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Abstract

Purpose

To investigate the dose variation between follow-up CT examinations, when a patient is

examined several times on the same scanner with the identical scan protocol which com-

prised automated exposure control.

Material and Methods

This retrospective study was approved by the local ethics committee. The volume computed

tomography dose index (CTDIvol) and the dose-length-product (DLP) were recorded for 60

cancer patients (29 male, 31 female, mean age 60.1 years), who received 3 follow-up CT

examinations each composed of a non-enhanced scan of the liver (LI-CT) and a contrast-

enhanced scan of chest (CH-CT) and abdomen (AB-CT). Each examination was performed

on the same scanner (Siemens Definition FLASH) equipped with automated exposure con-

trol (CARE Dose 4D and CARE KV) using the identical scan protocol.

Results

The median percentage difference in DLP between follow-up examinations was 9.6% for

CH-CT, 10.3% for LI-CT, and 10.1% for AB-CT; the median percentage difference in CTDI-

vol 8.3% for CH-CT, 7.4% for LI-CT and 7.7% for AB-CT (p<0.0001 for all values). The maxi-

mum difference in DLP between follow-up examinations was 67.5% for CH-CT, 50.8% for

LI-CT and 74.3% for AB-CT; the maximum difference in CTDIvol 62.9% for CH-CT, 47.2%

for LI-CT, and 49% for AB-CT.
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Conclusion

A significant variance in the radiation dose occurs between follow-up CT examinations

when the same CT scanner and the identical imaging protocol are used in combination with

automated exposure control.

Introduction
The use of computed tomography (CT) has risen nearly 20-fold in the United States since the
1980s [1]. Medical imaging now accounts for more than 50% of radiation exposure in the
United States, half of which is related to CT [2, 3].

To minimize the potential risks associated with radiation exposure, different techniques
have been established to reduce the radiation dose of CT imaging [4]: While iterative image
reconstruction allows significant dose reductions compared to filtered back projection while
maintaining the image quality [5, 6], automated tube voltage selection (ATVS) and automated
tube current modulation (ATCM), also known as automated exposure control, enable CT
imaging at the lowest dose necessary to achieve a predefined image quality regardless of the
patient size or the attenuation characteristics of the body part being scanned [7–10]. Moreover,
adaptive dose shielding reduces unnecessary radiation exposure along the z-axis before and
after the image volume by using a collimator, which closes asymmetrically at the beginning
and the end of the examination [11, 12].

Despite of all these automated dose reduction techniques, wide variations in the radiation
exposure have been reported for similar CT examinations amongst different departments [13–
18]. For example, Dougeni et al. reported that the effective dose of similar CT examinations
varied up to 32-fold between different sites [18]; Marin et al. reported recently a significant var-
iation in the radiation dose of pediatric cervical -spine CT examinations of more than 2.5-fold
between different hospitals [19]. These variations have been explained by different scanner
types, by different scanning protocols (tube voltage, tube current, tube rotation speed, pitch,
collimation, filtration, etc.) and by major differences in the patient’s positioning (e.g. arms up
vs. arms down).

To the best of the authors’ knowledge, the question, if the radiation exposure is the same,
when all these parameters are kept identical, has not been addressed so far. From a theoretical
point of view, the same radiation exposure could be expected, when all imaging parameters
including patient’s positing are absolutely the same. However, between follow-up examinations
small differences in the patient’s positioning as well as in the positioning and length of the scan
are unavoidable, so that the conditions of follow-up examinations are never hundred percent
identic even when all general scan parameters are kept unchanged and the same CT scanner is
used. Due to the fact, that recent studies showed, that already small differences in the patients’
centering have a major impact on the radiation dose when ATCM is used, significant differ-
ences in the radiation exposure must be suspected in clinical routine even between follow-up
CT examinations on the same CT scanner, when automated exposure control is used. How-
ever, this has not been investigated so far, despite the fact that the knowledge of this variation
and its causes may allow to reduce radiation exposure of CT in clinical routine.

Thus, the aim of the present study was to investigate the dose variation between follow-up
CT examinations performed on the same scanner with a fixed scan protocol, which comprised
automated exposure control, and to identify its causes.
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Material and Methods
This retrospective single center study was approved by the University Hospital Essen ethics
committee. Written informed consent was waived by the Institutional Review Board due to the
retrospective character of the study and anonymized data evaluation.

Patients
Sixty patients (31 female, 29 male, mean age at time of first CT examination: 60.1 ± 13.4 years)
suffering from cancer, who received three follow-up CT examinations each composed of a
non-enhanced scan of the liver (LI-CT) and a contrast-enhanced scan of chest (CH-CT) and
abdomen (AB-CT) on the same CT scanner with the same imaging protocol were retrospec-
tively selected from our RIS/PACS database (Centricity RIS Version 5.0, Centricity PACS Ver-
sion 4.0, GE Healthcare IT, Barrington, Illinois, USA). For patient selection a list of all patients,
who received a CT examination in our department on our dual-source CT after March 2014,
was generated and ordered by the date of examination. The first 60 consecutive patients, who
fulfilled the above mentioned inclusion criteria, were selected and evaluated for the present
study. The median time interval between consecutive scans was three months (range 4 to 16
weeks).

Image acquisition
All examinations were performed on a second generation dual-source scanner (Somatom
Definition Flash, Siemens Healthcare, Forchheim, Germany) equipped with ATCM (CARE
Dose 4D) and ATVS (CARE kV), and all patients were examined in supine position with
both arms up. For planning of the scans a scout view was acquired in anterior-posterior direc-
tion during inspiratory breath-hold that covered the patient from the neck to the thighs (tube
voltage 120 kV, tube current 35 mA). For non-contrast-enhanced imaging of the liver, the
upper abdomen was imaged from the diaphragm to the lower margin of the liver. For ATVS a
quality reference tube voltage of 120 kV was used. For ATCM a quality reference tube cur-
rent-time product of 170 mAs was used and the algorithm was set to the mode “dose saving
optimized for non-contrast-enhanced imaging” (number 3 on the 12-point scale of CARE
kV, which is used to indicate the type of exam being performed). For contrast-enhanced
imaging 100 ml Iobitridol with 350 mg iodine per ml (Xenetix 350, Guerbet, Roissy CdG
Cedex, France) was injected in an antecubital vein via a 18G venous cannula with a flow rate
of 3 ml/sec followed by a chaser bolus of 30 ml physiologic salt solution with a flow rate of 3
ml/sec using an automated contrast injector (Medrad Stellant, Medrad Inc., Warrendale,
Pennsylvania, USA). Imaging of the chest was started 30 seconds after contrast injection. For
ATVS and ATCM a quality reference tube voltage of 120 kV and a quality reference tube cur-
rent-time product of 100 mAs were used, and ATVS was set to the mode “dose saving opti-
mized for contrast-enhanced imaging” (number 7 on the 12-point scale of CARE kV).
Seventy seconds after contrast injection the entire abdomen was imaged. A quality reference
tube voltage of 120 kV and a quality reference tube current-time product of 170 mAs were
used, and ATCM was set to the mode “dose saving optimized for contrast-enhanced imaging”
(number 7 on the 12-point scale of CARE kV). All scans were acquired during inspiratory
breath-hold with 128 x 0.6 mm detector configuration, 38.4 mm beam collimation, a pitch of
0.6, and a tube rotation time of 0.5 sec. For image reconstruction Sinogram Affirmed Iterative
Reconstruction (SAFIRE, Siemens Healthcare, Forchheim, Germany) was used with a moder-
ate strength of 2 (available strength of SAFIRE: 1 to 5, whereat a higher number implies a
stronger noise reduction).

Intraindividual Variations of Dose in CT Examinations at Different Time Points

PLOS ONE | DOI:10.1371/journal.pone.0152961 April 6, 2016 3 / 14



Phantommeasurements
A commercially available anthropomorphic sectional phantom of the male torso (Radiology
Support Devices Inc., Long Beach, CA, USA) was examined on the same dual-source scanner
that was used for patients’ examinations using the same scan protocol that was used for con-
trast-enhanced imaging of the patients’ chest and abdomen. First of all, chest and abdomen CT
scans were acquired four times in which all scan parameters remained absolutely the same. In a
second series of measurements only the table height was varied (10.4 cm, 12.4 cm, 14.4 cm,
16.4 cm, 18.4 cm). In a last series of phantom measurements the position of the phantom on
the table was varied (eccentric positioning of the phantom on the table, lifting one side of the
phantom by approximately 20° and by 90°) while the table height was set to the height of the
initial phantom measurements (14.4 cm).

Assessment of radiation dose
The volume CT dose index (CTDIvol), which was automatically calculated for a 32 cm body
phantom by the CT scanner, and the dose-length-product (DLP) was recorded for each scan
by using the dose monitoring program Radimetrics Enterprise Platform Ver. 2.3 (Bayer
HealthCare, Indianola, Pennsylvania, USA).

Registration of influencing parameters of radiation exposure
Due to the design of the present study, only three parameters varied independently between
the follow-up examinations—the scan length, the table height, and the patient’s weight—while
all other parameters were kept constant or were automatically adjusted by the scanner (tube
voltage, tube current-time product) (Fig 1). The independent variables scan length and the
table height were recorded, and the maximal effective diameter of the abdomen was calculated
as surrogate parameter for patients’ weight [20, 21] in accordance to the definition in AAPM
report 204 using Radimetrics [22] for each examination. Moreover, the tube voltage as well as
the mean tube current-time product (mean mAs), which had been adjusted automatically by
ATVS and ATCM in dependency of scan length, table height, and patient’s weight, was
recorded for each scan.

Statistical analysis
Statistical analysis was performed using MedCalc Version 13.3 (MedCalc Software, Maria-
kerke, Belgium). The differences between CTDIvol and DLP at the different examination times
were calculated, as well as the differences between the above mentioned influencing factors.
Since all patients received three follow-up CT examinations, three difference values were gener-
ated for each parameter (e.g. DLP second exam−DLP first exam, DLP third exam−DLP second exam,
DLP third exam−DLP first exam). For statistical analysis of the differences between the follow-up
examinations, the absolute values of the above mentioned parameters were used, while for statis-
tical analysis of causality between changes in radiation exposure and influencing factors the alge-
braic sign was considered. To test for normal distribution a D’Agostino-Pearson test was used.
Normal distributed date are given as mean ± standard deviation (SD), non-normally distributed
as median and interquartile range (IQR). Categorical data are expressed as absolute numbers. A
signed-rank sum test for one sample was used to test the hypothesis, that the differences in DLP
and CTDIvol between follow-up examinations were different from 0. For correlation analysis
Pearson correlation coefficients (r) were calculated in case of normal distributed data, and Spear-
man rang correlation coefficients (ρ) in case of non-normally distributed data. 95% confidence
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intervals (CI) were calculated for means, medians and correlation coefficients. A correlation with
a correlation coefficient between 0.1 and 0.3 was rated as weak, with a coefficient between 0.4
and 0.6 as moderate, with a coefficient between 0.7 and 0.9 as strong, and with a coefficient of 1.0
as perfect. Stepwise multiple linear regression analysis, which attempts to model the relationship
between two or more explanatory variables and a response variable by fitting a linear equation to
observed data [23] was performed for analysis of the relationships between the influencing
parameters of radiation exposure and the dose parameters (DLP, CTDIvol). The coefficient of
determination (R2), which is the proportion of the variance in the response variable that is pre-
dictable from the explanatory variables [23], was calculated for each multiple linear regression
analysis.

Fig 1. Schematic summary of the direct and indirect determinates of the radiation exposure in CT.

doi:10.1371/journal.pone.0152961.g001
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Results

Radiation exposure in patients and its variation between follow-up
examinations
The median CTDIvol was 5.9 mGy for chest CT (CH-CT), 8.1 mGy for non-enhanced CT of
the liver (LI-CT), and 7.7 mGy for abdominal CT (AB-CT); the median DLP was 226 mGy�cm
for CH-CT, 183 mGy�cm for LI-CT, and 363.5 mGy�cm AB-CT (for details see Table 1).

The median difference in the CTDIvol between follow-up examinations was 0.4 mGy for
CH-CT, 0.65 mGy for LI-CT, and 0.59 mGy for AB-CT; the median difference in DLP was 21
mGy�cm for CH-CT, 19 mGy�cm for LI-CT, and 37 mGy�cm for AB-CT (for details including

Table 1. Radiation dose (CTDIvol, DLP), manually (scan length, table height) or automatically (tube current, meanmAs) adjusted scan parameters
as well as the maximal effective abdominal diameter as surrogate for patient’s weight of the 3 CT follow-up examinations each composed of a non-
contrast-enhanced scan of the liver and a contrast-enhanced scan of the chest and abdomen in 60 patients.

Contrast-enhanced CT of the chest Non-enhanced CT of the liver Contrast-enhanced CT of the abdomen

Number of examinations (n) 180 180 180

CTDIvol [mGy]

Median: 5.9 8.1 7.7

95% CI for the median: 5.4 to 6.4 7.6 to 8.9 7.1 to 8.2

IQR: 2.4 4.3 3.1

DLP [mGy*cm]

Median: 226.0 183.0 363.5

95% CI for the median: 207.2 to 241.0 173.4 to 197.6 329.7 to 394.0

IQR: 130.0 108.5 180.5

Scan length [cm]

Mean: 39.1 22.8 48.2

95% CI for the mean: 38.3 to 39.9 22.3 to 23.2 47.6 to 48.7

SD: 5.5 3.0 3.8

Table height [cm]

Mean: 16.2 16.2 16.2

95% CI for the mean: 15.9 to 16.5 15.9 to 16.5 15.9 to 16.5

SD: 1.9 1.9 1.9

Tube voltage

80 kV (n) 1 0 0

100 kV (n) 168 38 179

120 kV (n) 11 111 1

140 kV (n) 0 31 0

Mean mAs

Median: 80.5 81.5 114.3

95% CI for the median: 75.8 to 86.7 78.6 to 83.5 105.8 to 119.9

IQR: 35.7 23.3 45.9

Max. effective diameter [cm]

Mean: 32.2 32.2 32.2

95% CI for the mean: 31.6 to 32.7 31.6 to 32.7 31.6 to 32.7

SD: 3.6 3.6 3.6

Abbreviations: CTDIvol = volume computed tomography dose index, DLP = dose-length-product, CI = confidence interval, IQR = interquartile range,

SD = standard deviation.

doi:10.1371/journal.pone.0152961.t001
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the range of the values see Table 2), whereas statistical analysis showed a significant difference
(p< 0.0001) from 0 for all values.

The median percentage difference in the CTDIvol between follow-up examinations (Fig 2)
was 8.3% for CH-CT (IQR: 10.6%, range: 0–62.9%), 7.4% for LI-CT (IQR: 8.8%; range: 0–
47.2%), and 7.7% for AB-CT (IQR: 9.9%, range: 0–49%); the median percentage difference in
DLP between follow-up examinations (Fig 2) was 9.6% for CH-CT (IQR: 10.4%, range:
0–7.3%), 10.3% for LI-CT (IQR 12.2%, range: 0–67.5%), and 10.1% for AB-CT (IQR: 10.4%,
range: 0–74.3%), whereas statistical analysis showed a significant difference (p< 0.0001) from
0 for all values.

Relation between differences in radiation exposure and differences in
imaging parameters
A detailed correlation analysis between the differences in the radiation dose and all imaging
parameters, which varied between the follow up examination are given in Table 3.

Table 2. Differences between the follow-up examinations in radiation exposure, scan parameters andmaximal effective abdominal diameter.

Contrast-enhanced CT of the chest Non-enhanced CT of the liver Contrast-enhanced CT of the abdomen

Δ CTDIvol [mGy]

Median: 0.4 0.65 0.59

95% CI for the median: 0.37 to 0.50 0.51 to 0.73 0.51 to 0.71

IQR: 0.63 0.78 0.88

range: 0 to 5.5 0 to 5.8 0 to 5.0

Δ DLP [mGy*cm]

Median: 21.0 19.0 37.0

95% CI for the median: 17.4 to 23.6 15.4 to 21.0 27.4 to 42.0

IQR: 31.0 23 50.5

range: 0 to 194 0 to 174 0 to 315

Δ scan length [cm]

Median: 1.4 1.3 1.5

95% CI for the median: 1.1 to 1.6 1.0 to 1.5 1.2 to 2.0

IQR: 1.7 1.7 2.8

Δ table height [cm]

Mean: 1.1 1.1 1.1

95% CI for the median: 0.9 to 1.3 0.9 to 1.3 0.9 to 1.3

IQR: 1.3 1.3 1.3

Δ tube voltage

0 kV (n) 160 146 180

20 kV (n) 20 34 0

Δ mean mAs

Median: 6.4 7.9 8.8

95% CI for the median: 5.4 to 7.8 6.1 to 9.1 7.1 to 10.4

IQR: 16.9 12.8 12.8

Δ max. effective diameter [cm]

Median: 0.5 0.5 0.5

95% CI for the median: 0.4 to 0.6 0.4 to 0.6 0.4 to 0.6

IQR: 0.7 0.7 0.7

Abbreviations: CTDIvol = volume computed tomography dose index, DLP = dose-length-product, CI = confidence interval, IQR = interquartile range.

doi:10.1371/journal.pone.0152961.t002
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Due to the design of the present study (Fig 1), only three parameters varied independently
between the follow-up examinations: the scan length, the table height, and the patient’s effec-
tive abdominal diameter.

A weak positive correlation was found between differences in scan length and the differ-
ences in DLP between follow-up examinations for CH-CT, while a moderate positive correla-
tion was found for LI-CT, and AB-CT (Table 3). Overall a moderate negative correlation was
observed between differences in the table height and differences in CTDIvol, and DLP, respec-
tively (Table 3). A weak to moderate positive correlation was observed between the differences
in the patients’ effective abdominal diameter and the differences in CTDIvol, and DLP, respec-
tively (Table 3).

Multiple regression analysis showed that changes in the table height and changes in the
patients’ effective abdominal diameter determine the differences in CTDIvol between follow-up
examinations to 33% in CH-CT, to 62% in LI-CT, and to 66% in AB-CT (Table 4, Fig 3). Varia-
tions in table height, scan length and patients’ effective abdominal diameter determine the dif-
ferences in DLP between follow-up examinations to 35% for CH-CT, to 67% in LI-CT, and to
68% in AB-CT (Table 4).

Phantommeasurements
Repeated imaging with absolute consistency of all imaging parameters resulted into almost per-
fect constancy of CTDIvol (CH-CT: 4.9 mGy for all measurements; AB-CT: 5.3 mGy for all
measurements), and DLP (CH-CT: 178 mGy�cm in 2, and 179 mGy�cm in 2 measurements;
AB-CT: 275 mGy�cm in 3, and 277 mGy�cm in 1 measurement). A perfect negative linear cor-
relation was observed between changes in table height and changes in CTDI (CH-CT: r =
-0.992; AB-CT: r = -0.998), and DLP (CH-CT: r = -0.991; AB-CT: r = -0.997). Changes in the
phantom’s positioning while maintaining all other imaging parameters constant resulted in
major changes in radiation exposure (Table 5).

Discussion
Several parameters have a direct or indirect effect on the radiation dose and image quality of
CT, notably the beam energy (determined by the tube voltage), the photon fluence (determined
by the tube current and the tube rotation time), the collimation, the pitch, the table speed as
well as the used type of image reconstruction (filtered back projection vs. iterative image recon-
struction) [24, 25]. Beside these parameters, device specific factors such as the distance of the

Fig 2. Box- andWhisker-plots of the percentage differences in CTDIvol and DLP between follow-up
examinations.

doi:10.1371/journal.pone.0152961.g002
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x-ray tube from the isocenter, the detector efficiency, filtering of the x-ray beam, availability of
adaptive dose shielding, as well as patient specific parameters notably body weight and height
have an impact on the radiation dose and image quality of CT examinations [24, 25]. Due to
the fact, that the effects of these parameters on radiation exposure, as well as on image quality

Table 3. Correlation analysis between the differences in the radiation exposure and the differences in the parameters that varied between the fol-
low up examinations.

correlation between Contrast-enhanced CT of the
chest

Non-enhanced CT of the
liver

Contrast-enhanced CT of the
abdomen

Δ CTDIvol and Δ table height

ρ -0.5 -0.63 -0.68

95% CI of ρ -0.6 to -0.38 -0.71 to -0.53 -0.75 to -0.59

p <0.0001 <0.0001 <0.0001

Δ CTDIvol and Δ tube voltage

ρ 0.52 0.42 0.172

95% CI of r 0.41 to 0.62 0.29 to 0.53 0.027 to 0.31

p <0.0001 <0.0001 0.02

Δ CTDIvol and Δ mean mAs*

ρ 0.93 0.96 0.93

95% CI of r 0.91 to 0.95 0.95 to 0.97 0.91 to 0.95

p <0.0001 <0.0001 <0.0001

Δ CTDIvol and Δ max. effective
diameter

ρ 0.43 0.41 0.39

95% CI of ρ 0.31 to 0.55 0.28 to 0.53 0.26 to 0.51

p <0.0001 <0.0001 <0.0001

Δ DLP and Δ scan length

ρ 0.26 0.55 0.41

95% CI of ρ 0.12 to 0.39 0.44 to 0.65 0.28 to 0.52

p 0.0005 <0.0001 <0.0001

Δ DLP and Δ table height

ρ -0.45 -0.49 -0.62

95% CI of ρ -0.56 to -0.33 -0.6 to -0.37 -0.7 to -0.52

p <0.0001 <0.0001 <0.0001

Δ DLP and Δ tube voltage

ρ 0.51 0.37 0.03

95% CI of r 0.39 to 0.61 0.24 to 0.49 0.02 to 0.31

p <0.0001 <0.0001 0.03

Δ DLP and Δ mean mAs*

ρ 0.82 0.67 0.87

95% CI of r 0.77 to 0.87 0.56 to 0.75 0.83 to 0.90

p <0.0001 <0.0001 <0.0001

Δ DLP and Δ max. effective diameter

ρ 0.3 0.39 0.43

95% CI of ρ 0.16 to 0.42 0.26 to 0.51 0.3 to 0.54

p 0.0001 <0.0001 <0.0001

Abbreviations: CTDIvol = volume computed tomography dose index, DLP = dose-length-product, CI = confidence interval.

Note:

* Calculated only for cases in which the tube voltage was kept constant between follow up examinations.

doi:10.1371/journal.pone.0152961.t003
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are interlinked and complex [25, 26], it is not astonishing, that previous studies observed huge
differences in the radiation exposure of “similar” CT examinations performed at different insti-
tutions (1–6).

Contrary to these inter-institutional studies, in which virtually all relevant parameters dif-
fered between the compared “similar” CT scans, all parameters were identic between the fol-
low-up scans in the present study, except of the scan length, the table height and the patients’
maximal effective abdominal diameter (as surrogate for the patients’ weight). Nevertheless, our
study showed for the first time that considerable differences in the radiation exposure can
occur between virtually identic follow-up examinations (Fig 3a–3f).

Automated tube voltage selection (ATVS), as well as automated tube current modulation
(ATCM) had been used in the present study, whereby the reference quality specifications
(quality reference tube voltage and quality reference tube current-time product) were kept con-
stant between the follow-up examinations. ATCM and ATVS have been developed to reduce
the radiation dose while maintaining the image quality on a predefined quality level: In princi-
ple, ATCM achieves a dose reduction by adjusting the X-ray tube output to the patient’s size
and shape [7, 27]. Practically ATCM can either be realized on refined analysis of the scout
image, on a feedback circuit with near real-time adjustment of the tube current based on the
attenuation values of the preceding image, or by a combination of both methods [25] like Sie-
mens CARE Dose 4D, which had been used in the present study. Due to the fact, that the tube
voltage has a considerable influence on radiation dose ATVS has been introduced in clinical
practice [10, 28, 29]. In principle, lowering of the tube voltage leads in contrast enhanced imag-
ing to a better contrast, since the low energy X-rays are better absorbed by the iodine than by
the surrounding tissue [30]. However, since lowering the tube voltage results in increasing
noise, the tube current requires usually an up-regulation to maintain the predefined image
quality. Siemens CARE kV, which has been used in the present study, therefore aims to select
the optimal combination of tube voltage and tube current for each patient according to the
patient’s scout view and study objective. Based on the information of the patient’s attenuation

Table 4. Multiple linear regression analysis to predict differences in the radiation exposure between follow-up examinations.

Contrast-enhanced
CT of the chest

Non-enhanced
CT of the liver

Contrast-enhanced
CT of the abdomen

CTDIvol DLP CTDIvol DLP CTDIvol DLP

P
re
di
ct
or
s

Δ scan length [cm]

coefficient n.a.* 6.6 n.a.* 8.4 n.a.* 7.5

p n.a.* <0.0001 n.a.* <0.0001 n.a.* <0.0001

Δ table height [cm]

coefficient -0.32 -12.4 -0.43 -9.0 -0.43 -20.7

p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Δ abdominal diameter [cm]

coefficient 0.49 19.0 0.63 14.7 0.61 31.7

p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Multiple correlation coefficient 0.57 0.6 0.79 0.82 0.81 0.83

Coefficient of determination R2 0.33 0.35 0.62 0.67 0.66 0.68

Abbreviations: CTDIvol = volume computed tomography dose index, DLP = dose-length-product, n.a. = not applicable.

Note:

* Not applicable due to the fact that CTDIvol is per definition independent from the scan length.

doi:10.1371/journal.pone.0152961.t004
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along the patient’s longitudinal axis from the scout image, the required tube current is calcu-
lated for different tube voltages to reach the user defined image quality, and, thereafter, the
combination with the lowest CTDI is used to perform the scan.

Since CARE Dose 4D as well as CARE KV obtain information from the scout view, differ-
ences between the scout views of follow-up examinations may have contributed to the observed
differences in the radiation dose between follow-up examinations. In principle the following

Fig 3. a-f: Scout views of three follow-up CT examinations of a 54 year old male patient with superimposedmodulation of the tube current.While
the differences in the radiation dose between the chest CT examinations can be explained by differences in the table height (TH) and the scan length (SL),
the difference in dose between the abdominal CT scans d and f, cannot be explained by these factors due to the fact that in d and f the table height as well as
the scan length had been virtually the same. However, the positioning of the thighs was different between these examinations, which resulted in a different
tube current modulation and consecutively in different radiation dose.

doi:10.1371/journal.pone.0152961.g003

Table 5. Influence of the phantom’s positioning on the CT table on the radiation dose. Except of the phantom’s positioning all other imaging parame-
ters were kept constant between the measurements.

Chest CT Abdominal CT

CTDIvol DLP CTDIvol DLP

baseline phantom examination 4.87 mGy 178 mGy*cm 5.29 mGy 275 mGy*cm

eccentric positioning of the phantom on the table 3.38 mGy 124 mGy*cm 4.26 mGy 222 mGy*cm

lifting one side of the phantom by approximately 20° 3.37 mGy 123 mGy*cm 4.26 mGy 222 mGy*cm

lifting one side of the phantom by approximately 90° 3.60 mGy 132 mGy*cm 4.22 mGy 220 mGy*cm

Abbreviations: CTDIvol = volume computed tomography dose index, DLP = dose-length-product.

doi:10.1371/journal.pone.0152961.t005
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factors can modify the patient’s scout view: Differences in the patient’s positioning, loss or gain
of weight, differences in the table height, as well as differences in the method of scout view
acquisition. Due to the facts, that we acquired the scout view in a standardized way, the latter
factor can be excluded. While the effect of changes in the body weight on the scout view and
consecutively on automated exposure control and radiation exposure is obvious, the relevance
of the table height is not similarly obvious, and, therefore, the significant impact of the table
height on the radiation exposure had been reported quite recently [15, 31, 32]. However, the
relationship of table height and radiation dose is rather simple: Due to the fact that the table
height determines the distance between patient and X-ray source as well as the distance
between patient and detector, the table height determines the magnification factor of the scout
view, what in turn influences automated exposure control. Consistently, our phantom mea-
surements showed a perfect correlation between differences in the table height and differences
in the radiation exposure.

Our statistically analysis showed that the differences in the patients’maximal effective
abdominal diameter as surrogate for the patient’s weight, in the scan length, and in the table
height determine the differences in the radiation exposure between follow-up examinations
only to 33% to 68%. Since our phantom measurements showed, that even small differences in
the phantom’s positioning on the examination table can cause major differences in the radia-
tion exposure, small differences in the patients’ positioning (e.g. eccentric positioning on the
table, tilted positioning) are in all likelihood another cause for the observed differences in the
radiation dose between the follow-up examinations in patients. Moreover, differences in the
positioning of the scan along the patients’ longitudinal (z) axis between follow-up examina-
tions may have also contributed to the observed differences in radiation dose. Especially in
chest CT this factor may have played a major role due to the fact that in chest CT differences in
the positioning of the scan along the z-axis result in a different extent of inclusion of the shoul-
der girdle into the scan, what again has an immediate influence on ATCM and consecutively
on the radiation dose due to the higher diameter of the shoulder girdle compared to the thorax.
This consideration is supported by our finding that the extent of variation in radiation dose
between follow-up examinations that is statistically not explained by variations in scan length,
in table height and in the maximal effective abdominal diameter was significant higher for
chest CT compared to liver and abdominal CT. Unreliability of ATCM and ATVS as further
cause for the observed differences in the radiation dose between follow-up examinations can be
excluded due to the fact that our phantom measurements showed an excellent reproducibility
of the radiation exposure, when the phantom was scanned repeatedly with absolute identic
scan parameters.

Our paper has some limitations. First and foremost, we used in the present study only one
CT scanner. Due to the fact, that the algorithms used for automated exposure control differ
between different manufacturers our results cannot be transferred easily to other implementa-
tions. Another potential limitation is that we did not assessed tumor growth or shrinkage in
our patients, since it could not be excluded with certainty, that changes in the tumor burden
have a certain effect on the patients’ attenuation characteristics, and, therefore, on radiation
dose in CT

Conclusion
A significant variance in the radiation dose can occur between follow-up CT examinations
when the same CT scanner and the same imaging protocol are used in combination with auto-
mated exposure control. Our study showed that changes in the table height, changes in the
scan length, small differences in the patient’s positioning, and small differences in the
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positioning of the scan range along the patient’s longitudinal axis are causes for the observed
differences in radiation dose between similar follow-up examinations. Therefore, these factors
should be carefully considered in clinical routine.

Acknowledgments
The authors would like to thank Thomas Allmendinger from “Siemens AG Healthcare” for
borrowing us an anthropomorphic phantom.

Author Contributions
Conceived and designed the experiments: SS KN. Performed the experiments: SS FS NG AR TS
JMTMF KN. Analyzed the data: SS KN. Wrote the paper: SS KN.

References
1. Brenner DJ, Hall EJ. Computed tomography—an increasing source of radiation exposure. N Engl J

Med. 2007; 357(22):2277–84. Epub 2007/11/30. doi: 10.1056/NEJMra072149 PMID: 18046031.

2. Mettler FA Jr B M, Faulkner K, Gilley DB, Gray JE, Ibbott GS, Lipoti JA, et al. Radiologic and nuclear
medicine studies in the United States and worldwide: frequency, radiation dose, and comparison with
other radiation sources—1950-2007. Radiology. 2009; 253(2):520–31(1527–1315 (Electronic)). doi:
10.1148/radiol.2532082010 PMID: 19789227

3. NRCP National Council on Radiation Protection and Measurements. Report 160—Ionizing radiation
exposure of the population of the United States. NRCP. 2009.

4. Raman SP, Johnson PT, Deshmukh S, Mahesh M, Grant KL, Fishman EK. CT dose reduction applica-
tions: available tools on the latest generation of CT scanners. J Am Coll Radiol. 2013; 10(1):37–41.
Epub 2013/01/08. doi: 10.1016/j.jacr.2012.06.025 PMID: 23290672.

5. Kordolaimi SD, Argentos S, Pantos I, Kelekis NL, Efstathopoulos EP. A new era in computed tomo-
graphic dose optimization: the impact of iterative reconstruction on image quality and radiation dose. J
Comput Assist Tomogr. 2013; 37(6):924–31. Epub 2013/11/26. doi: 10.1097/RCT.0b013e318282d95a
PMID: 24270114.

6. Winklehner A, Karlo C, Puippe G, Schmidt B, Flohr T, Goetti R, et al. Raw data-based iterative recon-
struction in body CTA: evaluation of radiation dose saving potential. Eur Radiol. 2011; 21(12):2521–6.
Epub 2011/08/09. doi: 10.1007/s00330-011-2227-y PMID: 21822785.

7. Lee EJ, Lee SK, Agid R, Howard P, Bae JM, terBrugge K. Comparison of image quality and radiation
dose between fixed tube current and combined automatic tube current modulation in craniocervical CT
angiography. AJNR Am J Neuroradiol. 2009; 30(9):1754–9. Epub 2009/06/11. doi: 10.3174/ajnr.A1675
PMID: 19509074.

8. Lee S, Yoon SW, Yoo SM, Ji YG, Kim KA, Kim SH, et al. Comparison of image quality and radiation
dose between combined automatic tube current modulation and fixed tube current technique in CT of
abdomen and pelvis. Acta Radiol. 2011; 52(10):1101–6. Epub 2011/09/10. doi: 10.1258/ar.2011.
100295 PMID: 21903869.

9. Krazinski AW, Meinel FG, Schoepf UJ, Silverman JR, Canstein C, De Cecco CN, et al. Reduced radia-
tion dose and improved image quality at cardiovascular CT angiography by automated attenuation-
based tube voltage selection: intra-individual comparison. Eur Radiol. 2014; 24(11):2677–84. Epub
2014/07/24. doi: 10.1007/s00330-014-3312-9 PMID: 25052076.

10. Frellesen C, Stock W, Kerl JM, Lehnert T, Wichmann JL, Nau C, et al. Topogram-based automated
selection of the tube potential and current in thoraco-abdominal trauma CT—a comparison to fixed kV
with mAs modulation alone. Eur Radiol. 2014; 24(7):1725–34. Epub 2014/05/13. doi: 10.1007/s00330-
014-3197-7 PMID: 24816940.

11. Tzedakis A, Damilakis J, Perisinakis K, Stratakis J, Gourtsoyiannis N. The effect of z overscanning on
patient effective dose frommultidetector helical computed tomography examinations. Med Phys. 2005;
32(6):1621–9. Epub 2005/07/15. PMID: 16013721.

12. Christner JA, Zavaletta VA, Eusemann CD, Walz-Flannigan AI, McCollough CH. Dose reduction in heli-
cal CT: dynamically adjustable z-axis X-ray beam collimation. AJR Am J Roentgenol. 2010; 194(1):
W49–55. Epub 2009/12/24. doi: 10.2214/ajr.09.2878 PMID: 20028890.

13. Hatziioannou K, Papanastassiou E, Delichas M, Bousbouras P. A contribution to the establishment of
diagnostic reference levels in CT. The British journal of radiology. 2003; 76(908):541–5. Epub 2003/08/
02. doi: 10.1259/bjr/60897046 PMID: 12893696.

Intraindividual Variations of Dose in CT Examinations at Different Time Points

PLOS ONE | DOI:10.1371/journal.pone.0152961 April 6, 2016 13 / 14

http://dx.doi.org/10.1056/NEJMra072149
http://www.ncbi.nlm.nih.gov/pubmed/18046031
http://dx.doi.org/10.1148/radiol.2532082010
http://www.ncbi.nlm.nih.gov/pubmed/19789227
http://dx.doi.org/10.1016/j.jacr.2012.06.025
http://www.ncbi.nlm.nih.gov/pubmed/23290672
http://dx.doi.org/10.1097/RCT.0b013e318282d95a
http://www.ncbi.nlm.nih.gov/pubmed/24270114
http://dx.doi.org/10.1007/s00330-011-2227-y
http://www.ncbi.nlm.nih.gov/pubmed/21822785
http://dx.doi.org/10.3174/ajnr.A1675
http://www.ncbi.nlm.nih.gov/pubmed/19509074
http://dx.doi.org/10.1258/ar.2011.100295
http://dx.doi.org/10.1258/ar.2011.100295
http://www.ncbi.nlm.nih.gov/pubmed/21903869
http://dx.doi.org/10.1007/s00330-014-3312-9
http://www.ncbi.nlm.nih.gov/pubmed/25052076
http://dx.doi.org/10.1007/s00330-014-3197-7
http://dx.doi.org/10.1007/s00330-014-3197-7
http://www.ncbi.nlm.nih.gov/pubmed/24816940
http://www.ncbi.nlm.nih.gov/pubmed/16013721
http://dx.doi.org/10.2214/ajr.09.2878
http://www.ncbi.nlm.nih.gov/pubmed/20028890
http://dx.doi.org/10.1259/bjr/60897046
http://www.ncbi.nlm.nih.gov/pubmed/12893696


14. Koller CJ, Eatough JP, Bettridge A. Variations in radiation dose between the same model of multislice
CT scanner at different hospitals. The British journal of radiology. 2003; 76(911):798–802. Epub 2003/
11/19. doi: 10.1259/bjr/33117342 PMID: 14623781.

15. Aldrich JE, Bilawich AM, Mayo JR. Radiation doses to patients receiving computed tomography exami-
nations in British Columbia. Can Assoc Radiol J. 2006; 57(2):79–85. Epub 2006/09/02. PMID:
16944681.

16. Shrimpton PC, Hillier MC, Lewis MA, Dunn M. National survey of doses from CT in the UK: 2003. The
British journal of radiology. 2006; 79(948):968–80. Epub 2007/01/11. doi: 10.1259/bjr/93277434 PMID:
17213302.

17. Verdun FR, Gutierrez D, Vader JP, Aroua A, Alamo-Maestre LT, Bochud F, et al. CT radiation dose in
children: a survey to establish age-based diagnostic reference levels in Switzerland. Eur Radiol. 2008;
18(9):1980–6. Epub 2008/04/05. doi: 10.1007/s00330-008-0963-4 PMID: 18389242.

18. Dougeni E, Faulkner K, Panayiotakis G. A review of patient dose and optimisation methods in adult and
paediatric CT scanning. Eur J Radiol. 2012; 81(4):e665–83. Epub 2011/06/21. doi: 10.1016/j.ejrad.
2011.05.025 PMID: 21684099.

19. Marin JR, Sengupta D, Bhargavan-Chatfield M, Kanal KM, Mills AM, Applegate KE. Variation in Pediat-
ric Cervical Spine Computed Tomography Radiation Dose Index. Acad Emerg Med. 2015; 22
(12):1499–505. Epub 2015/11/17. doi: 10.1111/acem.12822 PMID: 26568459.

20. Menke J. Comparison of different body size parameters for individual dose adaptation in body CT of
adults. Radiology. 2005; 236(2):565–71. Epub 2005/07/26. doi: 10.1148/radiol.2362041327 PMID:
16040914.

21. Kalra MK, Maher MM, Toth TL, Hamberg LM, Blake MA, Shepard JA, et al. Strategies for CT radiation
dose optimization. Radiology. 2004; 230(3):619–28. Epub 2004/01/24. doi: 10.1148/radiol.
2303021726 PMID: 14739312.

22. AAPM. Size-Specific Dose Estimates (SSDE) in Pediatric and Adult Body CT Examinations. 2011.

23. Schneider A, Hommel G, Blettner M. Linear regression analysis: part 14 of a series on evaluation of sci-
entific publications. Dtsch Arztebl Int. 2010; 107(44):776–82. Epub 2010/12/01. doi: 10.3238/arztebl.
2010.0776 PMID: 21116397; PubMed Central PMCID: PMC2992018.

24. McNitt-Gray MF. AAPM/RSNA Physics Tutorial for Residents: Topics in CT. Radiation dose in CT.
Radiographics. 2002; 22(6):1541–53. Epub 2002/11/15. doi: 10.1148/rg.226025128 PMID: 12432127.

25. Ibrahim M, Parmar H, Christodoulou E, Mukherji S. Raise the bar and lower the dose: current and future
strategies for radiation dose reduction in head and neck imaging. AJNR Am J Neuroradiol. 2014; 35
(4):619–24. Epub 2013/03/02. doi: 10.3174/ajnr.A3473 PMID: 23449649.

26. Russell MT, Fink JR, Rebeles F, Kanal K, RamosM, Anzai Y. Balancing radiation dose and image qual-
ity: clinical applications of neck volume CT. AJNR Am J Neuroradiol. 2008; 29(4):727–31. Epub 2008/
01/29. doi: 10.3174/ajnr.A0891 PMID: 18223095.

27. Lee S, Yoon SW, Yoo SM, Ji YG, Kim KA, Kim SH, et al. Comparison of image quality and radiation
dose between combined automatic tube current modulation and fixed tube current technique in CT of
abdomen and pelvis. Acta Radiol. 2011; 52(10):1101–6. Epub 2011/09/10. doi: 10.1258/ar.2011.
100295 PMID: 21903869.

28. Krazinski AW, Meinel FG, Schoepf UJ, Silverman JR, Canstein C, De Cecco CN, et al. Reduced radia-
tion dose and improved image quality at cardiovascular CT angiography by automated attenuation-
based tube voltage selection: intra-individual comparison. Eur Radiol. 2014; 24(11):2677–84. Epub
2014/07/24. doi: 10.1007/s00330-014-3312-9 PMID: 25052076.

29. Winklehner A, Gordic S, Lauk E, Frauenfelder T, Leschka S, Alkadhi H, et al. Automated attenuation-
based tube voltage selection for body CTA: Performance evaluation of 192-slice dual-source CT. Eur
Radiol. 2015. Epub 2015/02/20. doi: 10.1007/s00330-015-3632-4 PMID: 25693663.

30. Schueller-WeidekammC, Schaefer-Prokop CM, Weber M, Herold CJ, Prokop M. CT angiography of
pulmonary arteries to detect pulmonary embolism: improvement of vascular enhancement with low kilo-
voltage settings. Radiology. 2006; 241(3):899–907. Epub 2006/11/23. doi: 10.1148/radiol.2413040128
PMID: 17114631.

31. Harri PA, Moreno CC, Nelson RC, Fani N, Small WC, Duong A, et al. Variability of MDCT dose due to
technologist performance: impact of posteroanterior versus anteroposterior localizer image and table
height with use of automated tube current modulation. AJR Am J Roentgenol. 2014; 203(2):377–86.
Epub 2014/07/24. doi: 10.2214/AJR.13.11608 PMID: 25055274.

32. Kaasalainen T, Palmu K, Reijonen V, Kortesniemi M. Effect of patient centering on patient dose and
image noise in chest CT. AJR Am J Roentgenol. 2014; 203(1):123–30. Epub 2014/06/22. doi: 10.2214/
AJR.13.12028 PMID: 24951205.

Intraindividual Variations of Dose in CT Examinations at Different Time Points

PLOS ONE | DOI:10.1371/journal.pone.0152961 April 6, 2016 14 / 14

http://dx.doi.org/10.1259/bjr/33117342
http://www.ncbi.nlm.nih.gov/pubmed/14623781
http://www.ncbi.nlm.nih.gov/pubmed/16944681
http://dx.doi.org/10.1259/bjr/93277434
http://www.ncbi.nlm.nih.gov/pubmed/17213302
http://dx.doi.org/10.1007/s00330-008-0963-4
http://www.ncbi.nlm.nih.gov/pubmed/18389242
http://dx.doi.org/10.1016/j.ejrad.2011.05.025
http://dx.doi.org/10.1016/j.ejrad.2011.05.025
http://www.ncbi.nlm.nih.gov/pubmed/21684099
http://dx.doi.org/10.1111/acem.12822
http://www.ncbi.nlm.nih.gov/pubmed/26568459
http://dx.doi.org/10.1148/radiol.2362041327
http://www.ncbi.nlm.nih.gov/pubmed/16040914
http://dx.doi.org/10.1148/radiol.2303021726
http://dx.doi.org/10.1148/radiol.2303021726
http://www.ncbi.nlm.nih.gov/pubmed/14739312
http://dx.doi.org/10.3238/arztebl.2010.0776
http://dx.doi.org/10.3238/arztebl.2010.0776
http://www.ncbi.nlm.nih.gov/pubmed/21116397
http://dx.doi.org/10.1148/rg.226025128
http://www.ncbi.nlm.nih.gov/pubmed/12432127
http://dx.doi.org/10.3174/ajnr.A3473
http://www.ncbi.nlm.nih.gov/pubmed/23449649
http://dx.doi.org/10.3174/ajnr.A0891
http://www.ncbi.nlm.nih.gov/pubmed/18223095
http://dx.doi.org/10.1258/ar.2011.100295
http://dx.doi.org/10.1258/ar.2011.100295
http://www.ncbi.nlm.nih.gov/pubmed/21903869
http://dx.doi.org/10.1007/s00330-014-3312-9
http://www.ncbi.nlm.nih.gov/pubmed/25052076
http://dx.doi.org/10.1007/s00330-015-3632-4
http://www.ncbi.nlm.nih.gov/pubmed/25693663
http://dx.doi.org/10.1148/radiol.2413040128
http://www.ncbi.nlm.nih.gov/pubmed/17114631
http://dx.doi.org/10.2214/AJR.13.11608
http://www.ncbi.nlm.nih.gov/pubmed/25055274
http://dx.doi.org/10.2214/AJR.13.12028
http://dx.doi.org/10.2214/AJR.13.12028
http://www.ncbi.nlm.nih.gov/pubmed/24951205

