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Effective doses in standard protocols
for multi-slice CT scanning

Abstract The purpose of this study
was to assess the radiation exposure
of patients in several standard proto-
cols in multi-slice CT (MSCT).
Scanning protocols for neck, chest,
abdomen, and spine were examined
on a Somatom Plus 4 Volume Zoom
MSCT (Siemens, Erlangen, Germa-
ny) with changing slice collimation
(4x1, 4x2.5, and 4x5 mm), and pitch
factors (1, 1.5, and 2). Effective dos-
es were calculated from LiF-TLD
measurements at several organ sites
using an Alderson-Rando phantom
and compared with calculations us-
ing the weighted CTDI. Effective
dose for MSCT of the neck was

2.8 mSv. For different protocols for
MSCT of the chest, 7.5-12.9 mSv
were found. In abdominal MSCT

protocols, effective dose varied be-
tween 12.4 and 16.1 mSv. The
MSCT of the spine may lead to

12 mSv. An excellent correlation be-
tween the effective dose as deter-
mined by LiF-TLD and the calculat-
ed effective dose using the weighted
CTDI could be demonstrated; how-
ever, a difference of up to 30%
(mean 14.3%) was noted. Standard
protocols for MSCT as measured

in this study showed effective doses
of up tol6 mSv. Phantom measure-
ment data show a good correlation to
estimations using the weighted
CTDL
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Introduction

The introduction of multi-row detector CT or multi-slice
CT (MSCT) into clinical routine has increased patient
comfort with shorter breath-hold periods and opened
new fields to radiological diagnostics [1]. Cardiac CT,
large-volume high-resolution CT, and improved z-plane
resolution are new goals of CT diagnostics [2, 3, 4, 5].
As CT increases the collective radiation dose given for
medical purposes disproportionate to its frequency of
utilization, this study was performed to assess radiation
dose in different MSCT protocols for standard examina-
tions of the neck, chest, abdomen, and lumbar spine [6].
A further increase in radiation exposure of the patient is
to be assumed in an expanding diagnostic work-up [7].
For reference reasons we compared the measured data to

calculations of the effective doses using the weighted
CTDI given by the implemented software.

Materials and methods

Dose measurements were performed on a multi-row detector CT
scanner (MSCT) Somatom Plus 4 Volume Zoom with the standard
software Somaris/5 VA 20 A (both from Siemens, Erlangen, Ger-
many). Technical parameters of the different CT examinations are
given in Table 1.

The MSCT scanner used in this study allows a slice collima-
tion from 0.5 to 5 mm. For chest CT, a slice collimation was set to
1 (protocol HiRes), 2.5 (protocol Routine), and 5 mm (protocol
Fast), and pitch factors of 8, 6, and 6 were chosen; thus, a table
feed of 8, 15, or 30 mm per rotation resulted with a tube rotation
time of 0.5 s. For MSCT of the abdomen, 1 (protocol Angio), 2.5
(protocol Routine), and 5 mm (protocol Fast) slice collimation
was set with a pitch of 8, 6, and 5, respectively. The Neck protocol
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Table 1 Parameters of different scan protocols. Pitch (volume) p’
is the volume—pitch for MSCT (table feed per slice thickness).
Pitch p corresponds to table feed per total collimation considering
the number of detector rows acquiring simultaneously. Diff. scan

length/total feed: “overscan” area resulting from the difference be-
tween the total table feed [table feedXx(scan time/rotation time)]
and the scan length as planned

Neck Chest Abdomen Spine
Fast Routine HiRes Fast Routine Angio

Slice thickness (mm) 1 5 2.5 1 5 2.5 1 2.5
Table feed (mm) 6 30 15 8 25 15 8 10
Pitch (volume) p' 6 6 6 8 5 6 8 4
Pitch p 1.5 1.5 1.5 2 1.25 1.5 2 1
Current (mAs) 100 120 120 70 165 130 100 130
Potential (kV) 120 140 140 140 120 120 120 140
Rotation time (s) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.75
Scan length (mm) 225 300 333 298 467 418 429 251
Scan time (s) 19.75 5.68 12.2 19.4 10.1 14.84 27.61 20.66
CTDI,, .t (mGy) 114 14.9 16.4 11.6 14.2 12.2 11.4 17.9
Diff. scan length/total feed (mm) 12 40.8 33 12.4 38 27.2 12.76 24.5

consisted of a I-mm collimation with a Pitch of 8 while the lum-
bar “Spine” protocol uses a 2.5-mm collimation with a pitch of 4.

Tube current was 120 mAs for chest MSCT with a reduced
tube current for the HiRes protocol (70 mAs). For abdominal
MSCT protocols, tube current was gradually reduced from 165
(Fast) to 130 (Routine) and 100 mAs (Angio) with decreasing
slice collimation (see Table 1). For the Neck protocol, the tube
current was set to 100 mAs, and the Spine protocol was performed
with 130 mAs, respectively.

After acquisition of a digital projection radiograph (topogram),
chest CTs were planned to cover the area from the suprasternal
notch to the pulmonary recess, whereas abdomen CTs were planned
to reach from the hepatic dome to the perineum. For the Neck proto-
col, the scan started at the skull base extending to the suprasternal
notch. The lumbar spine scan was estimated from L1 to L5. As the
Alderson-Rando phantom is built from 34 single slabs of 2.5-cm
thickness, the topogram allows an exact planning to include the
same number and range of slabs [8]. Due to the manual placement
of scan coverage, the scan length in chest and abdominal protocols
differ slightly; however, this did not affect the exposure of TLD, as
these sites were chosen in a way that TLDs either were definitely
exposed by the primary beam or by scatter radiation only.

An Alderson-Rando anthropomorphic phantom was used to as-
sess radiation exposure [8]. Depending on the scan protocol, it
was equipped with at least 30 LiF—thermoluminescent dosimeters,
which were analyzed using a Glowcurve analyzer Harshaw filtrol
2000D (Harshaw, Cleveland, Ohio). Within 12 h after exposure,
TLD were read out so that fading was nearly avoided. In order to
transfer the measured electrical charge (nC) into dose values
(mGy), data had to be multiplied with a correction factor. This
correction factor of 0.82 mGy/nC resulted from calibration mea-
surements taking into account the beam filter of the Volume Zoom
of 1.4 mm aluminum and 1.2 mm titanium. As the dose detection
threshold of LiF-TLD is relatively high, TLD were read out after
all CT-protocols were repeated four times [9]. The resulting data
were divided by four.

Positions of TLD were chosen such that all organs within the
primary beam were covered. Additionally, radiation-sensitive or-
gans, such as the ovaries and testes, were included. One TLD was
positioned per location with at least two TLD forming the basis for
organ doses. Data from TLD directly positioned within an organ
(thyroid, gonads) were directly used to define the organ dose after
addition of the measured values and division by the number of
TLD. For larger structures or organs (e.g., lungs, liver, esophagus),
the organ dose was defined as mean of at least three TLD posi-
tioned in the region of this organ. Organ dose of the red bone mar-

row was calculated by adding data from TLD in several locations
(clavicle, scapula, sternum, two ribs, thoracic and lumbar verte-
brae, and pelvis) and multiplying with the relative red marrow dis-
tribution in the different bones. The surface dose was derived from
a total of three groups of three TLD each positioned on the surface
of the phantom. Due to the rotation of the tube, radiation exposure
is expected on all sides of the phantom; thus, two TLD packs were
positioned on the front and one on the back of the phantom within
the area of the primary beam. Although skin dose should be mea-
sured 0.7 mm under the surface, a detectable difference in the sur-
face is not to be expected. As it is difficult to define and to repro-
duce the correct percentage of how much surface or skin might
have been exposed, we calculated the effective dose from the data
measured in the primary beam taking into account that the effective
dose might be lower in reality; however, as the weighting factor for
skin is 0.01, the influence will only be marginal.

The total effective dose results from addition of the single-or-
gan doses after multiplication with the weighting factor [10]. Sep-
arate calculations for male and female patients were done as dif-
ferent organs and therefore organ doses are relevant [11].

The implemented standard CT software (Somaris/5 VA 20 A,
Siemens, Erlangen, Germany) displays the effective weighted
CTDI (CTDI,,, ) computed from the examination settings. Using
this CTDI,, ¢ we calculated the effective dose according to the
following equation:

E[mSv] = CTDI, ¢fr X (n X TF) x 1/Pp X finean X ke,

where CTDI,, . is effective weighted CTDI (mGy); (nxTF) is
scan length (cm); Py is conversion of CTDI,.; to CTDIy;
(=0.38); f,.., is mean of organ conversion factors [mSv/
(mGyxcm)]; and kep is scanner-specific correction factor depen-
dent on kilovoltage [12, 13].

As dose length product is often recommended to be used as the
reference dose quantity, this parameter was determined according

to the following equation:
DLP[mGy x cm| = CTDIy ¢ x n X N X h,

where CTDI,, . is effective weighted CTDI (mGy); n is tube rota-
tions; N is number of detectors; and h is slice thickness (in centi-
meters) [12, 13].

The total table feed was calculated using the scan parameters
given in Table 1. It results from the equation: table feed X
(scan time/rotation time).

“Overscan” is the difference between this total table feed and
the scan length as planned and indicated by the CT software.
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Table 2 Organ doses (mGy) measured by LiF-TLD in several positions for different scan protocols

(mGy) Neck Chest Abdomen Spine
Fast Routine HiRes Fast Routine Angio

Thyroid 11.6 28.9 23.8 154 0 0 0 0
Esophagus 25.7 20.8 27.9 13.3 3.9 1.6 1.5 0
Lung 1.5 23 254 17.1 8.3 35 3 0
Female breast 0.8 17.5 19.9 6.5 2.7 1.7 1.3 0
Liver 0 19.5 15 11.8 235 20.6 19.5 28.1
Stomach 0 25 26 15.8 24.9 20.8 21.4 27.3
Colon 0 1 1.4 0.7 23.6 21.3 20.4 30.4
Gonads (ovaries) 0 0.3 0.4 0.3 20.5 18.2 17.8 8.7
Gonads (testes) 0 0.2 0.3 0.3 22.9 21.1 16.9 1.3
Bladder 0 0 0 0 19 18.4 16.9 54
Skin 20.8 254 28.3 20.5 26.2 18.9 21 31.2
Bone marrow 2.5 7.7 8.6 5.6 10.8 8.4 7.9 10.6

Table 3 Effective doses (mSv) as measured by LiF-TLD and as calculated using the CTDI,,. Effective doses standardized for 100 mAs

for male and female subjects, and the dose-length product (DLP)

(mSv) Neck Chest Abdomen Spine
Fast Routine HiRes Fast Routine Angio

Effective dose measured (male) 2.8 11.3 11.9 7.5 16.1 13.6 12.4 10.5
Effective dose calculated (male) 3.3 9.1 10.7 6.4 13.6 10.3 9.6 9.3
Effective dose (100 mAs; male) 2.8 9.9 9.4 10.8 9.8 10.5 12.4 8.1
Effective dose measured (female) 2.8 12.2 12.9 7.8 15.7 13.1 12.7 12.0
Effective dose calculated (female) 3.6 12.0 14.2 8.5 18.9 14.3 13.2 12.9
Effective dose (100 mAs; female) 2.8 10.2 10.8 11.1 9.5 10.0 12.7 9.2
DLP (mGyxcm) 171 298 364 173 531 341 244 449

Results

For standard MSCT of the chest with 5-mm slice colli-
mation (Fast protocol), organs within the range of the
primary beam revealed radiation doses from 19.5 mGy
(liver) to 28.9 mGy (esophagus; Table 2). Organs outside
this area, including the gonads, did not show radiation
doses higher than 0.5 mGy. The effective dose applied
by this routine MSCT protocol of the chest summed up
to 12.2 mSv (females) and 11.3 mSv (males; Ta-
ble 3).The dose distribution within the area of the prima-
ry beam was uniform including the surface skin dose
(28.3 mGy).

In standard MSCT of the abdomen (5-mm slice colli-
mation, Fast protocol), doses of organs within the prima-
ry beam were found to be within a range of 19.0 mGy
(bladder) and 24.9 mGy (stomach). The surface dose in
the area of the primary beam was 26.2 mGy. Table 2
demonstrates the distribution of relatively uniform organ
doses throughout the abdomen. The effective dose added
up to 15.7 mSv (females) and 16.1 mSv (males), respec-
tively (Table 3).

For the Neck protocol, local organ doses ranged from
11.6 (thyroid) to 25.7 mGy (esophagus) in the area of the

primary beam. Surface dose was 20.8 mGy. The effec-
tive dose was 2.8 mSv both for male and female sub-
jects.

In the MSCT of the lumbar spine, colon, liver, and
stomach revealed comparable doses of around 30 mGy.
Surface dose was 31.2 mGy. Organs not exposed to the
primary beam showed doses between 1.3 mGy (testes)
and 8.7 mGy (ovaries). The effective dose was 10.5 mSv
(males), and 12 mSv (females), respectively.

Only the Chest-MSCT protocol “Routine” with a nar-
rower slice collimation revealed a slightly higher radia-
tion dose compared with the Fast protocol. All other pro-
tocols of the chest or the abdomen showed lower effec-
tive doses, mainly due to different tube current-time set-
tings. For Chest MSCT with 2.5-mm slice collimation
(Routine), effective doses were 11.9 mSv (males) and
12.9 mSv (female). For the HiRes protocol with 1-mm
slice collimation these data were 7.5 mSv (males) and
7.8 mSv (females), respectively.

In abdominal MSCT, the Routine protocol (2.5-mm
slice collimation) showed 13.6 mSv (males) and
13.1 mSv (females). The effective dose for the Angio
protocol was only slightly less: 12.4 mSv (males) and
12.7 mSv (females).
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Fig. 1 Relation of effective doses for standard multi-slice CT
(MSCT) scan protocols as measured by LiF-TLD vs calculated by
CTDI. Squares and dotted regression line data for female subjects
(y=1.163x-0.148; 1=0.982); circles and solid regression line data
for male subjects (y=0.7801x+1.0547; r=0.977)

The calculation of the effective dose on the basis of
the weighted effective CTDI (CTDI,, .¢) underestimated
the measured data mainly for male subjects. The calcula-
tion is relatively accurate for the chest protocols, where-
as for the abdominal protocols the underestimation be-
comes more pronounced. Only for the Neck protocol, the
calculated dose exceeded the measured data by 19%.

For female subjects, the calculation generally overes-
timated measured data. The calculated effective doses
were 5% (Chest Fast protocol) to 30% (Neck protocol)
higher than as measured by LiF-TLD (Table 3).

On direct comparison, a high degree of correlation
between measured and calculated dose values was found
(Fig. 1). The correlation coefficient was r=0.982 for “fe-
male” and r=0.977 for “male” data.

In order to be directly comparable to other protocols
or CT scanners, different milliampere values need to be
standardized to 100 mAs. This can simply be performed
by dividing or multiplying effective doses accordingly.
Table 3 displays these standardized effective doses. It
becomes evident that with decreasing slice collimation
despite an increase in pitch, the effective dose increases.
In general, effective dose in abdominal CT is higher than
in chest CT at comparable slice thicknesses.

Data for the calculated dose-length product are given
in Table 3. Depending both on the scan length as well as
on the CTDI, the DLP varies from 171 mGyxcm for the
Neck protocol to 531 mGyxcm for the Abdomen Fast
protocol.

Discussion

Computed tomography has been pushed to new borders
by the development of multiple parallel detectors in or-

der to improve either spatial or temporal resolution [1].
Different systems have been presented with up to 16 de-
tector rows that acquire data during one tube rotation
[14, 15]. As CT already leads to a relatively high radia-
tion exposure disproportionate to its frequency of use,
and the number of CT examinations will increase further,
the objective of the present study was to provide data for
further discussion on the aspect of radiation exposure of
the patient undergoing multi-slice CT [6, 16].

In the present study, a CT system with four detector
rows of different maximal width (“adaptive array detec-
tor”’) was used to assess radiation dose applied in several
single-phase standard MSCT protocols implemented by
the manufacturer for the neck, chest, abdomen, and lum-
bar spine. Effective doses vary between 2.8 and
16.1 mSv depending not only on the site of examination,
but also on several technical factors such as tube current,
tube potential, slice thickness, and pitch factor.

A particular problem of MSCT is the width of the fan
beam in z-axis direction. As four or more detector cham-
bers have to be exposed, a broader X-ray beam is used
compared with the fan beam in single-slice CT. In order
to avoid penumbral effects in the outer portions of the
detector array, the primary collimation must be made
wider than necessary to expose only the detector array
[17]. Overbeaming is a characteristic of MSCT which re-
duces the portion of the beam that is captured by the de-
tector array (beam efficiency). This is demonstrated by
the normalized CTDI values derived in Table 3 which in-
crease by up to 33% (female, abdominal protocols) when
collimation is reduced from 4x5 to 4x1 mm. In other
types of MSCT scanners, overbeaming may even be
larger and can account for dose increases of up to 100%
[17].

The geometric efficiency of multiple detectors added
in z-axis direction is limited due to the interspacing
strips and the reduced sensitivity at the edges of the row
(shadow artifact) [13]. Previous work shows that a 30%
dose increase may be expected due to this technical de-
tail [17, 18]; however, with the advent of broader fan
beams or the development of cone-beam techniques, this
shortcoming may not be as relevant at present. It is note-
worthy that in cases of an increased width of a fan or
even a cone-beam scatter, radiation increases as well
thus possibly degrading image quality.

Another effect may play a role in defining radiation
exposure. Interpolation algorithms in spiral CT need data
from areas above and below the actual volume or slice to
be reconstructed [14, 15, 19]. Thus, at the beginning and
the end of a scanned volume, the tube-detector system ex-
poses areas that are not part of the area medically in ques-
tion (“overscan”); therefore, a difference results between
intended scan length of the area in question and the actual
total table feed during exposure (Table 1). In case of a
primary slice thickness of 5 mm, an overscan length of
40 mm is seen. Due to reduced slice thickness, the vol-
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ume exposed but not reconstructed decreases to 12 mm;
however, put into relation, the overscan volume necessary
to reconstruct images increased from eight times the slice
thickness (5 mm), ten times (2.5 mm), to even 12 times
the primary slice thickness (MSCT, 1 mm).

It is well known from single-slice CT that a 50% in-
crease in pitch leads to a dose reduction of approximate-
ly 30% [20, 21]. With our MSCT scanner, however, the
software increased the tube current automatically by the
same amount as that by which the pitch was increased.
In order to counteract a possible degradation in image
quality by an increased pitch, the Volume Zoom software
was programmed to keep slice profile width, noise, and
radiation exposure constant by automatic adaptation
[13]. This is a characteristic of all MSCT scanners which
make use of the so-called z-filtration [22]; thus, for the
scanner used in this study, increasing the pitch factor on-
ly affects the speed of data acquisition, but no longer pa-
tient dose. Scanners which make use of a two-point z-in-
terpolation (as in SSCT), however, behave differently.

Dose calculations using tabulated conversion coeffi-
cients are a convenient way to quickly estimate organ
and effective doses. In this study, the dose calculations
based on the weighted CTDI displayed at the console
differed from the measured data by up to 30%. One ex-
planation for the discrepancy observed in this study may
be caused by differences in size and composition be-
tween the Alderson-Rando phantom and conditions con-
sidered for mathematical phantoms (“ADAM” and
“EVA”). On the basis of tabulated conversion coeffi-
cients calculations of the effective dose can be per-
formed [23]. Furthermore, the reliability of measure-
ments with thermoluminescent dosimeters is limited and
may be as low as +3% but may reach up to 10% [24]. To
minimize this effect and due to the relatively high detec-
tion threshold of LiF-TLD, we performed each protocol
four times and divided the resulting data by four. In this
study, discrepancies between calculations and TLD mea-
surements of the effective dose of males was pronounced
with a tendency to underestimation. An explanation may
be that TLD located at the male gonads (testes) were ex-
posed by the primary beam, whereas the conversion fac-
tors used for our calculational methods imply that male
gonads are exposed by scatter radiation only [12, 13].

In general, calculated effective doses on the basis of the
weighted CTDI show an excellent correlation to measured

data [25, 26]. As the advantage of CTDI-based calculations
lie in the ease of performance and the possibility to consid-
er accurately the exact examination parameters, different
computer software programs have been created to allow
for dose calculations of individual examinations [27].

Compared with published data on radiation exposure
by standard examination settings in single-slice spiral
CT (SSCT), multi-slice CT seems to have considerably
higher doses. The SSCT examinations lead to effective
doses of approximately 5-20 mSv [6, 28, 29, 30]. As our
study only comprises one complete scan from the dome
of the diaphragm to the perineum, even higher doses
may be reached in MSCT, when two or three hepatic per-
fusion phases are examined or when delayed scans are
necessary, e.g., to investigate the suprarenal glands or
the urogenital tract. Obviously, in chest CT low-dose or
dose-reduced protocols are often used and the mean ef-
fective dose in the general population examined for med-
ical reasons may be lower. Efforts to reduce radiation
dose will be made as first reports hint at relevant dose re-
duction potentials even for new diagnostic fields [5, 31].

Limits of this study include that data apply only to an
MSCT scanner with adaptive array detector system. The
inner detector arrays are smaller than the ones at the out-
er zone. No overlapping protocols were analyzed. The
extent to which differences between manufacturers, ei-
ther in technical solutions or software-related aspects, in-
fluence radiation dose remains to be elucidated in further
studies. Furthermore, Alderson-Rando phantoms can on-
ly imitate human tissue and its quality with respect to X-
ray absorption; however, the individual radiation expo-
sure of organs, and therefore the individual effective
dose, cannot be determined in vivo.

In conclusion, radiation exposure in standard multi-
slice CT protocols of the neck, chest, abdomen, and lum-
bar spine ranges from 3 to 15 mSv. Radiation dose in-
creases with decreasing slice thickness. Several technical
details and physical characteristics of multi-slice scanners
may be responsible for these results. Considering pub-
lished data, an increase in dose compared with single-
slice CT is to be expected. In view of expanding indica-
tions and numbers of CT examinations, further efforts are
needed to reduce dose and therefore patient exposure.

Acknowledgement The authors are indebted to H.-D. Nagel, Phi-
lips Medical Systems, Hamburg, for valuable hints and thorough
discussion of the topic.
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