
not necessarily bethe same. Whileit ismeaningful to sum
up theintegral doses (DLP, effective dose) of each phase,
it is not for the local doses (i.e. CTDI ). Nevertheless,
multi-phasic exams result in an increase in integral radi-
ation exposure that isroughly proportional to the number
of phases.

Recommendation:

The number of scan series (phases) should be kept aslow
asnecessary. Thisparticularly hold for liver examinations
where studieswith up to six different phasesare sometimes
recommended in literature..

3.3.3.3 NUMBER OF ROTATIONS IN DYNAMIC CT
STUDIES (n)

In dynamic CT studies, e.g. in CT fluoroscopy or in
perfusion studies, a multiple number of scansis made at
the same position. Therefore it is meaningful to sum up
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Fig. 3.36 Typical noise characteristics of different filter
kernels. Relativefiguresare given in terms of noise squar-
ed, so the percentage differences can directly betrandated
into dose differencesthat would be necessary for constant
image noise.

thelocal doses, too. For this particular situation, the main
issue is the avoidance of deterministic radiation effects.
Local doses can be quite high if the scans are made with
the standard dose settings used for that body region. Inte-
gral doses are normally comparabl e to the values encoun-
tered in standard examinations of the same region. But
with the advent of wider detector arrays, which may be-
comeeven larger infuture, integral dosewill also signific-
antly be increased.

The doses applied in dynamic CT studies depend on two
factors. the dosg, i.e. the CTDI , per rotation, and the
number n of rotations. As perfusion studies are regularly
made with administration of contrast agents, the benefits
of reduced kV settings as described in section 3.3.2.2
should be used to reduce the dose settings. The number n
of rotations can be kept low by limiting thetotal length of
the study, by reducing the image acquisition rate or by
intermitting the procedure (in CT fluoroscopy) whenever
possible.

Recommendations:

Dynamic CT studies should be made with the lowest dose
settings, the most narrow beam width, the shortest length
and the smallest image rate that is compatible with the
clinical needs of the examination.

3.3.4 Reconstruction and Viewing Parameters
3.3.4.1 FILTER KERNEL (FK)

CT images are reconstructed from sets of attenuation
measurements using dedicated mathematical procedures
(algorithms) which are known as ‘reconstruction filters
or ‘filter kernels'. These algorithms are characterized as
having quite different properties with regard to image
quality: with highly-resolving filter kernels, spatial resolu-
tionisimproved, but noiseisincreased. The opposite hap-
pens with smoothing kernels which reduce noise at the
expense of spatial resolution.

The properties of reconstruction filters are not subject to
standardization. Therefore, kernels of equal or similar
designation may vary considerably from one brand of
scanner to the next. Equally, reconstruction filters used
for head or body scans carrying the same name are by no
means identical. Labels such as ‘smooth’ or ‘sharp’ can
only be used as coarse indicators of the balance between
spatial resolution and image noise.

The compromise between spatial resolution and contrast
resolution for aparticular clinical indication must befound
by appropriate selection of the reconstruction filter. The
better the spatial resolution, the higher the noise, asindi-
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300 mAs / Standard

cated in fig. 3.36. Image noise, however, strongly affects
contrast resolution. Due to the relationship between dose
and noise given by the Brooks' formula (equation 3.18),
the decision to use a particular filter kernel may directly
affect the amount of dose required.

There are two practical sets of circumstances where dose
can be saved by proper selection of the reconstruction filter.
Thefirstiswhere spatial resolutionismorethan sufficient
for agiven clinical indication. Contrary to the manufactu-
rer’srecommendations, asmoother filter kernel can there-
fore be selected. The improvements resulting from this
choice can then be used to reduce dose instead of noise,
asindicatedinfig. 3.37. The second iswhere the contrast-

W/ L=200/40

100 mAs / Very smooth

Fig. 3.37 Comparison of
imagesthat were scanned
and reconstructed with
different mAs and filter
kernel settings but result
in similar image noise.
to-noise ratio for high contrast structures (e.g. lungs,
skeleton) is more than sufficient, even though a highly-
resolving filter kernel was used. In this case, increased
noise can be tolerated, even if doseisreduced. So it turns
out once again that the Brooks formula is somewhat
misleading as it doesn’t account for image contrast.
Nevertheless, one particular automatic exposure control
system also tempts to compensate for changes in noise
that result from the selection of the filter kernel.

Recommendation:

The selection of the filter kernel should be made with
respect to theinherent contrast and as smooth as compat-
ible with the clinical needs, thereby reducing the dose to

W/ L=400/40

2

Fig. 3.38 Comparison of
two imageswith different
settings of the window
width W, Wider window
settings result in smoo-
ther images, thus allow-
ing for reduced dose set-
tings, provided that the
inherent contrast is suf-
ficiently high.
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thenoiselevel that isappropriate. High resolution kernels
should only be used for high contrast structures without
adaptation of mAs settings.

3.3.4.2WINDOW WIDTH (W)

Thewindow widthisoften not regarded asarelevant factor
for influencing dose, since it is assumed that the width of
the window is a parameter only related to image presen-
tation. However, the visual perception of image noise
strongly depends on the choice of window width setting.
By using awide window setting, noise perception can be
reduced, as shown in fig. 3.38. Thereduction isinversely
correlated to window width (Prokop98). However, image
contrast is also decreased, of course, because the number
of grey scale values is simultaneously reduced
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