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Abstract

Background Organ-specific dose reduction significantly

reduces the radiation exposure of radiosensitive organs.

Objective The purpose of this study was to assess the impact

of a novel organ-specific dose reduction algorithm on image

quality of pediatric chest CT.

Materials and methods We included 28 children (mean age

10.9±4.8 years, range 3–18 years) who had contrast-enhanced

chest CT on a 128-row scanner. CTwas performed at 100 kV

using automated tube current modulation and a novel organ-

specific dose-reduction algorithm (XCare™; Siemens,

Forchheim, Germany). Seven children had a previous chest

CT performed on a 64-row scanner at 100 kV without organ-

specific dose reduction. Subjective image quality was

assessed using a five-point scale (1-not diagnostic; 5-

excellent). Contrast-to-noise ratio (CNR) and signal-to-noise

ratio (SNR) were assessed in the descending aorta.

Results Overall mean subjective image quality was 4.1±0.6.

In the subgroup of the seven children examined both with and

without organ-specific dose reduction, subjective image qual-

ity was comparable (score 4.4±0.5 with organ-specific dose

reduction vs. 4.4±0.7 without it; P>0.05). There was no

significant difference in mean signal-to-noise ratio and

contrast-to-noise ratio with organ-specific dose reduction

(38.3±10.1 and 28.5±8.7, respectively) and without the re-

duction (35.5±8.5 and 26.5±7.8, respectively) (P>0.05). Vol-

ume computed tomography dose index (CTDIvol) and size-

specific dose estimates did not differ significantly between

acquisitions with the organ-specific dose reduction (1.7±

0.8 mGy) and without the reduction (1.7±0.8 mGy)

(P>0.05).

Conclusion Organ-specific dose reduction does not have an

impact on image quality of pediatric chest CT and can there-

fore be used in clinical practice to reduce radiation dose of

radiosensitive organs such as breast and thyroid gland.

Keywords Organ-specific dose reduction . Chest CT .

Children . Dose reduction . Image quality

Introduction

Ionizing radiation as used in conventional radiography and CT

may increase the risk of malignancies by damaging the DNA

[1, 2]. The development of radiation-related risks is time-

dependent and accumulates over the years [1, 2]. Because of

a longer remaining lifetime and a higher radiosensitivity (e.g.,

a larger number of faster-dividing cells), the risk for the

development of malignancies caused by ionizing radiation is

higher in children than in adults [1, 2]. Thus, the indication for

pediatric CT examinations must be carefully controlled by the

radiologist. Alternative procedures like US imaging and MRI

should be performed whenever possible [1, 3–5].

Between 1996 and 2009 the number of CT examinations

more than doubled in the Western world [6, 7]. Although only

8% of the diagnostic imaging examinations using ionizing

radiation are CTscans, they contribute to 60% of the collective

radiation dose [6].

Pediatric chest CT is routinely used for workup of various

diseases including staging and follow-up of malignancies as

well as acute and chronic inflammatory diseases and anatom-

ical anomalies [8–11]. In chest CT, radiation-sensitive organs

like the thyroid gland and the female breast are usually in-

cluded in the scan volume. Therefore reduction of radiation

dose in each CT examination has gained ever more interest in
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modern radiology. For this purpose, organ-specific dose re-

duction algorithms have been recently introduced [12–14].

This novel algorithm reduces the tube current time product

for anterior projections to lower the organ dose of radiosensi-

tive organs near the anterior body surface like breast paren-

chyma and thyroid gland [13]. Initial phantom studies by

Ketelsen et al. [14] have demonstrated a potential organ dose

reduction of about 30% in chest CT using organ-specific dose

reduction.

Despite efforts to lower radiation exposure, the influence

on the image quality has to be kept inmind and non-diagnostic

image quality must be avoided.

The purpose of the present study was to investigate the

effect of an organ-specific dose-reduction algorithm on objec-

tive and subjective image quality in pediatric chest CT.

Materials and methods

This retrospective study was approved by the local ethics

committee of the Heinrich-Heine-University, Düsseldorf. We

included 28 consecutive children (11 girls and 17 boys, mean

age 10.9±4.8, range 3–18 years) who underwent contrast-

enhanced chest CT on a 128-row CT scanner (Somatom

Definition AS+; Siemens Healthcare, Forchheim, Germany)

with the organ-specific dose reduction algorithm XCare™

(Siemens) installed as an upgrade on the scanner. Seven of

the 28 children had undergone a prior contrast-enhanced CT-

examination with identical acquisition parameters (tube po-

tential [kV], pitch, rotation time) but without XCare™ on a

64-row CT scanner (Somatom Sensation Cardiac 64, Siemens

Healthcare, Forchheim, Germany). The average time interval

between CT scans with and without organ-specific dose re-

duction was 425 days (range 10–929 days) in the seven

children.

CT scans were performed following intravenous injection

of 1.5 ml/kg body weight of iodinated contrast material

(Accupaque 300; GE Healthcare, Munich, Germany). Bolus

tracking with a threshold of 100 HU in the descending aorta

was used to coincide the beginning of the scan with vascular

enhancement.

Automated tube current modulation was activated in all CT

scans (CAREDose 4D; Siemens Healthcare, Forchheim, Ger-

many). Scan parameters for CT examinations with and with-

out XCare™ are listed in Table 1.

In the seven children with repeated examinations, CTscans

with organ-specific dose reduction were assigned to group A

and CT examinations without the algorithm were assigned to

group B.

Radiation dose

CTDIvol was calculated in-line and extracted from the scan-

ning protocol of each examination. Size-specific dose esti-

mates were calculated using the latero-lateral diameter from

the scout image according to Brady and Kaufman [15].

Subjective image quality

Two blinded radiologists (onewith 7 years and one with 1 year

of experience in chest CT) assessed subjective image quality

on a PACS workstation (Sectra Medical Systems GmbH,

Linkoping, Sweden) using transverse 1-mm and 3-mm slices.

In addition, sagittal and coronal multiplanar reconstructions

were provided. Soft-tissue windows (50/350 [level/width]

HU) and lung windows (−500/1,500 HU) were used; the

evaluation and modulation of the windows were at the

discretion of the reader. Rating was performed using a

five-point scale (1-not diagnostic, 2-poor, 3-moderate,

4-good, 5-excellent) in all patients (Table 2).

Objective image quality

Regions of interest (ROIs) were placed on transverse 3-mm

slices in the lumen of the descending aorta (ROI 1, 100–

Table 1 CT scan acquisition parameters

Scan parameter 128-row CT scanner 64-row CT scanner

kV 100 100

Reference mAs 87 75

Effective mAs 47±16 44±21

Pitch 0.6 0.6

Rotation time 0.35 s 0.35 s

Effective mAs (mean ± standard deviation) for 28 and 7 children scanned

with the 128- and 64-row scanners, respectively

Table 2 Five-point scale for the assessment of subjective image quality

Score Assessment

5 Excellent Excellent resolution and contrast, no artifacts

4 Good Good resolution and contrast, minimal artifacts

3 Moderate Satisfying diagnostic value in spite of noise and

artifacts

2 Poor Reduced diagnostic value from artifacts and poor

contrast

1 Unacceptable Non-diagnostic scan
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250 mm2), in the erector spinae muscle (ROI 2, 100–

250 mm2) and outside the body in the air (ROI 3 100–

500 mm2). The standard deviation of ROI 3 (air) was used

as an indicator for image noise. Contrast-to-noise ratio (CNR)

and signal-to-noise ratio (SNR) were calculated to assess the

objective image quality [16]:

SNR Ao ¼ mean pixel value ROI 1ð Þ=standard deviation ROI 3ð Þ
CNR Ao ¼ mean pixel value ROI 1ð Þ − mean pixel value ROI 2ð Þ½ �=standard deviation ROI 3ð Þ

Statistical analysis

Data analysis was performed with IBM SPSS Statistics 21 for

Windows (SPSS, Chicago, IL). Data are given as mean ±

standard deviation. A P value of <0.05 was considered statis-

tically significant. To test for normal distribution a Kolmogo-

rov–Smirnov test was performed. All continuous variables

exhibited normal distribution according to the Kolmogorov–

Smirnov test and therefore were tested with the independent

student’s t-test. The Mann–Whitney U test was used as a non-

parametric test.

Interobserver agreement was assesed with Cohen’s kap-

pa statistics: excellent (κ>0.81), good (κ=0.61−0.80),

moderate (κ=0.41–0.60), fair (κ=0.21−0.40) and poor

(κ≤0.20) [17].

Results

Patients

Mean body weight of the 28 children at the time of the CT

scan was 39.6±19.9kg. Mean body mass index (patient

weight divided by the square of the patient height) was 18.5

±4.4 kg/m2 in all patients. Mean age of group A was 11.8±

5.5 years compared to 10.4±6.2 in group B (P=0.48). The

thyroid gland was included in the scanning volume in 26 of 28

(92.9%) patients.

Radiation dose

Overall mean CTDIvol was 1.5±0.8 mGy. In seven children

with repeated CT scans, mean CTDIvol was 1.7±0.8 mGy in

group A as compared to 1.7±0.8 mGy in group B (P=0.92).

Overall size-specific dose estimates were 1.8±0.9 mGy. In

group A the size-specific dose estimates were 2.0±0.7 mGy

compared to 2.1±0.8 mGy (P=0.8). Overall difference be-

tween size-specific dose estimates and CTDIvol was 18.5%

(P=0.1).

Subjective image quality

In 28 children the mean subjective image quality was 4.1±0.6

(reader 1: 4.1±0.6, reader 2: 4.1±0.7). Eighty-six percent of

the CT scans with organ-specific dose reduction had excellent

to good image quality. No CT examination was rated as non-

diagnostic.

In the seven children with repeated exams, mean subjective

image quality was 4.4±0.5 (reader 1: 4.4±0.5, reader 2: 4.4±

0.5) in group A and 4.4±0.7 (reader 1: 4.6±0.8, reader 2: 4.1±

0.7) in group B (P=0.96) (Fig. 1). Inter-observer agreement

was good (κ=0.61).

Fig. 1 Axial chest CT scans of the same child acquired with (a) and

without (b) organ-specific dose reduction yield comparable image quality
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Objective image quality

In the group of 28 children with organ-specific dose reduction

the mean signal-to-noise ratio and contrast-to-noise ratio were

30.5±11.4 and 21.8±10.2. In group A signal-to-noise ratio

and contrast-to-noise ratio were 38.3±10.3 and 28.5±8.7

compared to 35.5±8.5 and 26.5±7.8 in group B, respectively

(Table 3). Differences in signal-to-noise ratio and contrast-to-

noise ratio between groups A and B were not statistically

significant (P=0.58 and P=0.65, respectively).

Discussion

Every medical exposure to ionizing radiation has to be justi-

fied and kept as low as reasonably possible according to the

ALARA principle (As Low As Reasonably Achievable) [18].

Despite growing concerns regarding exposure from ionizing

radiation, the number of CT examinations has consistently

increased during the last 30 years [1]. Especially for children,

indications for every CT have to be reviewed carefully be-

cause children’s tissue is more sensitive to radiation and they

have a longer life expectancy than adults [1, 19]. In addition,

potential radiation-related cancer risks accumulate over time

[19]. Therefore it is important to reduce the radiation exposure

of every CT scan in children [20]. However the image quality

has to meet quality requirements to enable proper diagnosis.

Strategies for the reduction of CT radiation exposure have

been introduced into clinical practice, e.g., iterative recon-

struction [16], low-dose CT protocols [21], attenuation-

based automatic kV selection [22] and bismuth shielding

[23, 24]. Bismuth shielding might reduce the radiation expo-

sure to the female breast by up to 37.5%, but it can also lead to

an increase in artifacts and image noise [23, 24]. A recent

study in children has shown that bismuth breast shields, when

combined with angular tube current modulation, lead to in-

creased artifacts and influence the contrast-to-noise ratio [25].

Because patient cooperation is required, bismuth shielding

might be difficult to integrate into clinical routine, especially

in younger children [26]. Because it is a hardware-based

system, the time per examination and examination costs might

be increased [26].

Similar to bismuth shielding, the aim of the organ-specific

dose reduction is the protection of radiosensitive organs near

the anterior body surface such as the thyroid gland and the

female breast from excessive radiation exposure. This is

achieved by an angular beam modulation and reduced tube

current for the anterior 120°, while tube current is slightly

increased for the posterior 240° projections [26, 27].

Studies have demonstrated that radiation exposure to these

organs can be significantly reduced by organ-specific dose-

reduction techniques in females (breast 25–48%, thyroid

gland 20%) [14, 23, 28]. Therefore, it is reasonable to use this

dose-reduction technique even in male patients, because in 26

out of 28 CT scans in our study cohort the thyroid gland was

included in the image volume.

Any approach to reduce radiation can be integrated into

clinical routine only if image quality is not affected signifi-

cantly. In this study we have shown that organ-specific dose

reduction does not compromise the image quality of pediatric

chest CT scans—good to excellent image quality was

achieved in 86% of all patients and there were no non-

diagnostic scans. The 14% with less than good image quality

showed discrete blurring and indistinction. Furthermore, in

the seven children in whom an intra-individual comparison

was available, no significant difference in subjective and

objective image quality was observed between scans with

and without organ-specific dose reduction.

Because the CTDIvol tends to underestimate the radiation

exposure to pediatric patients, the use of size-specific dose

estimates is recommended by the American Association of

Physicists in Medicine (AAPM) [16]. In this study we calcu-

lated size-specific dose estimates by using the anteroposterior

scouts because lateral scouts were not available. Overall there

was no significant difference in CTDIvol and size-specific

dose estimates between groups A and B.

As a software-based technique, organ-specific dose reduc-

tion can be integrated into clinical routine relatively effortless-

ly. Low-dose CT protocols, adaptive statistical iterative recon-

struction and attenuation-based automatic kV selection are all

software-based techniques that have already been integrated

into CT scanners. These techniques can be combined to main-

tain image quality while reducing radiation dose. Siegel et al.

[29] showed a dose reduction of up to 56% for CT angiogra-

phy when combining automated tube voltage selection and

automated tube current modulation on phantoms. In our study

XCare™ was combined with automated tube current modu-

lation. Hence, a combination of the organ-specific dose re-

duction algorithm with other dose-saving algorithms should

be feasible, but the potential influence on image quality re-

quires further investigation [30].

Our study has some limitations. In children with an intra-

individual comparison, examinations with organ-specific dose

Table 3 Objective image quality

Group OSDR SNR CNR

Overall + 30.5±11.4 21.8±10.2

A + 38.3±10.3 28.5±8.7

B − 35.5±8.5 26.5±7.8

Groups A and B represent the seven children who had scans both with

dose reduction (A) and without dose reduction (B)

CNR contrast-to-noise ratio, OSDR used organ-specific dose reduction

algorithm, SNR signal-to-noise ratio

Overall means all scans performed with OSDR
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reduction were performed on a 128-row scanner whereas

examinations without the algorithm were performed on a 64-

row scanner. Because basic acquisition parameters were con-

stant, we do not expect a significant influence of the different

number of detector rows on our results. We did not perform

phantom measurements to quantify dose reduction in breast

tissue and the thyroid gland for our imaging parameters.

Furthermore, because of the smaller body surface in children,

dose reduction to radiosensitive tissues in children might

deviate from results in adults. The indication for pediatric

chest CT has to be justified, and consequently the number of

children included in this analysis is relatively small.

Conclusion

Implementation of a novel organ-specific dose-reduction al-

gorithm into pediatric chest CT protocols is feasible and does

not impair image quality. Therefore organ-specific dose re-

duction can be recommended for clinical routine for pediatric

chest CT to reduce radiation to radiosensitive organs such as

breast and thyroid gland.
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AIM: To perform a systematic, large-scale analysis using the Digital Imaging and Commu-

nication in Medicine structured report (DICOM-SR) to assess the relationship between body

mass index (BMI) and radiation exposure in abdominal CT.

MATERIALS AND METHODS: A retrospective analysis of DICOM-SR of 3121 abdominal CT

examinations between April 2013 and March 2014 was performed. All examinations were

conducted using a 128 row CT system. Patients (mean age 61 � 15 years) were divided into five

groups according to their BMI: group A <20 kg/m2 (underweight), group B 20e25 kg/m2

(normal weight), group C 25e30 kg/m2 (overweight), group D 30e35 kg/m2 (obese), and group

E > 35 kg/m2 (extremely obese). CT dose index (CTDIvol) and doseelength product (DLP) were

compared between all groups and matched to national diagnostic reference values.

RESULTS: The mean CTDIvol and DLP were 5.4 � 2.9 mGy and 243 � 153 mGy$cm in group A,

6 � 3.6 mGy and 264 � 179 mGy�cm in group B, 7 � 3.6 mGy and 320 � 180 mGy�cm in group

C, 8.1 � 5.2 mGy and 375 � 306 mGy�cm in group D, and 10 � 8 mGy and 476 � 403 mGy�cm

in group E, respectively. Except for group A versus group B, CTDIvol and DLP differed signifi-

cantly between all groups (p<0.05). Significantly more CTDIvol values exceeded national

diagnostic reference values in groups D and E (2.1% and 6.3%) compared to group B (0.5%,

p<0.05).

CONCLUSION: DICOM-SR is a comprehensive, fast, and reproducible way to analyse dose-

related data at CT. It allows for automated evaluation of radiation dose in a large study pop-

ulation. Dose exposition is related to the patient’s BMI and is increased by up to 96% for

extremely obese patients undergoing abdominal CT.

� 2014 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

Dose monitoring of radiological examinations has

become ever more important in order to improve radiation

protection of patients and to meet legal requirements. In
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Germany, CT only accounts for 8% of all diagnostic exami-

nations using ionizing radiation but generates about 60% of

the collective medical radiation dose1 indicating the

importance of systematic dose management and analysis of

dose-related data in CT.

In recent years, various methods of dose monitoring

and analysing have been introduced, for example, Digital

Imaging and Communication in Medicine structured

report (DICOM-SR), DICOM modality performed proce-

dure step messages (MPPS), and image recognition and

usage of the DICOM header.2,3 The DICOM standard was

introduced in 1993. It was initially established to store and

share medical images and image-related data4,5 and to

provide a structured way to organize radiological reports.

Despite ongoing discussions regarding the value and

utility of the DICOM-SR,6,7 the DICOM standard is today an

essential part of almost every medical device using

ionizing radiation. The DICOM radiation dose structured

report (DICOM-RDSR) provides radiation dose parameters

within the DICOM-SR allowing for automated analysis of

dose-related data. CT-related dose parameters [volume

computed tomography dose index (CTDIvol) and dos-

eelength product (DLP)] for all examinations are stored in

the DICOM-RDRS.

Body mass index (BMI) is defined by a person’s weight

(in kilograms) divided by the square of the height (in me-

tres). BMI is seen as the most useful population-level

measurement of weight and obesity.8 Obesity is defined as

a BMI �30 kg/m2 and a BMI of 25e30 kg/m2 is considered

overweight.8

Worldwide obesity has constantly increased and has

nearly doubled since 1980.8 The newest data from the

World Health Organization (WHO) from 2013 state a total of

1.4 billion adults are overweight and over 500 million men

and women are obese. This equals 35% of all adults >20

years being overweight and 11% being obese. In 2011, >40

million children �5 years were overweight.8,9

There are numerous studies dealing with CT radiation

dose reduction, most of them present technical improve-

ments (e.g., iterative reconstruction, automated organ-

based tube current modulation, and low dose protocols)

and achieved dose reduction in reference to image qual-

ity.10e13 There have only been a small number of studies

performing large-scale analysis of dose-related data in

CT.13,14 The purpose of the present study was to use DICOM-

SR to perform a large-scale, retrospective analysis of radi-

ation exposure in CT. This was done by analysing abdominal

CT dose data for patients grouped according to BMI.

Materials and methods

This retrospective study was approved by the local ethics

committee of the Medical Faculty of the University of

D€usseldorf. All abdominal CT examinations conducted using

a 128 section CT machine (SOMATOM Definition ASþ,

Siemens Healthcare, Forchheim, Germany) between April

2013 and March 2014 were included in this analysis.

All examinations were analysed with regard to CTDIvol
and DLP. Data of all study examinations were compared to

the reference dose parameters defined by the German

Federal Office of Radiation Protection (BfS). Reference

levels are set by the BfS according to the third quartiles of

the mean patient exposition evaluated in a large collective.

The reference parameters for adult patients regarding

abdominal CT are a CTDIvol of 20 mGy and a DLP of 900

mGy$cm. As reference parameters are set for every single

scan, multiphasic examinations were evaluated separately

for every scan performed. As the BfS reference parameters

are organ based, different imaging protocols are assigned

to the same reference parameter.15 Examinations in this

study were performed for abdominal contrast-enhanced

CT (1545 scans), low-dose CT for nephrolithiasis (108

scans), abdominal aortography (227 scans), and others (62

scans).

For analysis with respect to the BMI, patients were

divided into five groups to account for the clinical classifi-

cation of underweight, normal weight, overweight, and

obesity: group A <20 kg/m2, group B 20e25 kg/m2, group C

25e30 kg/m2, group D 30e35 kg/m2, group E> 35 kg/m2. To

perform a more precise analysis, the obese subgroup

(BMI > 30 kg/m2) was subdivided in two groups (30e35

and >35 kg/m2).

A DICOM-SR providing the dose-related CT parameters

was automatically generated by the CT system for each

examination. Weight and height of the patients were

entered into the DICOM-SR during the examination by the

technician. Mis-entry was prevented by an inflexible input

mask in the database and subsequent manual verification.

All indeterminate entries (e.g., >212 kg) were removed

from the analysis.

Automated tube current modulation was assessed as a

system-indicated measure. It was generally activated in all

protocols except for cases in which elevation of the arms

was restricted.

Data were extracted from the local picture archiving and

communications system (PACS) using the free-of-charge

tool CareAnalytics� (Siemens Healthcare, Forchheim, Ger-

many) and saved in extensible mark-up language (XML);

the files were then transferred into Dose-Intelligence (Pul-

mokard GmbH, Herdecke, Germany). Height and weight of

the patients were verified in the database and all unclear or

uncertain cases were excluded from the analysis. Dose-

Intelligence and Excel 2013 (including Powerview and

Powerpivot, Microsoft, Redmond, WA, USA) were used to

perform data analysis.

Statistical analysis was conducted using IBM SPSS Sta-

tistics 22 for Windows (SPSS, Chicago, IL, USA). A p-value of

<0.05 was considered to indicate statistical significance.

Data were tested for normal distribution with a Kolmo-

gorov test. Normally distributed data are given as

mean� standard deviation. A KruskaleWallis test was used

as a non-parametric test. Analysis of variance (ANOVA) with

Tukey’s honestly significant difference (Tukey’s HSD) and

Fisher’s exact test were used to test for statistical

significance.
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Results

Examinations and patients

Three thousand, one hundred and twenty-one CT ex-

aminations of the abdomen were performed during the

study period. Heights and weights of the patients were

available for 1955 examinations. Thirteen CT examinations

were excluded from the analysis because the patient’s age

was <16 years, and therefore, the BMI would have been

inaccurate.9 Finally, 1942 patients (1139 male, 803 female,

mean age 60.9 � 15 years, mean BMI 25.5 � 5 kg/m2) were

included in the analysis. The distribution of patients to the

different BMI groups is shown in Fig. 1. For the different

groups, the mean BMI was 18 � 1.5 kg/m2 (group A),

22.7 � 1.4 kg/m2 (group B), 27.3 � 1.4 kg/m2 (group C),

32.1 � 1.4 kg/m2 (group D), and 38.4 � 3.0 kg/m2 (group E;

Fig. 1, Table 1). Segmentation according to tube voltage is

illustrated in Fig. 1 and Table 2. There were no significant

differences in the distribution of different imaging protocols

between groups AeE (p > 0.05).

The overall mean CTDIvol was 6.7 � 4.1 mGy and mean

DLP was 303 � 214 mGy�cm, and therefore, were 33% and

34% of the national reference values, respectively (Fig. 2).

There were significant differences in the CTDIvol and DLP

between all groups (p<0.05) except for group A versus

group B. The CTDIvol and DLP for the different groups are

illustrated in Table 1.

National reference values

In reference to the values provided by the BfS, 16 refer-

ence values for CTDIvol and 23 reference values for DLP

exceeded national reference values. This equals 0.8% for

CTDIvol and 1.2% for DLP of all analysed examinations. The

distribution of these values according to BMI is illustrated in

Fig. 3. The number of CTDIvol and DLP values exceeding the

national reference values was significantly higher in groups

E and D compared to group B (6.3% and 2.1% versus 0.5% for

CTDI, 8.9% and 2.1% versus 0.6% for DLP, p<0.05, respec-

tively; Fig. 3).

Figure 1 (a) The tube voltage for all CT examinations is illustrated. (b) The overall number of CT examinations per BMI group. (c) The mean BMI

for every BMI group.

Table 1

Mean BMI, CTDIvol and DLP for the different groups.

Group Number Mean BMI (kg/m2) CTDIvol (mGy) DLP (mGy$cm)

Overall 1942 25.5 � 5 6.7 � 4.1 303 � 214

a 208 18 � 1.5 5.4 � 2.9 243 � 153

b 784 22.7 � 1.4 6 � 3.6 264 � 179

c 628 27.3 � 1.4 7 � 3.6 320 � 180

d 242 32.1 � 1.4 8.1 � 5.2 375 � 306

e 80 38.4 � 3 10 � 8 476 � 403

BMI, body mass index; CTDIvol, CT dose index; DLP, doseelength product.
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Automated tube current modulation

Automated tube current modulation (CareDose 4D,

Siemens Healthcare, Forchheim Germany) was activated in

1620 examinations. Maximal tube current was reduced by a

mean of 48.6% due to the activation of this dose-saving al-

gorithm (Fig. 4). There was a significantly lower tube cur-

rent reduction for patients in group E compared to all other

groups (45.3% compared to 54.4% group A, 53.3% group B,

50.2 group C, and 50.6% group D; p<0.05; Fig. 4).

Discussion

The number and indications for CT examinations have

risen constantly over recent decades.1,16 In the United

States, for example, the number of CT examinations has

increased from 52 to 149 per 1000 inhabitants between

1996 and 2010.17 Therefore, much effort has been made to

reduce the amount of ionizing radiation received during CT.

Dose-saving techniques, such as automated tube current

modulation, semi-automated tube voltage selection, low-

dose protocols, iterative reconstruction techniques, or

organ-specific dose reduction, have been introduced into

daily practice.10e12,18 With respect to the ALARA principle

(“as low as reasonably achievable”) radiation dose has been

substantially decreased over the past years.10,19,20 When-

ever dose reduction is performed during CT, image quality

remains a crucial factor, as a non-diagnostic examination

must be avoided. Subjective image quality is noticed in

every examination by the reading physician, and poor

subjective image quality often leads directly to a correction

of the examination protocol. The applied radiation dose, on

the other hand, is often not actively noticed by the radiol-

ogist. However, a systematic approach of monitoring and

analysis of dose-related data in CT, as presented in the

present study, is a key factor for modern quality manage-

ment and improvement of patient care in radiology.

Manual and semi-automated transfer of dose-related

data by the technician or radiologist is a time-consuming

procedure and suffers from a considerable error rate of up

to 6%.21 Automatic approaches (as presented in this study)

are preferable as an error of transfer is purged and as it

Table 2

Number of examinations performed with a specific tube voltage overall and

within the different BMI groups (p > 0.05).

80 kV 100 kV 120 kV 140 kV

Overall 195 1601 138 8

Group A 15 175 18 0

Group B 80 643 59 2

Group C 73 520 34 1

Group D 22 200 17 3

Group E 5 63 10 2

Figure 2 (a) Overall mean CTDIvol and DLP for all examinations. (b) CTDIvol and DLP for the different BMI groups. (c) CTDIvol and DLP for the

different BMI groups related to the national reference values.
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saves time. Several automatic methods and software solu-

tions have been introduced lately. In additions to the pre-

sented DICOM-SR, MPPS and optical character recognition

(OCR) are the most important methods.5,6,22 The DICOM-SR

structure has several advantages for radiation dose analysis.

As part of the DICOM standard, DICOM-SR provides a con-

stant appearance independently of the CT model or the

manufacturer. This facilitates modifications and extension

of existing analysis. Although MPPS can deliver similar in-

formation, they are only temporary files that suffer from a

considerable variability, which is a disadvantage in the

context of automated analysis.7 DICOM-SR is available for

CT, angiography, mammography, and fluoroscopy, and dif-

fers between the different imaging methods. However,

different techniques can be integrated into the analysis by

the application of one adaption.

In the present study, DICOM-SR proved to be a reliable

basis for the analysis of the relationship between radiation

exposure and BMI in patients undergoing abdominal CT

examinations. Obesity is a continuing and growing problem

worldwide.23,8 Performing CT in overweight and obese pa-

tients is still challenging. Elevated radiation doses for

overweight and obese patients, when using CT dose-saving

devices, have been described.20 Wang et al.24 showed a

threefold higher effective dose for obese patients

undergoing abdominal CT for nephrolithiasis with auto-

mated tube current modulation.24

A decrease in radiation dose of up to 31% for abdominal

CT could be achieved by using iterative reconstruction for

patients with a large body habitus.18 Further research is

mandatory to analyse the influence of different dose-

reduction methods in relation to patients’ habitus. In the

future, with the increasing number of CT examinations and

the growing numbers of obese patients, radiologists will

have to deal with the challenge of choosing the best dose/

dose-saving technique according to the patients’ habitus

more frequently. As illustrated in the present study,

continuous monitoring and analysis of radiation dose pa-

rameters in reference to BMI can help to find possible de-

ficiencies in existing CT protocols or when modifying CT

protocols. In particular, small changes with long-term ef-

fects can be detected.

The BfS does not provide separate reference parameters

for overweight and obese patients. A significant increase in

CTDIvol and DLP was observed when comparing abdominal

CT for normal weight and for overweight/obese patients but

even for patients of group E, the mean CTDIvol was only

approximately 50% of the national reference value.

Compared to other studies, the mean DLP, CTDIvol, and

effective dose (ED, conversion factor 0.01525) for abdominal

Figure 3 Violations for CTDIvol and DLP according to the reference parameters provided by the BfS. (a) Overall, there were 16 transgressions for

CTDIvol and 23 transgressions for DLP. (b) Most examinations exceedings transgressions reference parameters were performed using a tube

voltage of 140 kV. (c) The CTDIvol/DLP transgressions according to the BMI group.
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CT was low in the present study (ED for the whole dataset

4.5 mSv compared to 6.5e15 mSV in the literature13,14)

while mean height and weight of the present patients was

similar. This may be the result of constant monitoring and

optimizing applied radiation doses in the Medical Faculty at

the University of D€usseldorf, using new dose-reduction

tools such as automated tube current modulation, auto-

mated tube potential selection, and iterative reconstruction,

which were not extensively available at the time when the

reference values were published.

Although the radiation dose of CT examinations excee-

ded the reference values in only 0.8% of CT examinations, an

increase of those values exceeding the reference values was

seen in overweight and obese patients. This would not have

been possible without large-scale systematic analysis.

Because of the definition of the reference parameters (third

quartile), a certain number of excessive values has to be

expected. Nevertheless, significantly more excessive refer-

ence values for obese patients were detected when

compared with normal-weight patients in the present

study. Although higher radiation doses are required when

examining overweight and obese patients, further

improvement of CT radiation doses and BMI-specific utili-

zation of dose-reduction tools for this collective is manda-

tory; BMI-specific reference parameters would be

preferable.

When performing systematic analysis of CT dose data,

participation in cloud systems and dose registers may help

to improve applied doses by comparing CT doses to data

from other users. For the United States, a dose register has

already been introduced [25]. The results presented in the

present study illustrate the importance of taking BMI into

consideration when performing large-scale analysis of CT

dose data, e.g., in cloud systems or dose registers.

The present study has some limitations. The study was

performed retrospectively and group sizes for the different

BMI groups vary because of an inhomogeneous patient

population. Very large patients >212 kg could not be

included because the burden of the CTmachinewas limited.

Furthermore, data have only been analysed from one CT

system. Further studies should include different machines

with different dose-saving algorithms.

As the present analysis was based on one body region,

different protocols have been collectively studied, e.g.,

abdominal contrast-enhanced CT and low-dose CT for

nephrolithiasis. Although this may bias the results, the

current approach reflects the reference values used in

routine clinical practice for abdominal examinations.

In conclusion, DICOM-SR is a comprehensive, fast, and

reproducible method to analyse dose-related CT data auto-

matically and systematically. An increase in radiation dose by

up to 96% in abdominal CT for extremely obese patients could

Figure 4 (a) Overall, the maximum tube current was reduced by 48.6%. (b) The different modulation types used. X_CARE_EC is an automatic

exposure control program, which is part of the organ-specific dose modulation XCare� (Siemens Healthcare, Forchheim, Germany). XYZ_EC is

part of the ATCM program (CareDose 4D, Siemens Healthcare, Forchheim Germany).
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be demonstrated in a large study population. The use of

DICOM-SR enables the radiologist to have an overall

impression of the radiation doses applied in comparison to

arbitrary reference values and to monitor radiation applica-

tion over time. Furthermore, it enables discovery and analysis

of deficient radiation applications, as well as single aberra-

tions, and therefore, can be used to improve patient care.
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Zusammenfassung
!

Ziel: Ziel dieser Studie war die Implementierung
eines Cloud-basierten CT-Dosismonitorings basier-
end auf demDICOM-Structured Report (DICOM-SR)
zur automatischen Überwachung der Dosisexposi-
tion im Hinblick auf die nationalen diagnostischen
Referenzwerte (DRW).
Material und Methoden: Zur automatischen Er-
fassung und Überwachung der CT-Dosisdaten
wurde eine neuartige, in Kooperation mitent-
wickelte Software basierend auf dem DICOM-
SR eingesetzt. Der DICOM-SR aller CT-Untersu-
chungen unserer Einrichtung zwischen 09/2011
und 03/2015 wurde automatisch anonymisiert
und an einen Cloud-Server verschickt. Die Daten
wurden automatisch im Hinblick auf die Körper-
region, das Patientenalter und den korrespondie-
renden DRW für den volumetrischen Computer-
tomografie-Dosis-Index (CTDIvol) sowie für das
Dosis-Längen-Produkt (DLP) analysiert.
Ergebnisse: Datensätze von 36523 CT-Untersu-
chungen (131527 Scanserien) von drei verschie-
denen CT-Geräten und einem PET-CT wurden
analysiert. Insgesamt betrug der mittlere CTDIvol
51,3 % und das mittlere DLP 52,8% der nationalen
DRW. Bezogen auf die nationalen DRW betrugen
CTDIvol und DLP für die Abdomen-CT 43,8 % und
43,1 % (n=10590), für die Schädel-CT 66,6 % und
69,6 % (n =16098) und für die Thorax-CT 37,8 %
and 44,0% (n =10387). Insgesamt überschritten
1,9 % der CT-Untersuchungen den CTDIvol und
2,9 % der Untersuchungen das DLP der nationalen
DRW. Zwischen unterschiedlichen CT-Protokol-
len, die dem gleichen nationalen DRW zugeord-
net wurden, variierte die Strahlenexposition um
bis zu 50%.
Schlussfolgerung: Das implementierte, Cloud-
basierte CT-Dosismonitoring basierend auf dem
DICOM-SR ermöglicht eine automatische, umfas-
sende Benchmarkanalyse im Hinblick auf die na-
tionalen DRW. Insgesamt betrug die Dosisexposi-

Abstract
!

Purpose: To implement automated CT dose data
monitoring using the DICOM-Structured Report
(DICOM-SR) in order to monitor dose-related CT
data in regard to national diagnostic reference lev-
els (DRLs).
Materials and Methods:We used a novel in-house
co-developed software tool based on the DICOM-
SR to automatically monitor dose-related data
from CT examinations. The DICOM-SR for each
CT examination performed between 09/2011 and
03/2015 was automatically anonymized and sent
from the CT scanners to a cloud server. Data was
automatically analyzed in accordance with body
region, patient age and corresponding DRL for
volumetric computed tomography dose index
(CTDIvol) and dose length product (DLP).
Results: Data of 36523 examinations (131527 scan
series) performed on three different CT scanners
and one PET/CT were analyzed. The overall mean
CTDIvol and DLP were 51.3% and 52.8% of the na-
tional DRLs, respectively. CTDIvol and DLP reached
43.8% and 43.1% for abdominal CT (n=10590),
66.6% and 69.6% for cranial CT (n=16098) and
37.8% and 44.0% for chest CT (n=10387) of the
compared national DRLs, respectively. Overall, the
CTDIvol exceeded national DRLs in 1.9% of the ex-
aminations, while the DLP exceeded national DRLs
in 2.9% of the examinations. Between different CT
protocols of the same body region, radiation expo-
sure varied up to 50% of the DRLs.
Conclusion: The implemented cloud-based CT dose
monitoring based on the DICOM-SR enables auto-
mated benchmarking in regard to national DRLs.
Overall the local dose exposure from CT reached
approximately 50% of these DRLs indicating that
DRL actualization as well as protocol-specific DRLs
are desirable. The cloud-based approach enables
multi-center dose monitoring and offers great po-
tential to further optimize radiation exposure in
radiological departments.



Introduction
!

Besides dose optimization for every single CT scan, dose monitor-
ing as part of quality assurance in modern radiology has gained
ever more importance [1]. To evaluate CT radiation exposure, di-
agnostic reference levels (DRLs) for diagnostic and interventional
radiology examinations have been published in many countries
[1–3]. In CT, these DRLs are usually provided for different body
regions such as “head” and “chest” or for specific protocols such
as “lung-embolism” or “renal colic” [1, 4].
Systematic analysis of dose-related CT data in regard to the DRLs
is an important aspect of quality assurance but requires compre-
hensive data collection. Different methods to monitor CT dose
data have been introduced. Optical character recognition (OCR)
can be used to read the dose data from the so-called “patient pro-
tocol”, which is stored as an image in the Picture Achieving and
Communication System (PACS) [5]. Alternatively, the DICOM
header can be used to gain these dose-related data from CT [6].
Modern CT scanners provide the Digital Imaging and Communi-
cation in Medicine-Structured Report (DICOM-SR) which sup-
plies important dose parameters and allows for straightforward
systematic dose monitoring [7, 8]. Recently, different local dose
monitoring software solutions have been made commercially
available [1, 5, 9] and initial studies reported great potential for
dose optimization [1].
To our knowledge, implementation of a dedicated, cloud-based
software device for automated benchmarking of CT dose data
with respect to DRLs, which enables dose optimization beyond
local analysis, has not been reported so far. Therefore, the aim of
this study was to implement automated cloud-based dose moni-
toring which enables surveillance of CT dose exposure in regard
to national DRLs.

Methods
!

Data acquisition
This retrospective study was approved by the local ethics com-
mittee.
The DICOM-SR was automatically created by all institutional CT
scanners for every examination. The DICOM-SR was then automat-
ically sent to a local gateway server for anonymization and further

processing. Anonymization was performed with a self- developed
software device, which is part of the novel in-house co-developed
software tool DoseIntelligence™ (DoseIntelligence™, Pulmokard
GmbH, Herdecke, Germany). The anonymized DICOM-SR datasets
were automatically transferred to a cloud server via an encrypted
connection and a database was used to store the data on the server
(●" Fig. 1).
A cloud-based approach was used because it offers great potential
for multicenter dose monitoring and potentially enables dose opti-
mization beyond local environments due to comparison of local
data with dose data from other cloud participants or cloud-based
DRLs.

National diagnostic reference levels (DRLs)
German national DRLs for CT are provided for different body re-
gions for CTDIvol and DLP. Reference levels are defined by the Fed-
eral Office of Radiation Protection according to the 3 rd quartiles
of the mean patient exposition evaluated in a large collective.
While a CT examination can consist of several scan series (e. g.
non-contrast, arterial, venous phase), the reference parameters
are defined for every single scan series. There are different DRLs
for children (according to their age group) and for adults. The
most important national DRLs are listed in●" Table 1.

Protocol matching
In order to compare our dose-related CT data to national DRLs,
firm protocol matching is necessary. As the large number of dif-
ferent CT scan protocols in our institution surpasses by far the
limited amount of different DRLs based on body regions, various
scan protocols have to be assigned to the same reference param-
eter [4]. In our study, this protocol matching to body regions was
performed manually by one radiologist (J.B). Each protocol was
assigned to one of the body regions for which national DRLs are
provided. If a series could not be matched to a DRL (for example
the scout images, any phantom scan or examinations lacking na-
tional DRLs like “neck CT”), they were marked as “not to be taken
into account”.

Comparison of dose-related data to DRLs
CTDIvol and DLP of every scan series were automatically analyzed
and compared to the national DRLs (the ratio being expressed in
percent) and values were stored in the database. The correspond-

tion der CT ungefähr 50% der DRW bei deutlicher Variabilität
zwischen den unterschiedlichen CT-Protokollen. Dies deutet
darauf hin, dass eine Aktualisierung der DRW sowie die Imple-
mentierung von Protokoll-spezifischen DRW wünschenswert
ist. Der Cloud-basierte Ansatz ermöglicht ein Multicenter Dosis-
monitoring und bietet großes Potential, die Strahlenexposition
der CT in radiologischen Abteilungen weiter zu optimieren.
Kernaussagen:

▶ Die neu entwickelte, cloud-basierte Software nutzt den
DICOM-Structured-Report und ermöglicht ein umfassendes
CT-Dosismonitoring.

▶ Die Software ermöglicht eine automatische Auswertung der
Dosisdaten im Hinblick auf nationale Referenzwerte.

▶ Die ermittelte Dosisexposition durch CT-Untersuchungen in
dieser Studie lag bei ungefähr 50% der nationalen Referenz-
werte.

▶ Der Cloud-basierte Ansatz bietet großes Potential für ein Mul-
ticenter Dosismonitoring.

Key Points:

▶ The newly developed software based on the DICOM-Structured
Report enables large-scale cloud-based CT dose monitoring

▶ The implemented software solution enables automated bench-
marking in regard to national DRLs

▶ The local radiation exposure from CT reached approximately
50% of the national DRLs

▶ The cloud-based approach offers great potential for multi-cen-
ter dose analysis.

Citation Format:

▶ Boos J, Meineke A, Rubbert C et al. Cloud-Based CT Dose Mon-
itoring using the DICOM-Structured Report: Fully Automated
Analysis in Regard to National Diagnostic Reference Levels.
Fortschr Röntgenstr 2016; 188: 288–294
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ing body region for every protocol as well as patient age was au-
tomatically considered to assess the correct DRL.

Analysis in regard to body mass index (BMI)
Patient height andweight were manually recorded by the techni-
cian prior to the CT study and added to the DICOM-SR via the CT
scanner interface. For further data analysis, BMI was calculated
automatically and patients were divided into different groups:
Underweight: BMI <18kg/m²; normal weight: 18–25kg/m²;
overweight: 25–30kg/m², obesity I°: 30–35kg/m², obesity II°:
35–40kg/m²; obesity III°: > 40 kg/m².

Data analysis
Data analysis was performed with a novel in-house co-developed
software tool (DoseIntelligence™, Pulmokard GmbH, Herdecke,
Germany) and the commercially available Excel 2013™ including
Powerpivot and Powerview (Microsoft, Redmond, WA, USA). Only
protocols with at least 40 examinations were analyzed in detail.

Results
!

Examinations and Patients
Overall, the DICOM-SRs of n=36523 CT examinations (n=131527
scan series) were stored in the database at the time of this retro-
spective analysis. Examinations were performed on three different
CT scanners (CT1: Somatom Definition AS+; CT2: Somatom Defini-
tion Flash; CT3: Somatom Definition AS with sliding gantry, Sie-
mens, Healthcare Sector, Forchheim, Germany) and one PET-CT

(Biograph mCT, Siemens, Healthcare Sector, Forchheim, Germany)
between 09/2011 and 05/2015.
In total, 90622 scan series weremarked as “not to be taken into ac-
count”. These included 18594 scan series, which could not be mat-
ched to a DRL at the time of the analysis, and had to be excluded,
e. g. neck CT and CT of extremities. Scout images are accounted for
as independent scan series by the dose monitoring software. The
remaining 72073 scan series, which had to be excluded, contained
scout images and phantommeasurements for research and consis-
tency check. Therefore, overall 41036 scan series were ultimately
analyzed in this study. The most frequent examinations were per-
formed for cranial CT (n=16098), abdominal CT (n=10590), chest
CT (n=10387), upper abdomen (n=2909), mid-face (Sinusitis,
n = 505), pelvis (n =427) and lumbar spine (n=119).

Comparison of dose-related data to DRLs
The radiation exposure of all included scan series corresponded
to 51.3% of the national DRL for CTDIvol and 52.8 % of the national
DRL for DLP. Specific values for the different body regions are
shown in●" Table 2.
Overall, 1.9 % (n =763) of scan series exceeded the national DRLs
for CTDIvol and 2.9 % (n =1208) of scan series exceeded the refer-
ence DLP.

Dose variation of protocols matched to one body region
There was a high variation in radiation exposure for different scan
protocols matched to the same body region. The highest difference
in DLP between two protocols with the same DRL was found for
two different abdominal CT protocols (CTDIvol / DLP: 2.76mGy /
126.9 mGycm (13.8% / 14.1% of the DRL) compared to 10.3mGy /
478.8 mGycm (51.6% / 53.2% of the DRL);●" Table 3). The highest
difference between two protocols with the same DRL on the same
CT scanner was found for two chest CT protocols (CTDIvol / DLP:
4.48mGy / 148.4 mGycm (37.4% / 37.1% of the DRL) compared to
7.32mGy / 270.4 mGycm, (61.0% / 67.6% of the DRL), CT3).

Analysis in regard to body mass index (BMI)
BMI was recorded for 13321 out of 41 036 patients (32.5 %)
(●" Fig. 2). There was a continuous increase in the mean CTDIvol
and DLP according to the BMI group (underweight: CTDIvol:
34.3 % / DLP: 35.8 % to obesity III°: CTDIvol: 66.9 % / DLP 73.3 %).
National DRLs were exceeded increasingly more often according
to the BMI group (unknown: 3.48%, underweight: 1.11%, normal

Fig. 1 Structure of automated cloud-based dose

monitoring.

Abb.1 Aufbau des automatischen, Cloud-basier-

ten Dosismonitorings.

Table 1 National DRLs for the six most common body regions [4].

Tab. 1 Die nationalen DRWs für die sechs wichtigsten Untersuchungs-

regionen [4].

body region DRL CTDIvol

(mGy)

DRL DLP

(mGy*cm)

cranial 65 950

chest 12 400

upper abdomen 20 450

abdomen 20 900

pelvis 20 450

lumbar spine (bone) 16 500

The provided CTDIvol values are supposed to be used for orientation.
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weight: 0.93%, overweight 1.42%, obesity I°: 2.74%, obesity II°:
3.52%, obesity III°: 16.8 %) (●" Fig. 3).

Comparison of the different CT scanners
CT3 had a considerably higher mean radiation exposure compar-
ed to the other two CT scanners (CTDIvol/DLP: 68.5 %/69.8% com-
pared to 47.2%/48.9% and 41.6 %/42.7 %, respectively) (●" Fig. 4).
The difference between the CT scanners varied according to the
body region examined. The dose exposure per scanner for the
three most frequently examined body regions (cranial CT, chest
CT, abdominal CT) is shown in●" Fig. 5.

Discussion
!

In the study presented here we used a novel cloud-based software
device for monitoring dose-related CT data of a tertiary care radio-
logical department in order to benchmark CT radiation exposure to
national DRLs. In this retrospective large-scale analysis of a 3.75-
year interval consisting of more than 35000 CT examinations, na-
tional DRLs were not systematically exceeded for any body region.
The mean radiation exposure in clinical practice was only approxi-
mately 50% of the national DRLs. A marked variation in radiation

exposure between different scan protocols of the same body region
(and therefore related to the same DRL) was found.
The radiation exposure between CT3 and the other two CTscanners
included in this study differed remarkably. This is most likely the
result of CT3 being the only CT scanner without an iterative recon-
struction technique. The difference in radiation exposure in this
study is in accordance with previous studies, which reported a sig-
nificant reduction of radiation exposure in CT due to the use of
iterative reconstruction instead of filtered back projection [10, 11].
National DRLs for CT examinations have been reported for many
countries, e. g. for Ireland [2], Germany [4], the United Kingdom
[12], Canada [1], Portugal [13], Switzerland [14] and the US [15].
Mostly these DRLs are defined for examinations of a certain body
region, while only very fewDRLs are given for specific CT protocols
[1]. The national DRLs of different countries vary distinctly from
each other, for example there is a DLP range from 787 mGycm to
1305 mGycm for cranial CT [12, 16], 371–1051 mGycm for chest
CT [3, 16] and 329–1306 mGycm for abdominal CT [3, 16]. The
German DRLs used for analysis in this study do not differ markedly
from the center span of other reported DRLs.
Our results demonstrated a remarkable variation in the radiation
dose applied by different CT protocols, which are all in clinical use
to examine the same body region depending on the clinical issue

Table 3 Protocols with the lowest and highest radiation exposure per body region.

Tab. 3 Dargestellt sind die Protokolle mit der jeweils niedrigsten und höchsten Strahlenexposition einer Körperregion.

body region protocol 1 (low) mean CTDIvol/DLP %CTDIvol/%DLP protocol 2 (high) mean CTDIvol/DLP %CTDIvol/%DLP

abdomen urolithiasis

(n = 218)

2.76/126.9 13.8/14.1 abdomen venous

(n = 955)

10.3/478.8 51.6/53.2

upper abdomen upper abdomen

non-contrast

(n = 67)

2.91/60.2 14.6/13.4 liver late phase

(n = 51)

8.9/198.0 44.5/44.0

chest chest arterial

(n = 5137)

3.6/115.5 30.6/29.8 chest incl. liver

(n = 397)

7.7/353.2 64.1/88.3

pelvis pelvis (n = 244) 9.8/269.6 49.0/60.4 pelvis venous

(n = 42)

8.9/301.6 43.6/68.6

cranial head (n = 137) 35.6/614.7 54.7/64.4 3 D dataset for

surgical navigation

(n = 115)

49.0/1000.4 75.3/105.3

Only protocols with n >40 examinations were included. Absolute values as well as relative values in comparison to the national DRLs are provided.

Es wurden nur Protokolle mit mehr als 40 Untersuchungen ausgewertet. Angegeben sind sowohl die Absolutwerte für CTDIvol und DLP sowie die prozentualen Werte bezogen auf

den entsprechenden DRW.

Table 2 Overview of dose data for the different body regions compared to the corresponding national DRLs.

Tab. 2 Übersicht über die CT-Dosisdaten der verschiedenen Körperregionen.

region series mean age mean CTDIvol %CTDIvol mean DLP %DLP %exceeding DLP %exceeding CTDIvol

abdominal 10 590 60.84 8.74 43.83 386.82 43.14 3.92 3.11

pelvis 427 63.84 9.72 49.07 307.70 69.28 17.80 10.30

mid-face 505 48.60 5.02 55.78 65.90 66.05 7.33 4.55

cranial CT 16 098 63.85 43.01 66.58 656.13 69.64 1.13 0.35

lumbar spine (ax.) 1 53.00 8.80 20.95 35.83 14.33 0.00 0.00

lumbar spine (bone) 119 62.38 11.66 73.46 282.69 57.19 11.76 17.65

upper abdomen 2909 62.66 8.03 40.14 197.67 43.94 0.38 1.48

chest 10 387 59.88 4.49 37.83 173.86 44.03 4.55 2.37

overall 41 036 61.79 21.03 51.25 420.07 52.84 2.94 1.86

Absolute numbers as well as the percentage of national DRLs are shown. Furthermore, the percentage of examinations exceeding the DRLs is shown. Mean age in years; CTDIvol:

Volumetric Computed Tomography Dose Index (mGy); DLP: Dose Length Product (mGy*cm); Percentage of examinations exceeding the national DRLs [4]. Series: n; mean age in

years; mean CTDIvol in mGy; mean DLP in mGycm; lumbar spine (ax): axial CT for the discs.

Die Werte sind sowohl absolut, als auch in Prozent des entsprechenden DRW angegeben. Zusätzlich ist der prozentuale Anteil der Untersuchungen angegeben, welcher die DRW

überschreitet.
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(for abdominal CT, for example, we use a low-dose non-contrast
protocol to detect ureteral concrements while our protocol for tu-
mor staging includes a standard dose arterial and venous phase).
Of course, these protocols differ essentially regarding radiation
dose. Our results are in good accordance with prior studies, which
introduced protocol-specific DRLs, for example for “renal colic” or
“lung embolism” [1, 2, 17]. Current national DRLs in Germany,
however, do not reflect the variety of CT protocols used in the
clinical routine today. Therefore, more sophisticated DRLs are
desirable and could help to further optimize radiation exposure
from CT.
We found an increase in CT radiation exposure according to the
BMI. National or international DRLs are traditionally reported
for normal-sized patients (e. g. 60–80kg) and do not take patient
constitution into account [2, 4, 8]. Initial studies reported local
DRLs based on size-specific dose estimates (SSDEs) [18]. To our
knowledge, SSDEs have not been implemented in any national
DRLs but according to our results, adaption of DRLs to a patient’s
constitution seems very reasonable.

Today, national DRLs are mostly based on surveys completed by
different participating CT sites. Most commonly, the 75th percen-
tile is calculated to account for the national DRL [2, 4]. The accu-
racy of this method depends on the accuracy of the participants’
data and on the number of included examinations. Foley et al.
used data that included at least ten average-sized patients for
each CT examination [2]. This small group size might not reflect
the real dose exposure for the corresponding CT examination. Re-
cently, Taylor et al. reported a high variability for DLP in CT dose
surveys depending on the protocol and patient weight [19]. Even
when including 50 patients per protocol, a 95% confidence inter-
val lower than 10% of the median (CI95%/med<10%) was not
reached for most protocols. Furthermore, for abdominal CT,
n =420 and for cervical spine n=900 examinations were needed
to reach the CI95%/med<10% [19]. Only a few studies reported
implementation of local DRLs based on systematic dose monitor-
ing [1]. Besides the larger sample size when including all CT ex-
aminations in DRL assessment, the lack of manual processing
with potential risk for selection bias helps to improve accuracy

Fig. 3 Exceeding of national DRLs according to

patients’ BMI group.

Abb.3 Prozentualer Anteil der Überschreitungen

der nationalen DRW für die verschiedenen BMI-

Gruppen.

Fig. 2 CTDIvol and DLP as percentage of the

national DRL for the different BMI groups.

Abb.2 Dargestellt sind der CTDIvol und das DLP

(in % des jeweiligen DRW) für die verschiedenen

BMI-Gruppen.
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even further. Large-scale analysis of dose-related CT data, as pres-
ented here, and particularly cloud-based multicenter dose moni-
toring, which is possible with the presented software tool, allow
for implementation of more accurate and more specific DRLs and
therefore help to reduce radiation exposure from CT in the future.
Our study has limitations. This study reports initial single-center
results. Single-center dose monitoring in regard to national DRLs
only allows for limited dose analysis because no improvement
may be performed if radiation exposure for a specific protocol
is below the corresponding DRL. Nevertheless, the introduced
cloud-based approach enables multicenter dose monitoring

which may enable benchmarking with cloud-based reference
levels from similar departments, CT scanners and protocols and
can help to optimize radiation exposure in CT beyond analysis
concerning national or local DRLs.
For some body regions and various CT protocols, no national DRLs
have been reported so far, e. g. CTof the neck, cervical CT angiogra-
phy, whole body CT (PET-CT, skeletal CT for myeloma survey or
aortic CT angiography). Therefore, our results cannot be compared
to national DRLs for these protocols and we did not include these
protocols in our study. Patient weight and height were assessed by
statements of the patient or provided patient data, not by our own

Fig. 5 DLP for the different CT scanners for ab-

dominal CT, cranial CT and chest CT. DLP is shown

in percentage of the national DRL (y-axis). The per-

centage of examinations exceeding DRLs is shown

on the x-axis. The size of the dots equals the num-

ber of examinations displayed.

Abb.5 Detaillierte Auswertung der Körperregio-

nen Abdomen, Schädel und Thorax: Dargestellt sind

das DLP (in % des DRW, y-Achse) und der Prozent-

satz der DRW-Überschreitungen (x-Achse) für die

verschiedenen CT-Geräte.

Fig. 4 CTDIvol and DLP in percentage of the

national DRLs for the different scanners included in

this study.

Abb.4 Dargestellt sind der CTDIvol und das DLP

(in % des jeweiligen DRW) für die unterschiedlichen

CT-Geräte.
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measurements. This might have led to an inaccuracy of the data,
which cannot be evaluated further. We did not evaluate additional
dose reduction techniques like iterative reconstruction or automa-
ted tube current modulation. The data provided about these tech-
niques in the DICOM-RDSR are limited and therefore it was not in-
cluded in our study.
In conclusion, we implemented cloud-based CT dose monitoring
to automatically compare CT radiation exposure to national DRLs.
Overall, the local dose exposure from CTwas approximately 50%
of these DRLs and showed a large variability between different CT
protocols matched to the same DRL, indicating that DRL actuali-
zation and protocol-specific DRLs are desirable. The cloud-based
approachmay help to implement more accurate andmore specif-
ic DRLs in the future by multicenter analysis and thus lead to fur-
ther optimization of radiation exposure in CT.
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Objective: To assess the value of body mass index (BMI)

in comparison with body weight as a surrogate parameter

for the calculation of size-specific dose estimates

(SSDEs) in thoracoabdominal CT.

Methods: 401 CT examinations in 235 patients (196 chest,

205 abdomen; 95 females, 140 males; age 62.56

15.0 years) were analysed in regard to weight, height and

BMI (kgm22). Effective diameter (Deff, cm) was assessed

on axial CT images. The correlation between BMI, weight

and Deff was calculated. SSDEs were calculated based on

Deff, weight and BMI and lookup tables were developed.

Results: Overall height, weight, BMI and Deff were 172.56

9.9cm, 79.56 19.1 kg, 26.665.6kgm22 and 30.164.3 cm,

respectively. There was a significant correlation between

Deff and BMI as well as weight (r50.85 and r50.84;

p,0.05, respectively). Correlation was significantly

better for BMI in abdominal CT (r50.89 vs r50.84;

p,0.05), whereas it was better for weight in chest CT

(r50.87 vs r50.81; p,0.05). Surrogated SSDEs did not

differ significantly from the reference standard with

a median absolute relative difference of 4.2% per patient

(interquartile range 25–75: 3.1–7.89, range 0–25.3%).

Conclusion: BMI and weight exhibit a significant correla-

tion with Deff in adult patients and can be used as

surrogates in the calculation of SSDEs. Using the herein-

developed lookup charts, SSDEs can be calculated based

on patients’ weight and BMI.

Advances in knowledge: In abdominal CT, BMI has

a superior correlation with effective diameter compared

with weight, whereas weight is superior in chest CT.

Patients’ BMI and weight can be used as surrogates in the

calculation of SSDEs.

INTRODUCTION

The volumetric CT dose index (CTDIvol, mGy) and the

dose–length product (DLP, mGy cm) are the two most

common parameters used to describe radiation exposure

from CT examinations. The CTDIvol is defined as CTDIw
normalized to the pitch factor. DLP is calculated by mul-

tiplying CTDIvol with the length of the scan volume. The

value of both, CTDIvol and DLP in regard to the actual

radiation exposure is limited, as CTDIvol only accounts for

the radiation output within a defined volume based on

a phantom. Size-specific dose estimates (SSDEs) have been

introduced by the American Association of Physicists in

Medicine (AAPM) in 2011.1 Four independent research

groups performed either phantom measurement as well as

Monte Carlo simulations and provided size-dependent

conversion factors. These factors can be used to correct

CTDIvol according to patients’ habitus. Different methods

to assess SSDEs were provided, whereas diameter meas-

urements on axial CT images and calculation of the

effective diameter (Deff) were considered the most accu-

rate.1 Automatic measurements and calculation of Deff has

not been integrated into modern CT scanners so far. Fur-

thermore, SSDE values are not part of the digital imaging

and communications in medicine radiation dose struc-

tured report.

Owing to the limitations of CTDIvol as a parameter for

patient dose exposure, dose estimates taking into account

patients’ habitus have gained ever more importance. To

manually calculate SSDEs, measurements require the

original CT images which may not always be available, e.g.

in dose registry analysis or when assessing patients’ lifetime

radiation dose exposure retrospectively.2,3 If images are

available, the whole-body circumference has to be in the

field of view in order to calculate SSDEs using Deff. This

might not always be the case, e.g. in spine-CT studies or CT

examinations of obese patients. Nevertheless, dose data

taking into account patient’s habitus are desirable, and



therefore research has been performed to establish surrogate

methods using patients’ characteristics. Recently, a method to

surrogate SSDEs in paediatric patients was introduced.4 A high

correlation between Deff and body weight was demonstrated and

a lookup table was provided to calculate SSDEs from patients’

weight in paediatric patients to simplify the SSDE method.4

It has been hypothesized that body mass index (BMI) might be

superior to body weight as a surrogate parameter for SSDEs

because it also takes the patients’ height into account. To our

knowledge, the value of BMI as a surrogate parameter for Deff in

the calculation of SSDEs has not been investigated so far.

Therefore, the aim of this study was to assess the value of BMI

compared with body weight as a surrogate parameter in the

calculation of SSDEs in adult clinical abdominal and chest CT.

METHODS AND MATERIALS

Patients

This retrospective study was approved by the local ethics com-

mittee. 235 patients (137 males, 98 females; mean patient age

62.56 15.0 years) who underwent 401 clinical CT examinations

(196 chest, 205 abdomen) were retrospectively included in this

study. CT examinations were performed on three different CT

scanners (Definition AS1, Definition Flash and Definition AS

with sliding gantry; Siemens AG, Healthcare Sector, Forchheim,

Germany). Automated tube current modulation (CareDose 4D;

Siemens AG, Healthcare Sector) was activated on all scanners.

Measurements

Diameter measurements were performed on a standard picture

archiving and communications system workstation (IDS 7;

Sectra Medical Systems GmbH, Linkoeping, Sweden) by two

radiologists (blinded, with 2 and 4 years’ of experience with

abdominal and chest CT) in consensus mode. Both radiologists

were blinded to patients’ demographic data. Measurements were

performed according to the recommendations of the AAPM

report 204 in the axial CT images.1 Scan volume ranged from

the supra-aortic branches to the bottom of the liver for chest CT

and from the bottom of the lung to the common femoral

arteries for abdominal CT. For method standardization, all

measurements were performed on mid slice images of the scan

volume according to previous studies.5

The largest anterior–posterior diameter (Dap) and lateral di-

ameter (Dlat) were measured (Figure 1) and used to calcu-

late Deff:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dap 3Dlat

p
(1)

Patients’ weight and height were routinely assessed by the

technician at the time of CT examination and documented in

the patient protocol in the picture archiving and communica-

tions system. All data were extracted from the patient protocol

and verified using the digital patient record. In this study, BMI

was calculated using the equation provided by the World Health

Organization: BMI5weight height22.6 CTDIvol was extracted

from the patient protocol.

Size-specific dose estimates calculation

As the reference standard, SSDEs were calculated according to

the recommendations of the AAPM report 204 based on di-

ameter measurements on axial CT images and calculation of

Deff. The conversion factors from the lookup table provided by

report 204 and Deff were used to assess SSDEs.1

Correlation coefficients were calculated for Deff and BMI; Deff

and weight; Deff and height; and Deff and age (Figures 2–5) for

chest CT and abdominal CT. Regression equations for Deff and

BMI as well as Deff and body weight were used to determine

Deff values (Deff_bmi; Deff_weight) based on the corresponding

BMI and body weight for every patient. Values for either BMI

or weight were inserted into the regression equations to cal-

culate the corresponding Deff_bmi and Deff_weight. The lookup

chart from report 204 was used to calculate the corresponding

conversion factor using Deff, Deff_weight and Deff_bmi.
1 Lookup

tables were prepared to enable the calculation of SSDEs using

weight as a surrogate parameter in chest CT and using BMI as

a surrogate parameter in abdominal CT (more information is

given in the Results section, the Size-specific dose estimates

subsection).

Absolute and relative differences between surrogated SSDEs and

the reference standard per patient were assessed. Correlation

between relative SSDE difference per patient and patient’s

weight, height and BMI was determined.

Data analysis

IBM SPSS® Statistics v. 21 for Windows® (IBM Corp., New

York, NY; formerly SPSS Inc., Chicago, IL) was used for statis-

tical analysis. Statistical significance is set to p, 0.05. Correla-

tion was calculated using Pearson correlation coefficient. A

Kolmogorov test was performed to test for normality. Fishers Z

transformation with the extension published by Steiger7 was

used to compare correlations. To perform the calculations, we

used a software tool provided by Lee and Preacher8 (Stanford

University). Student’s t-test was used to compare normal dis-

tributed values. A Mann–Whitney U test was performed as

Figure 1. Measurement of lateral and anteroposterior diameter

to calculate effective diameter.
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a non-parametric test. Data are reported as mean6standard deviation

with ranges and 95% confidence intervals (95% CIs) or as median

with 25–75% interquartile ranges (IQR 25–75). To evaluate the

error of the surrogate methods per patient, median absolute relative

difference per patient {formula: ½absolute valueðsurrogated SSDE2
reference SSDEÞ�=reference SSDE3 100} and the respective IQR

25–75 was calculated.

RESULTS

Patients’ characteristics and diameter

measurements

Patient demographics are listed in Table 1. Mean Deff calculated

using the manual measurements was 30.16 4.3 cm (95% CI:

29.7–30.5 cm). Mean Deff_weight was 30.06 3.6 (95% CI:

29.7–30.4 cm) compared with 30.16 3.6 cm for Deff_bmi (95%

CI: 29.7–30.4 cm).

Absolute difference for Deff_weight and Deff_bmi from Deff was

1.866 1.49 cm (median absolute relative difference: 4.8%; IQR

25–75: 2.5–9.2%) and 1.876 1.36 cm (median absolute relative

difference: 5.1%, IQR 25–75: 2.8–8.9%), respectively. This ab-

solute difference could be reduced to 1.646 1.32 cm (median

absolute relative difference: 4.5%, IQR 25–75: 2.2–7.6%) when

surrogating Deff using weight in chest CT studies and BMI in

abdominal CT studies. Detailed results from diameter meas-

urements are shown in Table 1.

Correlations

There was a significant correlation between body weight and

BMI (r5 0.86, p, 0.0001, 95% CI 0.84–0.89) for all CT

examinations. Similarly, in all examinations, Deff correlated

significantly with BMI (r5 0.85, p, 0.0001, 95% CI 0.82–0.88)

and body weight (r5 0.84, p, 0.0001, 95% CI 0.81–0.87).

Figure 5. Correlation between effective diameter (Deff)

and size.

Figure 3. Correlation between effective diameter (Deff)

and weight.

Figure 4. Correlation between effective diameter (Deff)

and age.

Figure 2. Correlation between effective diameter (Deff) and

body mass index (BMI).
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Nevertheless, there was no statistical significant difference be-

tween these correlation coefficients (z-score: 0.776, p5 0.44).

For abdominal CT, Deff and BMI (r5 0.89; p, 0.0001, 95% CI

0.85–0.91) correlated significantly better than Deff and body

weight (r5 0.84; p, 0.001, 95% CI 0.79–0.87) (z-score:

3.053, p5 0.002).

For chest CT, Deff and body weight (r5 0.87; p, 0.0001, 95% CI

0.83–0.90) correlated significantly better than Deff and BMI

(r5 0.81; p, 0.0001, 95% CI 0.76–0.86) (z-score: 3.238,

p, 0.001).

Correlation was comparable for male and female patients in

abdominal CT (BMI: r5 0.90, respectively; weight: r5 0.86 vs

r5 0.83; p5 0.32). Correlation was significantly better for

BMI in female patients in chest CT (BMI: r5 0.88 vs r5 0.82;

p5 0.03), whereas there was no significant difference for

weight (r5 0.87 vs r5 0.85; p5 0.45). There was no signifi-

cant difference between correlation of BMI and Deff and

Table 1. Patient characteristics and results from diameter measurements

Overall Abdominal CT Chest CT

Number (n) 401 205 196

Weight (kg) 79.56 19.1 (44–160) 80.06 19.6 (44–160) 78.96 18.5 (44–160)

Height (cm) 172.56 9.9 (149–196) 172.46 10.0 (149–196) 172.66 9.8 (149–196)

Age (years) 62.56 15.0 (22–90) 62.66 14.9 (22–90) 62.56 15.2 (22–90)

BMI (kgm22) 26.66 5.6 (14.9–49.4) 26.96 5.9 (14.9–49.4) 26.46 5.4 (14.9–49.4)

BMI,20 kgm22, (n) 31 (14.85–19.91) 17 (14.9–19.9) 14 (14.9–19.9)

BMI 20–25 kgm22, (n) 145 (20.20–24.97) 72 (20.2–25.0) 74 (20.1–25.0)

BMI 25–30 kgm22, (n) 137 (25.19–29.98) 68 (25.2–30.0) 69 (25.1–30.0)

BMI 30–35 kgm22, (n) 53 (30.07–34.60) 27 (30.1–34.6) 26 (30.1–34.6)

BMI.35 kgm22 (n) 35 (35.43–49.38) 21 (35.1–49.4) 14 (35.1–49.4)

Diameter (axial, anteroposterior) (cm) 25.56 4.2 25.36 47.8 25.86 3.3

Diameter (axial, lateral) (cm) 35.26 4.9 35.96 5.5 35.16 4.2

Deff (cm) 30.16 4.3 30.06 4.9 30.16 3.5

Deff_weight (cm) 30.06 3.6a 30.16 3.7a 30.16 2.9

Deff_bmi (cm) 30.16 3.6a 30.16 4.3 29.96 3.4a

BMI, body mass index; Deff, effective diameter; Deff_bmi, effective diameter calculated from body mass index; Deff_weight, effective diameter calculated

from weight.
aValues in italics were calculated with the corresponding correlation equations for the whole data set.

Ranges are shown in parenthesis.

Figure 6. Bland–Altman plots for effective diameter (Deff) calculation based on weight (a, Deff_weight) and body mass index (BMI) (b,

Deff_BMI) compared with Deff calculation based on diameter measurements.
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weight and Deff in chest CT of female patients (r5 0.88 vs

r5 0.87, p5 0.64).

Overall there was no statistically significant correlation between

Deff and age (r5 0.02; p5 0.6, 95% CI 20.07 to 0.12). There

was a significant correlation for Deff and height for chest CT

(r5 0.33; p, 0.0001, 95% CI 0.2–0.45), whereas there was no

significant correlation for Deff and height in abdominal CT

studies (r5 0.08; p5 0.2, 95% CI 20.06 to 0.22). Correlation

between the different surrogate parameters and Deff are illus-

trated in Figures 2–5. The regression equations for weight in

chest CT studies and BMI in abdominal CT studies were:

Weight in chest CT: y5 0.1626x1 17.265.

BMI in abdominal CT: y5 0.7374x1 10.225.

Bland–Altman plots for the calculation of Deff_bmi and Deff_weight

compared with manually measured Deff indicate a good agree-

ment between both methods (Figure 6a,b).

Size-specific dose estimates

Mean CTDIvol was 6.16 3.1mGy. Mean SSDE values were

7.286 2.76mGy for the reference standard (diameter

measurements; 95% CI 7.0–7.6mGy), 7.356 3.05mGy (95% CI

7.1–7.6mGy) for body weight as a surrogate parameter and

7.336 2.90mGy (95% CI 7.1–7.6mGy) for BMI as a surrogate

parameter. There was no significant difference between surro-

gated SSDEs and the reference standard (weight: p5 0.76; BMI:

p5 0.81) (Figure 7).

Using the dedicated chest and abdominal CT correlation equa-

tions for the calculation of SSDEs separately, the value for

Deff_weight in chest CT was 5.616 2.07mGy (95% CI 5.3–

5.9mGy) and for Deff_bmi abdominal CT was 8.976 2.58mGy

(95% CI 8.6–9.3mGy).

SSDEs per patient using the overall correlation differed from the

reference standard by a median of 4.4% for weight (mean of

6.73%, range abdominal 0–25.5%, range chest 0–23.9%) and

6.5% for BMI (mean 6.85%, range abdominal 0–29.4%, range

chest: 0–20.2%). The median absolute relative difference was

improved to 4.2% (mean 5.97%, range abdominal: 0–25.3%,

range chest: 0–23.9%) when using the dedicated regression

equations for weight in chest CT studies and for BMI in ab-

dominal CT studies (Table 2). There was no significant corre-

lation between body weight, BMI or height and the variation of

surrogated SSDEs per patient (weight: r5 0.1; BMI: r5 0.1 and

height r5 0.02; p. 0.05, respectively).

The provided lookup charts (Tables 3 and 4) can be used to

calculate SSDEs based on patients’ weight in chest CT and BMI

in abdominal CT.

DISCUSSION

This study documented a significant correlation between body

weight and Deff as well as BMI and Deff in adult CT examinations

of the abdomen and chest. Overall, correlation was slightly, but

not significantly, increased for BMI compared with body weight.

Detailed analysis revealed a significantly improved correlation for

weight compared with Deff in chest CTstudies and for BMI to Deff

in abdominal CT studies. Although overall the calculation of

SSDEs using either method as a surrogate parameter did not differ

significantly from calculations of SSDEs based on axial diameter

measurements, mean difference per patient was improved when

using weight for chest and BMI for abdominal CT studies.

Therefore, we created lookup charts, which can be used to

Figure 7. Box plots of calculations of size-specific dose

estimate (SSDE) based on manual diameter measurements,

body weight and body mass index (BMI).

Table 2. Median absolute relative difference (%) and interquartile range (25–75%) of size-specific dose estimates per patient for the

different regression equations

Regression equation used Overall Abdominal CT Chest CT

BMI (chest1 abdominal)a 6.5 (3.4–10.5) 6.6 (3.4–10.5) 5.5 (3.5–10.4)

Weight (chest1 abdominal)b 4.4 (3.4–10.0) 7.3 (3.5–11.8) 4.1 (3.1–7.7)

BMI (abdominal)c 4.2 (3.1–7.9) 7.0 (3.4–10.3) –

Weight (chest)d – 3.9 (3.0–7.5)

BMI, body mass index.

All values are given in percent of SSDE calculated with the reference standard.
aRegression equation for BMI (chest1abdominal): y5 12.97610.6414x.
bRegression equation for weight (chest1 abdominal): y5 15.20410.187x.
cRegression equation for BMI (abdominal): y5 10.22510.7374x.
dRegression equation for weight (chest): y5 17.26510.1626x.
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calculate SSDE values using weight and BMI as surrogate

parameters in case diameter measurements cannot be performed.

Initially, the SSDE concept was introduced to correct the scanner

indicated CTDIvol value according to the patients’ constitution.1,9

This has to be performed because radiation exposure of patients

depends on both the radiation output of the scanner and the patient

habitus.8 Different studies have been performed for SSDE validation,

optimization and simplification of the SSDE concept.1,4,10–13

Commercial and non-commercial software tools have been in-

troduced to automatically perform diameter measurements and

assess SSDEs.4,12,14 These software tools as well as manual diameter

measurements require axial CT images or the scout images, which

may not be always available, e.g. in the setting of cloud-based dose

monitoring or retrospective data analysis.2,3 The AAPM recom-

mended integration of automatic SSDEs reporting into the CT

scanner software and into the digital imaging and communications

in medicine radiation dose structured report, but this has not yet

been executed by the manufacturers. To simplify the SSDE method

and to calculate SSDEs without patients’ images, different studies

evaluated body weight as a surrogate parameter for SSDEs.4,15,16

The initial AAPM report 204 introduced patient age (and not

weight or BMI) as a surrogate parameter in paediatric patients.1

Correlation between age and Deff in this study was not signifi-

cant in our adult collective. This has to be expected, as age in

childhood may correlate with growth (and therefore Deff) but it

does not do so in adulthood.

Pourjabbar et al16 reported a correlation of r5 0.89/r5 0.92

between weight and anteroposterior/lateral transverse diameter.

A significant correlation between patient’s weight and SSDEs

calculated from the diameter measurements on scout image was

shown. Those results, however, cannot be compared with the

results presented here, as only the lateral/anteroposterior di-

ameter was measured and Deff was not calculated. Furthermore,

BMI was not part of the study and SSDEs were not calculated

using surrogate parameters.16

Cook et al15 investigated the correlation between patient weight

and Deff in CT examinations of the chest and abdomen. They

determined Deff automatically on central CT images using

a commercially available software tool (Radimetrics eXposure®;

Bayer Healthcare, Toronto, ON, Canada). A linear relationship

between patient weight and Deff was reported, which is in ac-

cordance to our results. Detailed comparison of our results to

those reported by Cook et al cannot be performed because BMI

was not investigated in their study.

Khawaja et al4 reported a correlation between body weight and

Deff of r5 0.87 and did not find a statistical difference between

SSDEs based on measurements and SSDEs based on weight in

the paediatric population. This is similar to our results found in

an adult population. Although Khawaja et al4 provided a com-

prehensive subgroup analysis in regard to body weight and age

groups in their paediatric population, BMI as a surrogate pa-

rameter was not assessed. Our results indicate that different

surrogate parameters are favourable for abdominal and chest CT

studies, respectively. Because chest CT studies and abdominal

Table 3. Conversion factors to calculate size-specific dose

estimates in abdominal CT using body mass index (BMI) as

a surrogate parameter

BMI (kgm22) Conversion factors

10 1.93

11 1.88

12 1.83

13 1.78

14 1.73

15 1.68

16 1.64

17 1.59

18 1.55

19 1.51

20 1.47

21 1.43

22 1.39

23 1.35

24 1.32

25 1.28

26 1.25

27 1.21

28 1.18

29 1.15

30 1.12

31 1.09

32 1.06

33 1.03

34 1.00

35 0.97

36 0.95

37 0.92

38 0.90

39 0.87

40 0.85

41 0.83

42 0.81

43 0.78

44 0.76

45 0.74

46 0.72

47 0.70
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CT studies were not investigated separately by Khawaja et al,4

comparability with our study is limited.

Our study has certain limitations. Although median abso-

lute relative difference of SSDE values in our population was

only 4% per patient when using weight for chest CT and BMI

for abdominal CT, respectively, the difference between the

reference standard and surrogated values was up to 25% in

two cases. We used median and IQR and provided Bland–

Altman plots to describe our method as exact as possible. We

did not find a significant correlation between patient’s

weight, height or BMI and the variation of SSDEs. Owing to

the restricted sample size of this study with a very limited

number of outliners, we could not perform a more detailed

analysis to further assess the reason for the deviation in

single cases. Larger studies have to be conducted to verify

our results and to determine in which patients BMI and

weight might not be suitable as surrogate parameters

for SSDEs.

All diameter measurements were performed manually as au-

tomatic measurement software was not available. This may lead

to variability but reflects clinical routine. In a recent report, the

AAPM proposed an alternative method of calculation of SSDEs

based on the water equivalent diameter (Dw) which comprises

patients’ attenuation to correct CTDIvol.
10 We did not calculate

Dw and therefore cannot give a statement about correlation of

either weight or BMI and Dw. Further studies to assess the

correlation between the parameters evaluated here and Dw are

desirable. Nevertheless, according to the AAPM report 220, it is

reasonable to use geometric data to calculate SSDEs when Dw is

not available, and therefore Deff is frequently used for the

calculation of SSDEs in clinical routine as well as in various

recent studies investigating radiation dose exposure from

CT.10,17–19 The number of wide-detector CT scanners is in-

creasing. CTDIvol is calculated based on a 10-cm pencil

chamber and therefore SSDEs might not be applicable on these

scanners.20

In conclusion, a good correlation between body weight and

effective diameter as well as BMI and effective diameter in adult

chest and abdominal CT examinations was shown in the pre-

sented study. BMI demonstrated a significantly better correla-

tion with Deff for abdominal CT, whereas weight showed

a significantly better correlation in chest CT. On average, SSDE

value per patient calculated with one of the two surrogate

parameters for abdominal and chest CT, respectively, differed

,6% from those calculated with the reference standard. The

lookup charts provided here can be used to assess SSDEs in

adult CT of the torso in cases where patient images are not

available.
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Abstract

Introduction: The objective of this study was to evaluate image quality and

radiation dose of a CT angiography (CTA) protocol using 80 kVp in combination

with iterative reconstruction and automated tube current modulation.

Methods: Ninety-five aortic CTA examinations were included in this study. A

novel 80 kVp aortic CTA-protocol with iterative reconstruction was introduced

in our department in March 2012 for patients with a body mass index (BMI)

below 32 kg/m2. The first 72 consecutive examinations were retrospectively

assigned to group A (56 patients, 42 men, 14 women, mean age

69.6 ± 10.7years, BMI range 19.7–31.1 kg/m2). For comparison, the last 23

consecutive examinations performed with the old protocol (100 kVp) were

assigned to group B (21 patients, 13 men, 8 women, mean age

67.4 ± 11.1years, BMI range 19.7–31.9 kg/m2). Thoracic and abdominal

contrast-to-noise ratio (CNR), signal-to-noise ratio (SNR) and aortic attenua-

tion were assessed. Subjective image quality was rated on a 5-point scale

(1 = non diagnostic; 5 = excellent). Furthermore, dose length product (DLP)

and volumetric computed tomography dose index (CTDIvol) were analysed.

Results: All examinations achieved diagnostic image quality. Attenuation of

the aorta was significantly higher in group A compared with B (thoracic:

443.5 ± 90.5 Hounsfield units (HU) vs. 296.0 ± 61.0 HU; abdominal:

426.3 ± 94.2 HU vs. 283.6 ± 60.5 HU; P < 0.05, respectively). CNR, SNR and

subjective image quality were comparable between both groups (CNR:

12.8 ± 3.7 vs. 13.0 ± 7.4; SNR 14.4 ± 3.9 vs. 14.9 ± 8.2; subjective image

quality: 4.3 ± 0.6 vs. 4.5 ± 0.6; P > 0.05, respectively). CTDIvol and DLP were

significantly lower in group A (1.9 ± 0.5 mGy; 139.2 ± 41.1 mGy × cm) as

compared with group B (4.2 ± 1.4 mGy; 292.1 ± 91.5 mGy × cm; P < 0.001,

respectively).

Conclusion: Low-dose CTA of the aorta using 80 kVp with iterative reconstruc-

tion enables a significant dose reduction of up to 50% compared with a

100 kVp protocol in patients with a BMI below 32 kg/m2 while diagnostic

image quality is maintained.

Key words: aorta; computed tomography; diagnostic imaging; radiation dose;

vascular.

187© 2016 The Royal Australian and New Zealand College of Radiologists

Journal of Medical Imaging and Radiation Oncology 60 (2016) 187–193

Jo
u

rn
a

l o
f 

M
e

d
ic

a
l I

m
a

g
in

g
 a

n
d

 R
a

d
ia

ti
o

n
 O

n
co

lo
g

y



Introduction

Optimizing radiation exposure from medical examina-

tions is of constant interest because of the potential risk

of inducing carcinogenic effects.1 The number of CT

examinations has constantly increased within the last

decades accounting for approximately 60% of the cumu-

lative medical radiation exposure.2 Therefore, further

efforts are required to minimize the radiation dose of

each single CT scan.

CT angiography (CTA) of the aorta is routinely used in

clinical practice for the evaluation of a variety of diseases,

such as aortic dissection or aortic aneurysms.3–6 The

number of aortic CTA might further increase in the future

because of improvements in minimal invasive therapeutic

modalities requiring pre-interventional imaging as well as

post-interventional follow up.7 Particularly because of the

need for repeated examinations and the large scan

volume, special efforts should be undertaken to minimize

radiation exposure of aortic CTA. Various approaches

have been introduced during the last years, whereby

decreasing the tube current time product (mAs) and the

tube potential (kVp) are themost commonways to reduce

radiation dose.

Decreasing the tube potential while mAs is maintained

generally leads to an increase in image noise, and there-

fore to a reduced image quality (IQ), possibly worsening

diagnostic accuracy. However, as the tube voltage con-

verges to the k-edge of iodine, the contrast material

attenuation increases in this scenario. While the soft

tissue contrast might be reduced because of noise, vas-

cular structures can still be evaluated in good and diag-

nostic IQ particularly in an arterial phase of contrast

enhancement.8,9 Additional dose-saving techniques as

iterative image reconstruction (IR) can further support an

increase of IQ and therefore enable a reduction of radia-

tion exposure while maintaining IQ.10

The aim of this study was to evaluate the impact of a

reduced tube potential (80 kVp) in combination with

automatic tube current modulation and IR for CTA of the

aorta on IQ and radiation dose.

Methods

Patients

This retrospective study was approved by the local ethics

committee of the Heinrich Heine University Dusseldorf,

Germany. A new 80 kVp aortic CTA protocol was intro-

duced in our department for all patients with a body mass

index (BMI) below 32 kg/m2 in March 2012. We included

the first 72 examinations using this low-dose protocol and

assigned them to group A (56 patients, 42 men, 14

women, mean age 69.6 ± 10.7 years, mean BMI:

25.5 ± 3.0 kg/m2, range 19–32 kg/m2). The last 28

examinations using the standard protocol with 100 kVp

were included for comparison (26 patients, 17 men, 9

women, mean age 66.3 ± 12.0 years, mean BMI

29.0 ± 5.2 years). Five of these patients were excluded

from the analysis as BMI was above 32 kg/m2. The

remaining 23 examinations were assigned to group B (21

patients, 13 male, 8 female, mean age 67.4 ± 11.1 years,

mean BMI 27.1 ± 3.7 kg/m2). Both, 100 and 80 kVp

examinations within the same patients were available for

analysis in eight subjects (4 men, 4 women, mean age

67.2 ± 9.7 years, mean BMI 24.9 ± 3.1 kg/m2). These

examinations were assigned to subgroups (group Aintra

and group Bintra) for further analysis.

CT protocols

All examinations were performed on a 128-row CT

scanner (Siemens Definition AS + , Siemens Healthcare

GmbH, Erlangen, Germany). Scanning parameter for

both protocols were as follows: pitch: 1.2, detector col-

limation: 64 × 0.6 (with z-flying focal spot) and rotation

time: 0.5 s. One hundred millilitres of contrast medium

(Accupaque® 300, GE Healthcare, Munich, Germany;

300 mg iodine/mL) was intravenously applied using a

power injector (MedTron Injektron CT2, MEDTRON AG,

Saarbrücken, Germany) at 4 mL/s. Contrast medium

injection was followed by a 30-mL saline flush. A bolus

trigger technique was used with a threshold of 100

Hounsfield units (HU) in the descending thoracic aorta.

The scan volume included the cervical aortic branches,

the entire aorta and the pelvic arteries terminating at the

level of common femoral arteries.

A medium level (level 3) of advanced raw data-based

IR technique (Sinogram Affirmed Iterative Reconstruc-

tion, SAFIRE, Siemens Healthcare GmbH) was used in

all examinations (groups A and B, respectively) and

automated tube current modulation (ATCM, CareDose

4D, Siemens Healthcare GmbH) was activated in both

protocols.

Objective image analysis

Contrast-to-noise ratio (CNR) and signal-to-noise ratio

(SNR) were assessed as parameters for objective IQ.

Circular region of interest (ROI) measurements were

performed in axial 5-mm images. ROIs (10–25 mm)

were placed in the thoracic aorta (ROI1), abdominal

aorta (ROI2), paravertebral spinal muscle at the level of

the aortic arc (ROI3) and in the paravertebral spinal

muscle at the level of the celiac trunk (ROI4). ROI1 and

ROI2 were placed exactly in the centre of the aorta to

omit calcifications. Standard deviation of ROI1 and ROI2

was used as an indicator of image noise.7,9 SNR and CNR

for the thoracic (SNR1 and CNR1) and abdominal aorta

(SNR2 and CNR2) were calculated:

SNR ROI ROI1 1 1= ( )standard deviation

CNR ROI ROI ROI1 1 3 1= −( ) ( )standard deviation
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SNR ROI ROI2 2 2= ( )standard deviation

CNR ROI ROI ROI2 2 4 2= −( ) ( )standard deviation

Subjective image analysis

Subjective IQ was assessed separately by two inde-

pendent readers (J.A. with 4 and J.B. with 2 years of

experience in reading CTA) on a 5-point scale (1 =

non-diagnostic; 2 = poor; 3 = moderate; 4 = good;

5 = excellent). Both readers were blinded to image

assessment parameters. Excellent IQ was defined as no

artefacts, excellent vessel wall definition and excellent

attenuation of the vessel lumen. IQ was rated ‘good’ for

good vessel wall delineation and attenuation and minimal

image noise. Moderate IQ was defined as adequate

attenuation and vessel wall delineation and only slight

minimal impact of image noise. IQ was rated ‘poor’ for

poor vessel wall mark-off and increase image noise

leading to a decreased diagnostic accuracy.5,9,11 For sub-

jective analysis, all images were provided on a Picture

Archiving and Communication System (PACS) worksta-

tion (Sectra Medical Systems GmbH, Linkoeping,

Sweden). Five-millimetre axial images as well as sagittal

and coronal multi-planar reformations were evaluated.

Images were reconstructed using a soft tissue kernel

(I30f). Modulation of the CT window was to the discretion

of the readers.

Radiation dose and statistical analysis

CTDIvol and DLP were extracted from the scanning proto-

col automatically sent to the PACS. Data analysis was

performed using IBM SPSS Statistics 22™ for Windows

(SPSS Inc., Chicago, IL, USA). Statistical significance

was set to P < 0.05. All data are given in mean ± stand-

ard deviation. A Kolmogorov test was used to test for

normal distribution. Student’s t-test was performed for

all normally distributed parameters. A Mann–Whitney

U-test was performed as a non-parametric test. Kappa

value was calculated to evaluate the inter-observer

agreement: excellent (κ > 0.81), good (κ = 0.61–0.80),

moderate (κ = 0.41–0.60), fair (κ = 0.21–0.40) and

poor (k ≤ 0.20).12

Results

Patients

Indications for CTA examinations and patient character-

istics can be seen in Tables 1 and 2, respectively. There

was no significant difference between both groups

regarding age, height, weight and BMI (all P > 0.05,

Table 2).

In groups Aintra and Bintra, mean time between both

examinations was 291 ± 165 days (range 147–618

days).

Image quality

All examinations were of diagnostic IQ. Overall subjec-

tive IQ was rated good to excellent in 92.4% in group A

(133/144 ratings) and 95.7% (44/46 ratings) in group B.

Subjective IQ for groups A and B is listed in Table 2.

Subjective IQ of group Aintra (4.4 ± 0.5) was not signifi-

cantly different compared with group Bintra (4.8 ± 0.5).

Inter-observer agreement was good (k = 0.70). An

example for comparable IQ between 100 and 80 kVp

examinations in a 78-year-old patient is shown in

Figure 1a,b. Figure 2a,b demonstrate diagnostic IQ

in maximum intensity projections of a 77-year-old

woman undergoing endovascular aortic repair (EVAR)

intervention.

Objective IQ was comparable between groups A and B

(all P > 0.05, Table 3). For group Aintra, SNR2 was signifi-

cantly lower compared with group Bintra (P = 0.046) while

there was no significant difference for SNR1. There was

no statistically significant difference for CNR between

both groups. Attenuation of the aorta was significantly

higher in group A compared with group B (thoracic and

abdominal P < 0.001, respectively) and in group Aintra

compared with group Bintra (thoracic: P = 0.02; abdomi-

nal: P = 0.01). Analysis of objective IQ is illustrated in

Table 3.

Radiation dose

There was a significant difference in radiation dose

between group A (CTDIvol 1.9 ± 0.5 mGy, DLP 139.2 ±

41.1 mGy × cm) and group B (CTDIvol 4.2 ± 1.4 mGy, DLP

292.1 ± 91.5 mGy × cm) (P < 0.001, respectively,

Table 2). CTDIvol and DLP were significantly lower for

group Aintra compared with group Bintra (2.1 ± 0.8 vs.

4.9 ± 1.3 mGy and 153.1 ± 56.0 vs. 305.1 ± 99.1 mGy ×

cm, P < 0.001, respectively).

Discussion

This study documented a significant reduction in radia-

tion exposure in aortic CTA in patients with a BMI below

32 kg/m2 while diagnostic IQ was maintained by reduc-

ing the tube potential to 80 kVp in combination with

ATCM and medium levels of IR.

Various dose-reduction strategies have been intro-

duced for CT examinations, such as low-dose protocols,7

Table 1. Indications for CT angiography examinations separated by group A

(low dose with 80 kVp) and group B (standard protocol with 100 kVp)

Underlying pathology Overall Group A Group B

Aneurysm 35 28 7

Dissection 29 24 5

After endovascular aneurysm repair 25 15 10

Others 6 5 1
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ATCM,13 automated tube potential selection (ATPS),14

organ-specific dose reduction15 and IR.16 ATCM and ATPS

enable an adjustment of radiation dose to the patients’

anatomy in CTA examinations without significant

deterioration of IQ.7,9 Nowadays, ATCM is provided by all

major CT vendors. The reduction of tube current corre-

lates linearly with the achieved dose reduction.17 In con-

trast, the reduction in tube potential correlates rather

exponentially than linearly with the overall dose reduc-

tion.17 However, reduction of tube potential is limited, as

it requires a highly effective X-ray tube providing a high

peak tube current to compensate for the resulting higher

image noise.1,11 The recently introduced ATPS algorithm

adapts the tube potential automatically according to the

patients’ anatomy using scout images and corresponding

attenuation information. Schwarz et al.7 demonstrated a

dose reduction of 30% combining ATPS with a reduced

tube current time product and a high iodide delivery rate

(IDR). However, no attenuation values of 80 kVp meas-

urements comparable with this study were performed.

Table 2. Patient characteristics, subjective IQ and radiation parameters

Overall Group A Group B P value

Age (years) 69.0 ± 10.8 69.6 ± 10.7 67.4 ± 11.1 0.42

Height (cm) 172.8 ± 9.3 172.4 ± 9.2 174.0 ± 9.6 0.48

Weight (kg) 77.6 ± 12.9 76.1 ± 11.6 82.8 ± 15.8 0.09

Body mass index (kg/m2) 25.9 ± 3.2 25.5 ± 3.0 27.1 ± 3.7 0.09

Subjective IQ 4.4 ± 0.6 4.3 ± 0.6 4.5 ± 0.6 0.31

Mean mAs 103.2 ± 27.4 103.0 ± 25.9 103.8 ± 32.4 0.92

CTDIvol (mGy) 2.5 ± 1.2 1.9 ± 0.5 4.2 ± 1.4 <0.001

DLP (mGy × cm) 176.2 ± 87.0 139.2 ± 41.1 292.1 ± 91.5 <0.001

CTDIvol, volumetric computed tomography dose index; DLP, dose length product; IQ, image quality.

(a)

(b)

Fig. 1. (a, b) 100 kVp (a; volumetric computed tomography dose index,

(CTDIvol): 5.7 mGy, dose length product (DLP): 414 mGy × cm) and 80 kVp (b;

CTDIvol: 2.1 mGy, DLP: 142 mGy × cm) axial CT images of a 78-year-old female

patient (169 cm, 75 kg, body mass index (BMI): 26 kg/m2) show comparable

image quality.

(a) (b)

Fig. 2. (a, b) Maximum intensity projections of a 77-year-old female patient

before (a), 100 kVp) and after (b), 80 kVp) endovascular aortic repair. Both

examinations provide diagnostic image quality (IQ).
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Low kVp protocols are of increasing interest in CTA and

several previous studies have demonstrated a significant

dose reduction.11,17–19 Initially, CTA examinations were

often performed at 120 kVp. In 2005, Wintersperger

et al.9 reported a dose reduction of 37% using 100 kVp

compared with 120 kVp with constant mAs for aortic

CTA. A dose reduction for CTA examinations with 80 kVp

was reported by previous studies.11,17–19 Schindera

et al.11 showed a reduction of radiation exposure while

maintaining IQ when comparing an 80 kVp with a 100-

kVp CTA protocol using ATCM. The presented attenuation

of the aorta was higher (621 ± 91 HU) compared with

the results presented in this study; however, this can be

explained by the increased IDR (1480 mg I/s) used in

their study. Furthermore, there is a notable difference in

CTDIvol which is most likely based on a higher reference

tube current time product (ref. mAs) of 260 mAs com-

pared with 120 mAs in our study. A comparison of the

CNR values is limited between the two studies as meas-

urements of the image noise were performed in a differ-

ent manner.11 Iezzi et al.17 reported higher mean aortic

attenuation values of 566 ± 100 HU for the aorta for

low-dose 80 kVp/100 mAs CTA examinations. This might

be explained by the use of 400 mg/mL iodine contrast

medium with an IDR of 1200 mg I/s. Reported dose

values are not comparable with our study because of a

limited scan range solely of the abdominal aorta. In

contrast to the previous studies, Chen et al.18 performed

measurements with a reduced iodine delivery rate of

538 mg I/s. They demonstrated a reduction of radiation

dose using an 80 kVp protocol in 48 patients undergoing

follow-up CT aortography after endovascular aortic

repair. Their reported tube current time product was

markedly higher than in the here presented study

(range: 320–550 mAs vs. 98–428 mAs). Consecutively,

mean CTDIvol and DLP (10.1 ± 1.5 mGy; 651 ± 105 mGy

× cm) were essentially higher compared with this study

at similar scan volumes. Overall attenuation of the aorta

was lower (373 ± 38 HU),18 most likely as a result of the

reduced iodine delivery rate. The CNR values cannot be

compared between the two studies as measurement of

the image noise was performed in a different manner.18

The results published by Chen et al.18 demonstrate the

potential of a combined reduction of the tube potential

and the iodine delivery rate in order to save contrast

material in CTA. This can be of importance particularly in

patients with acute or chronic renal failure.

A significant dose reduction because of IR has been

reported for various CT examinations.16,20 For CTA,

several studies demonstrated a significant dose reduc-

tion when comparing IR with filtered back projection.19,21

However, only very few studies have investigated the

combination of CTA protocols using a low tube potential

and IR. Pontana et al.19 reported CTDIvol values of

approximately 80 mGy × cm for thoracic CTA with

80 kVp and sinogram-affirmed IR. As in this study,

sinogram-affirmed IR was applied at medium strength

(level 3). While SNR and CNR were slightly lower

(Pontana: 12.3 ± 2.6 and 11.2 ± 2.6), dose parameters

cannot be compared because of a scan volume limited to

the thoracic aorta. However, the reported DLP and

CTDIvol values for thoracic CTA were very low in that

study (77.3 mGy × cm and 1.2 mGy, respectively),

which is in good accordance to the here presented

results for the entire aorta. Although low-kVp CT scan

techniques are particularly well suited for thoracic CTA

examinations because of the air in the lungs, diagnostic

subjective IQ was achieved in all scans in this study.

Nevertheless, the advantage in thoracic CTA examina-

tions can be seen in the higher SNR and CNR in the chest

compared with the abdomen.

Even though IR techniques have been known for

decades, implementation into clinical routine suffered

from the requirement for distinct computational power

and initial IR techniques used to be very time consum-

ing. Recent developments in processing power have

enabled implementation of IR algorithms into modern

CT scanner software. The investigated IR algorithm

was fully integrated into the CT scanner software and

IR of the whole scan volume required significantly less

than 1 min (medium level of IR, 5-mm axial slices). All

reconstructions were performed by the technician in

clinical routine and no impact on clinical workflow was

observed.

For future investigations a combination of a high IDR

(highly concentrated contrast medium and high injection

Table 3. Objective image quality: SNR, CNR and attenuation of the thoracic and abdominal aorta of group A (100 kVp), group B (80 kVp), group Aintra and group Bintra

Overall Group A Group B Group Aintra Group Bintra

Attenuation of the thoracic aorta (HU) 407.6 ± 105.3 443.3 ± 90.5 296.0 ± 61.0 430.8 ± 86.1 329.9 ± 58.2

Attenuation of the abdominal aorta (HU) 397.7 ± 106.4 426.3 ± 94.2 283.6 ± 60.5 413.6 ± 72.4 312.4 ± 71.4

SNR1 14.5 ± 5.2 14.4 ± 3.9 14.9 ± 8.2 14.4 ± 3.7 19.4 ± 6.6

SNR2 12.2 ± 4.8 11.9 ± 3.3 13.0 ± 7.9 12.3 ± 2.9 18.7 ± 7.3

CNR1 12.8 ± 4.8 12.8 ± 3.7 13.0 ± 7.4 12.9 ± 3.5 17.0 ± 6.0

CNR2 10.7 ± 4.3 10.6 ± 3.2 11.2 ± 6.9 10.9 ± 2.9 16.2 ± 6.4

CNR1, thoracic contrast to noise ratio; CNR2, abdominal contrast to noise ratio; HU, Hounsfield units; SNR1, thoracic signal to noise ratio; SNR2,

abdominal signal to noise ratio.

191© 2016 The Royal Australian and New Zealand College of Radiologists

80 kVp aortic CT angiography



rate), a reduced tube potential of 70–80 kVp and

advanced IR technique seems to be promising to further

optimize radiation and contrast medium dose in CTA.

New technical developments can help to improve patient

care, such as dual-energy CT (DECT) providing virtual

non-contrast images or novel X-ray tubes providing

higher tube current time products and enable even

further tube potential reduction.22,23 Initial studies

regarding DECT were recently published with non-linear

blending technique leading to a significant reduction of

applied contrast material in aortic CTA.23 However, as

these techniques are not extensively available, low-kVp

examinations will remain a helpful tool to reduce either

radiation dose or the amount of contrast material in

order to improve patient safety.

Our study has certain limitations. Although diagnostic

IQ was achieved in all scans, apparent differences for

SNR and CNR in the intra-individual comparison were

detected. This might be the result of the small group

size. Nevertheless, there was no significant difference

between both groups in the subjective evaluation. A

certain but non-significant difference for body weight

and BMI was noted between groups A and B, although

patients with a BMI above 32 kg/m2 were excluded from

the analysis. However, the 80 kVp protocol was used in

patients up to 96 kg still leading to diagnostic IQ. CTA

examinations of the aorta can always reveal incidental

findings, which have been reported to appear in up to

68% during CTA prior to transcatheter aortic valve

implantation.24 We only assessed the subjective overall

diagnostic IQ, incidental and secondary findings were not

evaluated in the present study. Therefore, our results

can only be adducted in reference to IQ of the thoracic

and abdominal aorta. As we wanted to compare low-

tube-potential protocols when using IR, we did not

compare our results to filtered back projection.

In conclusion, our results demonstrate a dose reduc-

tion of up to 50% for low-dose CTA of the aorta with

80 kVp, medium levels of IR and ATCM in patients with

a BMI of up to 32 kg/m2 compared with a 100 kVp

protocol. Therefore, a low-dose 80 kVp CTA protocol of

the entire aorta can be suggested for these patients in

clinical routine. Furthermore, our results indicate that

diagnostic IQ can be achieved with radiation dose levels

below values reported in literature today.
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Objective: To assess the feasibility of a 70-kVp CT

pulmonary angiography (CTPA) protocol using simulta-

neous dual-source (SimDS) acquisition mode with 40ml

of contrast medium (CM) and comparison with a high-

pitch spiral dual-source (SpiralDS) acquisition protocol

with automated tube potential selection (ATPS).

Methods: Following the introduction of a new 70-kVp/

40-ml SimDS-CTPA protocol in December 2014 for all

patients with a body mass index (BMI) below 35kgm22,

the first 35 patients were retrospectively included in this

study and assigned to Group A (BMI: 2764kgm22, age:

666 15 years). The last 35 patients with a BMI below

35kgm22 who had received SpiralDS-CTPA with ATPS

were included for comparison (Group B) (70ml CM; BMI:

2764kgm22, age: 686 16 years). Subjective image

quality (image quality) was assessed by two radiologists

(from 1, non-diagnostic, to 4, excellent). Signal-to-noise

ratio (SNR), contrast-to-noise ratio (CNR), volumetric CT

dose index (CTDIvol), dose–length product (DLP) and

effective dose were assessed.

Results: All examinations were of diagnostic image

quality. Subjective image quality, SNR and CNR were

comparable between Groups A and B (3.760.6 vs 3.76

0.5, 14.666.0 vs 13.963.7 and 12.465.7 vs 11.663.3,

respectively; p.0.05). CTDIvol, DLP and effective dose

were significantly lower in Group A than in Group B (4.56

1.6 vs 7.562.1mGy, 143.3644.8 vs 278.3679.44mGycm

and 2.060.6 vs 3.96 1.1mSv, respectively; p,0.05).

Conclusion: 70-kVp SimDS-CTPA with 40ml of CM is

feasible and provides diagnostic image quality, while

radiation dose and CM can be reduced by almost 50%

and 40%, respectively, compared with a SpiralDS-CTPA

protocol with ATPS.

Advances in knowledge: 70-kVp SimDS-CTPA with 40ml

of CM is feasible in patients with a BMI up to 35kgm22 and

can help reduce radiation exposure and CM in these patients.

INTRODUCTION

Dual-source CT scanners feature two independent X-ray

tube/detector combinations, allowing for three different

dual-source scan modes. The first mode, dual-energy

scanning, uses different tube voltages on both tubes,

allowing assessment of material compositions.1 The second

mode, dual-source high-pitch spiral acquisition mode,

allows for very fast scanning with pitch settings of up to

3.4. Both X-ray tubes operate at the same tube potential.

Sampling gaps appearing in single-source CT at pitch fac-

tors .2 are filled using the second X-ray tube and detector

array arranged in the gantry with a 95° shift from the first

detector. As the sampling gaps are scanned with only the

second tube/detector array, this technique is limited by the

X-ray tube output in patients who are obese. The third

mode, dual-source simultaneous acquisition, also utilizes

both X-ray tubes at the same tube potential. Scanning is

performed with standard pitch factors. No sampling gaps

appear for either detector, and the whole field of view is

covered by both tube/detector arrays. This corresponds to

a doubling of the X-ray tube output of the CT system.2

Previous studies have shown that a reduction of the tube

potential in CT angiography (CTA) can result in higher

intravascular iodine enhancement with reduced radiation

dose in comparison with standard protocols with a higher

tube voltage.3–11 Low tube potential CT protocols in clin-

ical routine are, however, limited by the maximum avail-

able tube current time product, since high tube currents are

necessary to counterbalance the reduced photon generation



efficiency of the tube and the lower X-ray energy, especially in

patients who are overweight and obese. Since low tube potential

scanning is generally limited by the maximum achievable tube

current, time product the simultaneous acquisition dual-source

scanning mode appears promising for use in low-peak kilovoltage

(kVp) scanning, especially in patients who are bigger.

The purpose of this study was to evaluate the feasibility, image

quality (image quality) and radiation dose of a 70-kVp simulta-

neous acquisition dual-source CT pulmonary angiography (CTPA)

protocol with 40ml of contrast medium (CM) and to compare the

image quality and radiation dose to a high-pitch spiral acquisition

CTPA protocol with automated tube potential selection (ATPS).

METHODS AND MATERIALS

Study setup

This retrospective study was approved by the local ethics com-

mittee. The novel scanning protocol was integrated into clinical

routine in December 2014 following phantom measurements.

All non-paediatric patients referred for CTPA owing to sus-

pected pulmonary embolism with a body mass index (BMI) less

than 35 kgm22 are currently scanned with this protocol.

The first 35 consecutive patients who underwent CTPA using the

novel protocol were analyzed in this study (Group A). For

comparison, 35 consecutive patients with a BMI ,35 kgm22

who had received a CTPA examination using the previous high-

pitch protocol (Protocol B) were included in this study (Group

B). There were no further inclusion or exclusion criteria.

Scanning protocols

All scans were performed on a second-generation 128-slice (64

detector rows with double z-sampling) dual-source CT scanner

(Siemens Definition Flash; Siemens Healthcare GmbH, Erlan-

gen, Germany) equipped with a fully integrated circuit detector

(Stellar®; Siemens Healthcare GmbH, Erlangen, Germany).

Patients were placed in supine position with arms extended

above the head. Image acquisition direction was caudocranial.

The CM (Accupaque™ 300, iohexol, 300 mg iodine/ml;

GE Healthcare, Munich, Germany) was injected using a power

injector (Medrad® Stellant® Injector; Bayer Vital GmbH, Lev-

erkusen, Germany) with a flow rate of 3ml s21 in all patients.

CM injection was followed by a saline flush (40ml, 3ml s21).

The classical bolus trigger technique (CareBolus; Siemens

Healthcare GmbH) (80 kVp) in the pulmonary trunk (PT) with

a threshold of 130HU was used to trigger the examinations.

Breath-hold command (no deep inspiration) was given after

bolus triggering. A minimal 3-s delay was applied after bolus

triggering before the start of the scan.

Patients in Group A underwent CTPA with the novel protocol

[simultaneous dual-source (SimDS) scanning]: both X-ray tubes

were operated at 70 kVp with a low-pitch setting (labelled “dual-

source obese mode” by the manufacturer). Automated tube

current modulation (ATCM) (CareDose 4D; Siemens Healthcare

GmbH) was activated; 40ml of CM was injected.

Patients in Group B underwent examinations with a dual-source

high-pitch spiral acquisition mode (labelled “Flash” by the

manufacturer). ATPS (CareKV, Siemens Healthcare GmbH)

with ATCM was activated in Protocol B to adopt tube voltage

and current automatically to patient body habitus (120 kVp,

n5 29; 100 kVp, n5 6, 80 and 140 kVp were not selected).

70ml of CM was injected. Detailed scanning parameters of both

protocols are listed in Table 1.

Image reconstruction

Images were reconstructed with a soft-tissue kernel in 1-mm

axial slices using a medium level of iterative reconstruction

(Level 3, sinogram-affirmed iterative reconstruction) (SAFIRE;

Siemens Healthcare GmbH). Furthermore, coronal and sagittal

multiplanar reformations and maximum intensity projections

were reconstructed.

Objective image analysis

All measurements were performed on a standard picture

archiving and communication system workstation (Sectra

Medical Systems GmbH, Linkoeping, Sweden). Objective

image analysis was performed in accordance with prior

studies using regions of interest (ROI) to assess the signal

Table 1. Scanning protocols and radiation dose evaluation

Parameter Protocol A Protocol B

Acquisition mode Dual source, simultaneous Dual source, high pitch

Detector collimation (mm) 643 0.6 1283 0.6

Pitch 0.9 2.2

Tube voltage (kVp) 70 ATPS (120 kVp: n5 29, 100 kVp: n56 )

Reference tube current time product (mAseff) 110 118

Contrast medium volume (ml) 40 70

Mean CTDIvol (mGy) 4.56 1.6 7.56 2.2

Mean DLP (mGy cm) 143.36 44.8 278.36 79.4

Estimated effective radiation dose (mSv) 2.06 0.6 3.96 1.1

ATPS, automated tube potential selection; CTDIvol, volumetric CT dose index; DLP, dose–length product.

All values are given as mean6 standard deviation.
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intensity (SI) in Hounsfield units and noise index (NI standard

deviation of SI in Hounsfield units).8,9 ROIs were placed in the PT

in a lower lobe segmental artery (LLSA) and in the paravertebral

muscle (BACKGROUND). The size of the ROIs was adapted to the

size of the corresponding structures to avoid partial volume effects.

Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)

were calculated for the PT and the LLSA:

SNR5 SI=NI

CNR5 ðSI2BACKGROUNDÞ=NI

Subjective image analysis

Subjective image quality was assessed separately by two independent

readers (CTand JB; with 8 and 2 years’ experience in reading CTPA)

on a four-point scale: (1) non-diagnostic, (2) suboptimal, (3) ade-

quate and (4) excellent. Image evaluation was based on vascular

attenuation, image noise, artefacts and diagnostic confidence. Non-

diagnostic was defined as a lack of interpretability of the segmental

arteries. Examinations were rated suboptimal, when the sub-

segmental arteries could not be evaluated properly. Adequate was

defined as minor artefacts or image noise, while all pulmonary

arteries showed an optimal contrast. Excellent was defined as ex-

cellent vascular enhancement in all pulmonary arteries (PT to

subsegmental arteries) and the absence of artefacts and image noise.

Both readers were blinded to image assessment parameters and

clinical information.

For subjective analysis, all images were provided on a picture

archiving and communication system workstation. Axial images

(slice thickness of 1mm) as well as sagittal and coronal multi-

planar reformations and maximum intensity projections were

evaluated. Modulation of the CTwindow was at the discretion of

the individual readers.

Both readers independently assessed the frequency of pulmonary

embolism. Interreader agreement for the diagnosis of pulmo-

nary embolism was assessed.

Radiation dose

Volumetric CT dose index and dose–length product (DLP) were

extracted from the patient protocol. Effective dose was calcu-

lated using a conversion factor of 0.014.12

Statistical analysis

Data analysis was performed using MedCalc (MedCalc Software,

Ostend, Belgium). Data are given as mean6 standard deviation,

together with range. Statistical significance was set to p, 0.05.

95% confidence intervals (95% CI) and interquartile ranges are

provided. Normal distribution was tested with Kolmogorov test.

Student’s t-test was performed for all normally distributed

parameters. Mann–Whitney U test and x
2 test were performed

as non-parametric tests. A k value was calculated to evaluate

interobserver agreement and interpreted as follows: excellent

(k. 0.81), good (k5 0.61–0.80), moderate (k5 0.41–0.60),

fair (k5 0.21–0.40) and poor (k# 0.20).13

RESULTS

Patient demographics

There were no statistical differences in sex, patient age, body

weight, BMI and frequency of pulmonary embolism between

both protocols (all p. 0.05) (Table 2). Pulmonary embolism

was diagnosed in 31% of all patients (Group A: 10 (29%) cases

and Group B: 12 (34%) cases; p5 0.06). Interobserver agree-

ment for the diagnosis of pulmonary embolism was 100%.

Radiation dose

Mean tube current time product was significantly higher in

Group A than in Group B (268691mAs, range 100–397mAs, vs

Table 2. Patient data

Characteristics Group A Group B p-value

n 35 35 –

Age (years) 65.76 15.3 68.26 16.0 0.46 (95% CI: 24.7 to 10.2)

Sex (M/F) 13/22 15/20 0.32

Body height (cm) 168.26 8.0 (145–185) 172.36 10.1 (150–192) 0.07 (95% CI: 28.4 to 0.27)

Body weight (kg) 75.76 11.7 (45–96) 79.36 12.8 (55–105) 0.22 (95% CI: 22.22 to 9.53)

BMI (kgm22) 26.86 3.9 (21–34) 26.86 4.2 (20–35) 0.98 (95% CI: 21.89 to 1.94)

Incidence of pulmonary embolism 10 12 0.06

BMI, body mass index; F, female; M, male.

Ranges are provided in parenthesis for both groups for height, weight and BMI; 95% CI: 95% confidence intervals for p-values.

All values are given as mean6 standard deviation.

Table 3. Subjective ratings for both readers and both groups

Rating
Reader 1 Reader 2

Group A Group B Group A Group B

Excellent 24 26 28 25

Adequate 8 8 5 9

Suboptimal 3 1 2 1

Non-diagnostic 0 0 0 0

Full paper: 70 kVp/40ml of CM simultaneous acquisition dual-source CTPA BJR
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144635mAs, range 82–211mA s; p, 0.0001, 95% CI: 91–158

HU). Volumetric CT dose index and DLP were significantly lower

in Group A than in Group B (4.561.6mGy vs 7.462.2mGy and

143.3644.8mGycm vs 272.3680.4mGycm; p, 0.0001, 95%

CI: 2.18–3.97 HU and 104–166 HU, respectively) (Table 1). On an

average, radiation dose was lowered by 48% in Group A compared

with Group B.

Image quality

None of the CTstudies were rated as non-diagnostic by any of the two

readers (Table 3). There was no significant difference in the subjective

image quality between Groups A and B (3.76 0.6 vs 3.76 0.6;

median 4, interquartile range 3–4, respectively; p5 0.98) (Table 4).

The CT numbers showed a statistically significant difference be-

tween Group A and Group B for the PT (range 202–1018HU vs

149–456HU, p,0.0001, 95% CI: 99–211 HU) and the LLSA (range

: 211–948HU vs 130–454HU, p, 0.0001, 95% CI: 107–214

HU). There was no significant difference between Group A and

Group B for SNR (SNR in the pulmonary trunk: 14.66 6.0 vs

13.96 3.7 and SNR in the LLSA: 15.16 8.9 vs 12.064.5) and

CNR (CNR in the pulmonary trunk 12.465.7 vs 11.663.3 and

CNR in the LLSA 12.968.5 vs 10.064.1) (all p.0.05) (Table 4).

Examples of image quality for Group A are shown in Figures 1 and

2 (Figure 1: overweight patient, BMI of 30 kgm22 and effective

dose of 2.3mSv; Figure 2: normal weight patient, BMI of

24 kgm22 and effective dose of 0.7mSv). An example for diag-

nostic image quality in a patient who is obese with a BMI of

34 kgm22 in Group A is shown in Figure 3. Comparison between

both protocols is demonstrated in Figure 4.

DISCUSSION

This study demonstrated the feasibility of 70-kVp CTPA using

a dual-source CT protocol with low-pitch dual-source simultaneous

acquisition mode and 40ml of CM. Furthermore, the new protocol

provided subjective image quality, SNR and CNR comparable with

a high-pitch spiral acquisition dual-source CT protocol with ATPS,

while the radiation dose was reduced by almost 50%.

A variety of previous studies investigated CTPA protocols with

different dose reduction techniques. Dose reduction has been

reported through reduction of milliampere seconds,4,14,15 reduction

of kVp16–18 or application of iterative reconstruction.19,20 Further-

more, high-pitch protocols in combination with automated tube

potential selection have been shown to enable a significant dose

reduction compared with standard protocols.7 Out of these options,

reduction of kVp is especially valuable in CTA because the evalu-

ability of the vessels is mainly driven by iodine enhancement. We

found comparable SNR and CNR in both CTPA protocols, while

radiation dose and CM dose were reduced in Group A. This re-

duction of radiation dose when lowering kVp can be achieved only

if the tube current time product does not completely counterbal-

ance the dose reduction gained by the reduced kVp. The decrease in

Table 4. Attenuation, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR) and subjective image quality

Imaging characteristics All patients Group A Group B p-value

Attenuation trunk (HU) 338.16 138.8 414.36 149.4 259.66 69.7 ,0.0001 (99–211)

Attenuation LLSA (HU) 337.36 136.4 416.46 139.3 256.06 75.0 ,0.0001 (107–214)

SNRTrunk 14.26 5.0 14.66 6.0 13.96 3.7 0.56 (23.1 to 1.7)

SNRLLSA 13.56 7.2 15.16 8.9 12.06 4.5 0.08 (20.36 to 6.4)

CNRTrunk 12.06 4.7 12.46 5.7 11.66 3.3 0.48 (23.0 to 1.4)

CNRLLSA 11.46 6.7 12.96 8.5 10.06 4.1 0.08 (26.0 to 0.4)

Subjective image quality 3.76 0.6 3.76 0.6 3.76 0.6 0.98

LLSA, left lower segmental pulmonary artery; Trunk, pulmonary trunk.

95% confidence intervals for p-values are provided in parenthesis.

All values are given as mean6 standard deviation.

Figure 1. A 71-year-old female patient who is obese (height 162cm, 78kg and body mass index 29.7 kgm22) with suspected

pulmonary embolism. Examination was performed with 70kVp and 40ml of contrast medium. Effective radiation dose was 2.3mSv.

Axial image (a) and coronal maximum intensity projection (b) demonstrating excellent image quality. A, anterior view.
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overall radiation inevitably leads to an increase in image noise.

However, lowering the kVp also leads to an increase in vascular

attenuation, which arises from higher relative iodine attenuation

with its k-edge of 33.2 keV.3 The higher attenuation enables either

radiation dose reduction, CM dose reduction or, as investigated in

this study, a combination of both. The overall increase in vascular

attenuation helps overcome the increased image noise and leads to

a comparable SNR and CNR in CTA. In addition, ATCM is an

effective dose reduction technique in low-pitch CT studies, whereas

its performance is limited in high-pitch CT. This can increase the

radiation dose reduction of low-pitch SimDS mode compared with

high-pitch spiral acquisition. Initial studies evaluating kVp re-

duction in CTPA compared 120-kVp with 100-kVp studies and

demonstrated a dose reduction of up to 50%.8 Mean vessel atten-

uation as well as a SNR were comparable with our results (463HU

and 12, respectively), but the overall iodine load and the iodine

delivery rate were markedly higher than in our 70-kVp protocol

(21 g at 1833mgL s21 compared with 12 g at 900mgL s21 in our

study). More recent studies investigated 80-kVp CTPA in combi-

nation with iterative reconstructions and reported a significant dose

reduction.17 A DLP of 73mGycm for the 80-kVp CTPA protocol

was reported,17 which is lower than that in our 70-kVp protocol.

However, patients weighting only up to 80kg were included in their

80-kVp CTPA protocol and the amount of CM was twice as high

compared with our study.

Initial results were reported for 70-kVp CT examinations of

different body regions; e.g. for CTA,6,11,18,21 chest CT,22 paedi-

atric CT23 and cranial CT.24 These studies also showed feasi-

bility, diagnostic image quality and a potential for reduction of

radiation dose and CM. Up to date, only two studies have

reported the results for dual-source 70-kVp CTPA.18,20

Li et al21 investigated the feasibility of a 70-kVp high-pitch

CTPA protocol with 40ml of CM and reported sufficient image

quality at a mean DLP of 28mGy cm. Because they were not able

to report the height, weight and BMI of the patients, Li et al21

used diameter measurements to compare groups. Nevertheless,

no ranges for diameter measurements were reported and

therefore, limitations of their protocol in regard to X-ray tube

output in patients who are larger cannot be appraised. Although

a 70-kVp CTPA protocol was investigated, the protocol used by

Li et al21 cannot be compared with our 70-kVp protocol. The

feasibility of using a reduced amount of CM in high-pitch CTPA

is mainly limited by image quality (and therefore maximal tube

current time product) and not by the amount of CM. Because of

the fast table movement, high-pitch protocols do not require

a large CM bolus, but depend on a perfect timing to start the

examination. The major limitation of these protocols, when

performed with low kVp, is image quality in patients who are

overweight and obese because of the limitations in X-ray tube

output. In contrast, our protocol enables a higher X-ray tube

output because both X-ray tubes are used simultaneously for

image acquisition.

To our knowledge, only one other study reported the utilization

of simultaneous acquisition dual-source CT for the detection of

pulmonary embolism.18 Wichmann et al18 compared a standard

100-kVp protocol with a single-source 70-kVp protocol and

Figure 2. A 92-year-old patient who is slim (height 162cm, 63kg

and body mass index 24kgm22) with suspected pulmonary

embolism. Examination was performed with the 70-kVp proto-

col with 40ml of contrast medium. Effective radiation dose

was 0.7mSv.

Figure 3. A 63-year-old patient (height 168cm, 96kg and body mass index 34.0kgm22); axial image (a) and coronal maximum

intensity projection (b) were examined with the 70-kVp protocol with 40ml of contrast medium. Effective dose was 2.2mSv (mean

tube current time product: 366mAs and volumetric CT dose index: 6.1mGy). Bilateral pulmonary embolism was diagnosed

(white arrows).

Full paper: 70 kVp/40ml of CM simultaneous acquisition dual-source CTPA BJR
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a dual-source 70-kVp protocol with simultaneous acquisition

mode. Although a dual-source simultaneous acquisition CTPA

protocol was performed just as in our study, 70ml of

300mgIml21 CM was used. Mean attenuation values of the PT

were slightly higher than that in this study (4906 148HU),

which is most likely the result of the larger amount of CM (1.75

times the amount used in this study), resulting in a higher io-

dine delivery rate (1200mgI s21, overall iodine load 21 g).16

Although it has been reported that the image quality for 70 kVp

was comparable with that for 100 kVp, a limitation of their study

was the missing data on height, weight and BMI, which restrict

comparison with our results. Furthermore, no statement can be

made from their study about the feasibility of further CM re-

duction in 70-kVp CTPA using the SimDS mode, which is

demonstrated in our study.

The downside of the CT dual-source simultaneous acquisition

mode arises from its major strength: the simultaneous acquisition

enables high X-ray tube outputs but also limits the pitch factor.

While the high-pitch factor provided by modern CT scanners has

led to feasibility of CTPAwith 20ml of CM when using a test bolus

scan, the reduction of CM may be limited in SimDS acquisition

mode, owing to the short bolus transit time.22 Even with perfect

timing using bolus triggering or a test bolus, the CM bolus may

not be too small to enable scanning at a low pitch. Nevertheless,

using 40ml of CM was feasible in our study and led to diagnostic

image quality in patients with a BMI of up to 35 kgm22.

It would be possible to decrease the injection rate or dilute the CM to

increase the length of the CM bolus transit time; however, both

methods are limited by the resulting reduction of image quality. For

further studies, reduction of injection rate in combination with

a higher iodine concentration CM could be used to extend the CM

bolus transit time without reducing vascular attenuation and therefore

maintaining image quality, when using the simultaneous acquisition

dual-source mode in patients who are overweight and obese.

This study has certain limitations. Since initial results are

reported, the number of patients is limited. Further prospective

studies with larger cohorts have to be performed to confirm the

results presented here, including larger subgroups with patients

who are extremely obese. Subjective image quality was rated by

two independent readers, but we did not assess intrareader

variability. As this was a retrospective study, no interindividual

comparison was available. Because we wanted to use a high-

pitch protocol with ATPS for comparison in this study, acqui-

sition parameters between both protocols are diverse. Therefore,

our results in regard to dose reduction may not be generalizable

to other CTPA protocols. Nevertheless, high-pitch protocols

have been described for CTPA,19,21 and our main goal was to

show the feasibility of 70-kVp CTPA using the low-pitch dual-

source simultaneous acquisition mode in patients with a BMI up

to 35 kgm22. We did not evaluate the extent of chest coverage of

both protocols and the impact on secondary findings. The sec-

ond detector of the herein used dual-source CT scanner has an

x–y width of 33.2 cm. Thus, using the high-pitch dual-source

protocol, reconstruction is limited to a circular field of view of

about 33 cm in the centre of the gantry. In the low-pitch si-

multaneous acquisition mode, the whole field of view is covered

by the first (larger) detector. Full dose and full image quality are

available only at the central 33-cm field of view. This limitation

is partly compensated by the fact that image noise in CT

examinations is generally lower in the periphery than at the

centre. Although we did not include a detailed evaluation of

volume coverage and its impact on secondary findings, all

subsegmental pulmonary vessels were visible in all patients.

Correct placement of the patient at the centre of the gantry can

minimize the risk of incomplete coverage of parts of the chest.

This has to be kept in mind when using the dual-source ac-

quisition technique in chest CT.

CONCLUSION

In conclusion, the 70-kVp dual-source CTPA protocol using si-

multaneous acquisition of both X-ray tubes with 40ml of CM is

feasible in patients with a BMI up to 35kgm22 and allows for

a reduction of radiation dose by almost 50% and a reduction of CM

dose by 40% compared with a spiral acquisition high-pitch CTPA

protocol with ATPS, while maintaining diagnostic image quality.

Figure 4. (a) A 76-year-old female patient [height 173cm, 80kg and body mass index (BMI) 26.7 kgm22] with suspected pulmonary

embolism. The patient was examined with the high-pitch protocol (Group B) with 100kVp. Pulmonary embolismwas detected in the

right lower lobe segmental arteries (white arrows). (b) A 74-year-old female patient (158cm, 56kg and BMI 22,4kgm23) with

D-dimers above 30 and suspected pulmonary embolism. The patient was examined with the 70-kVp dual-source CT pulmonary

angiography protocol (Group A). Bilateral central pulmonary embolism was detected (white arrows).

BJR Boos et al
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To evaluate the accuracy of size-specific dose estimate (SSDE) calculation from center slice with water-equivalent diam-
eter (Dw) and effective diameter (Deff). A total of 1812 CT exams (1583 adult and 229 pediatric) were included in this
retrospective study. Dw and Deff were automatically calculated for all slices of each scan. SSDEs were calculated with
two methods: (1) from the center slice; and (2) from all slices of the volume, which was regarded as the reference stand-
ard. Impact of patient weight, height and body mass index (BMI) on SSDE accuracy was assessed. The mean difference
between overall SSDE and the center slice approach ranged from 2.0 ± 1.7% (range: 0–15.5%) for pediatric chest to 5.0
± 3.2% (0–17.2%) for adult chest CT. Accuracy of the center slice SSDE approach correlated with patient size (BMI: r
= 0.15–0.43; weight r = 0.26–0.49) which led to SSDE overestimation in small and underestimation in large patients.
SSDE calculation using the center slice leads to an error of 2–5%; however, SSDE is underestimated in large patients
and overestimation in small patients.

INTRODUCTION

Volumetric computed tomography dose index (CTDIvol)
and the dose length product (DLP) are common
metrics of computed tomography (CT) scanner radi-
ation dose output and are widely used for radiation
dose reporting(1, 2). However, CTDIvol is calculated
based on phantom measurements using a 16 or 32 cm
cylindrical phantom and DLP is calculated by multi-
plying CTDIvol by the scan length. Thus, both values
only account for the scanner output while the patient
radiation exposure also depends on the patient size
and attenuation(3–5).
The American Association of Physicists in Medicine

(AAPM) has introduced the size-specific dose estimates
(SSDE) method to correct CT scanner output values
for patient size. This can be achieved by measuring the
effective diameter (Deff)(4) or the water-equivalent
diameter (Dw)(5). SSDE are commonly used as a dose
metric in recent studies(6–12) and local dose reference
values based on SSDE have been developed(13).
Acquiring patient diameters and SSDE on a slice-

by-slice basis manually is time intensive, and auto-
matic methods are currently not widely available(14).
Additionally, the entire axial CT scan volume is
required. To simplify the diameter measurements
and thus SSDE calculation, diameter measurements
in the center slice of the scan volume were proposed
to be used for SSDE calculation(15).
Body shape and distribution of different body tis-

sues (and thus attenuation) vary between patients of

different ages and sizes and may lead to a large dif-
ference of SSDE values when calculated with the
center slice only. Initial studies reported an excellent
interpatient SSDE variability of 2–9% when per-
formed with the center slice diameters of the scan
compared to the slice-by-slice approach in adult
patients(3). Although the authors of(3) included a wide
range of adult patient sizes, the number of patients
was limited and the value of the center slice approach
for pediatric patients remains unknown.
Therefore, the goal of our study was to evaluate

accuracy of the center slice approach and to quantify
the impact of patient size on accuracy of SSDE values
based on center slice Dw and Deff in a large collective.

METHODS

Patients

This retrospective study was approved by the local
ethics committee. In our institution, patient height
and weight are routinely documented by the tech-
nologist in the Digital Imaging and Communication
(DICOM) header at the time of the scan. Axial
volumes of consecutive abdominal and chest CT
scans in adult patients with documented patient
height and weight from the time of the CT study in
the DICOM header performed between 06/2015 and
03/2016 were extracted from the PACS. Pediatric
abdominal and chest CTs performed between 10/
2011 and 05/2016 with available height and weight
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were exported. Patients were screened for inconclu-
sive entries of height or weight, which was con-
sidered an exclusion criterion of the study. CT
studies performed under the abdominal or chest
protocol name but consisting of different scan areas
were also excluded (Figure 1). Body mass index
(BMI) was calculated using the formula BMI =

weight/height2. CTDIvol of the scan series and
CTDIvol of every slice were obtained from the
DICOM headers and the radiation dose structured
reports.

Technical parameters

Scan series were performed on three different multi-
slice CT scanners with 64–128 slices (Definition AS+;
Definition Flash; Definition AS with sliding gantry,
Siemens Healthineers, Erlangen, Germany). Scan
region of the abdomen included the diaphragm to the
mid femoral neck. Scan region of the chest CT
included the thoracic apex to the base of the liver.
Contrast- and non-contrast scans were included in this
study. Automated tube current modulation (CareDose
4D, Siemens Healthineers) was activated in all scans.

Automatic method to obtain patient dimensions

An automatic approach using the MATLAB environ-
ment (version R2014a, The Mathworks, Natick, MA)
was used to calculate lateral diameter (Dlat), anterior–
posterior diameter (Dap), Dw and Deff. Axial
DICOM images were exported to an offline worksta-
tion. In each image, the patient was segmented using
automatic thresholding and filling of air-containing
areas. The largest connected area in each image was
used for further evaluation, thus eliminating the

examination Table from the images. Deff was calcu-
lated using the automatically obtained Dlat and
Dap(4):

= ( * ) ( )Deff Dlat Dap 1

For the calculation of Dw, the following properties
of the segmented body area were used: Mean
Hounsfield number (meanHU) and area (calculated
using the number of pixels and the pixel-spacing
attribute from the DICOM header) according to
AAPM recommendations(5). The pixel-spacing attri-
bute represents the physical distance between the
center of adjacent pixels. The area represents the
physical area of the body in the slice and is calcu-
lated by multiplying the number of pixels of the ROI
by pixel spacing.

= * (( * + ) * π)

( )

Dw 2 1/1000 meanHU 1 area/

2

Validation of the image segmentation algorithm

To validate the institutional image segmentation algo-
rithm, two radiologists (J.B. and N.H.) with 5 and 3
years of experience in radiology independently reviewed
100 randomly chosen segmentation slices from 100 con-
secutive CT examinations. Image segmentation accuracy
was rated on a 5-point scale: 5—perfect segmentation,
no false segmentation; 4—very good segmentation, no
relevant false segmentation; 3—good segmentation, only
minimal false segmentation; 2—imperfect segmentation
with distinct parts of false segmentation; 1—complete
failure of segmentation.

Figure 1. Standards for reporting of diagnostic accuracy (STARD) graph of the patient collective in this study.
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Calculation of SSDE

SSDE calculation was performed with Octave (ver-
sion 4.0.1, John W Eaton and others, www.octave.
org). The number of slices of the scan volume and
the number of the center slice of the scan volume
were calculated in all patients. SSDE values were cal-
culated with two methods in this study:
(1) SSDE values were calculated for the overall

scan volume with a slice-by-slice approach, which
was regarded as the reference standard. SSDE values
were determined automatically according to AAPM
recommendations(4) and previous studies(3) by using
the Dw and Deff of every slice to obtain a respective
conversion factor with the formula:

= * (− * ) ( )e x

conversion factor

3. 704369 0. 03671937 3

with x being the mean Deff or Dw of the scan vol-
ume, respectively(5). The conversion factor was
multiplied with CTDIvol of the respective slice to
obtain the SSDE value of the slice. SSDE values
from all slices were averaged to calculate the overall
SSDE value of the scan series.
(2) SSDE values were calculated using the center

slice approach(3, 15). Center slice diameters were used
to obtain the conversion factors, which was then
multiplied with mean CTDIvol of the whole exam to
obtain SSDE values.
All calculations were performed with Dw and

Deff separately, thus we obtained four SSDE values
per patient: (1) SSDE from Deff and SSDE from
Dw calculated with diameters and CTDI values
from all slices and (2) SSDE from Deff and SSDE
from Dw calculated with the diameters from center
slice. The absolute difference between the slice-by-
slice SSDE values and the center slice SSDE values
was calculated for every CT scan. The mean absolute
difference between the overall and the center slice
approach and the mean absolute relative difference
(in percent) across all patients were calculated.

Analysis of accuracy

The accuracy of the center slice approach compared
to the slice-by-slice approach was compared in adult
and pediatric chest and abdominal CT for Dw and
Deff. The influence of patient characteristics such as
height, weight and BMI on the accuracy of the center
slice SSDE approach were assessed. Patients with a
difference of more than 10% between the center slice
approach and the slice-by-slice approach were ana-
lysed in detail. Adult abdominal CT examinations in
which the entire body circumference was in the field
of view were analysed separately.

Data analysis

All data is given as mean ± standard deviation. 95%
Confidence intervals (95% CI) are provided wherever
appropriate. Pearson correlation was performed to
compare the different SSDE approaches. Normally
distributed variables were compared using Student’s
t-test. Mann–Whitney U test was used as a non-
parametric test. Fleiss kappa was calculated for inter-
observer agreement. The level of significance was set
to p < 0.05.

RESULTS

Patient characteristics

A total of 1812 CT scan series including 1583/1812
(87.4%) CT scans of adult patients (age = 61.5 ± 15.7,
range: 18–94 years) and 229/1812 (12.6%) CT scans of
pediatric patients (age = 9.3 ± 5.0, range: 0.01–17
years) were included in this study (Figure 1). Patient’s
size included a wide spectrum of BMIs (range:
10.3–74.1 kg/m2). Patient characteristics are shown in
Table 1. The entire body circumference was in the field
of view in all slices of the scan volume in 249/1195
(20.8%) adult abdominal CT scans, 22/388 (5.7%)
adult chest CT scans, 2/26 (7.7%) pediatric abdominal
and 1/203 (0.5%) pediatric chest CT scans.

Validation of the image segmentation algorithm

Segmentation was excellent (median: 5, IQR = 4–5).
There was no false segmentation in any of the reviewed
CT exams. 95% of all segmentations were rated perfect
or very good. Agreement for the ratings was good (k =

0.71).

Diameter measurements

Mean Dw was 29.6 ± 3.7 cm (range: 19.8–45.1 cm) in
adult patients and 19.2 ± 3.8 cm (range: 8.6–31.4 cm)
in pediatric patients (Table 1). Correlation between
overall Dw and overall Deff was strong (r = 0.99 for
pediatric and adult abdominal CT, r = 0.98 for pedi-
atric and adult chest CT). On average, the difference
in center slice Dw and Deff was 3.2 ± 1.1%
(0–10.2%) for adult abdominal CT, 4.6 ± 2.4%
(0–8.6%) in adult chest CT, 2.0 ± 1.6% (0–4.6%) in
pediatric abdominal CT and 4.9 ± 5.4% (0–24.6%) in
pediatric chest CT.

Accuracy of the center slice approach

There was a strong correlation between SSDE values
calculated with center slice diameters and the reference
standard for both, Dw and Deff (Table 2, Figure 2).
Using Dw, the mean relative absolute difference
between the center slice approach and the slice-by-slice
approach was smallest for pediatric chest CT (2.0 ±
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1.7%, 95% CI: 1.8–2.2%) and largest for adult chest
CT (5.0 ± 3.2%, 95% CI: 4.7–5.3%) (Table 3,
Figures 3–5). The largest outliers were found for adult
abdominal CT (Deff: 31.0%, Dw: 30.5% difference).
In pediatric CT, the largest difference between both
SSDE methods was found for chest CT (15.5% differ-
ence with Dw) (Table 3).
The accuracy of the center slice approach was fair to

moderately correlated with the patients BMI and
weight. BMI showed a stronger correlation in adult
patients (adult abdominal: r = 0.43, adult chest: r =

0.28; pediatric abdominal: r = 0.24, pediatric chest: r =
0.15) andweight in pediatric patients (adult abdominal:
r = 0.41, adult chest: r = 0.33; pediatric abdominal: r =
0.49, chest: r = 0.26) (Figures 3–5). In adult abdominal
CT the center slice approach showed a tendency to
overestimate SSDE in small patients and underesti-
mated SSDE in large patients (correlation with BMI: r
= 0.26, p < 0.001)(Figure 6). There was no significant
correlation between the error caused by the center slice
approach and patient BMI in adult chest and pediatric
CT (adult chest: r = 0.09, p = 0.08; pediatric abdom-
inal: r = 0.04, p = 0.85; pediatric chest: r = 0.05, p =

0.76).
Correlation coefficients were comparable in

abdominal CT of patients in which the entire body
circumference was in the FOV (correlation between
center slice SSDE_Dw and all slices SSDE_Dw: r =
0.98; correlation of BMI with the accuracy of the
center slice method: r = 0.46).

Effective vs water-equivalent diameter

Overall SSDE based on Deff had a strong correlation
with overall SSDE based on Dw in adult abdominal (r
= 0.999), adult chest (r = 0.996), pediatric abdominal
(r = 0.999) and pediatric chest CT (r = 0.998) (all p <

0.001) (Figure 7). Deff led to significantly smaller
SSDE values in adult (6.5 ± 2.2 vs 7.1 ± 2.2mGy)
and pediatric (2.2 ± 1.1 vs 2.4 ± 1.2mGy) chest CT
(both p < 0.001) while there was no difference for
abdominal CT (p > 0.05 for both) (Table 3). Accuracy
of the center slice approach was similar for Deff and
Dw in adults and pediatric patients and chest and
abdominal CT (Table 3).

Outlier analysis

A difference of more than 10% was found in 40/1195
(3.3%, 95% CI: 2.3–4.3%) adult abdominal CTs, 23/
388 (5.9%, 95% CI: 3.6–8.2%) adult chest CTs, 0/26
(0%, 95% CI: 0–13.2) pediatric abdominal CTs and 2/
203 (1.0%, 95% CI: 0–2.4%) pediatric chest CTs. More
adult abdominal CTs had a difference of more than
10% when center slice Deff was used to calculate
SSDE (53/1195, 4.4%, 95% CI: 3.2–5.6%) (p < 0.001)
while less adult chest CTs had a difference of more
than 10% (4/388, 1.0%, 95% CI: 0–2.0%) (p < 0.001).
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Adult patients that underwent abdominal CT and had
a SSDE deviation of more than 10% had a higher
weight and BMI than patients with a difference of less
than 10% (weight = 86.2 ± 21.7 kg, range: 54–180 kg
vs 78.3 ± 19.3 kg, range: 36–183 kg; p = 0.03; BMI =
29.0 ± 6.2 kg/m2, range: 19.6–52.6 kg/m2 vs 26.1 ±

5.8 kg/m2, range: 14.2–74.1 kg/m2; p = 0.007). There

was no difference for height (172.3 ± 9.5 vs 172.7 ±

9.6 cm, p = 0.76). In adult chest CT, weight, height
and BMI were similar in patients with difference of
more than 10% between both methods. The only chil-
dren with a difference above 10% underwent abdom-
inal CT, were 2 and 4 years old, 102 and 125 cm tall,
and both weight 25 kg.

Table 2. Correlation coefficients between size-specific dose estimate (SSDE) values calculated with the center slice diameters
and SSDE calculated with the overall mean diameter obtained by the slice-by-slice SSDE approach.

Effective diameter Water-equivalent diameter

Adult
Abdominal 0.995 0.995
Chest 0.995 0.985

Pediatric
Abdominal 0.998 0.997
Chest 0.999 0.999

Figure 2. Correlation between the center-slice and the slice-by-slice SSDE approach in pediatric CT using water-equivalent
diameter. (A) Correlation in chest CT. (B) Correlation in abdominal CT.
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DISCUSSION

In this study, we demonstrated a high accuracy of
the center slice SSDE approach for adult and pediat-
ric abdominal and chest CT with a mean relative
absolute difference of 2–5%. The accuracy of the
center slice approach was correlated with patient
size, especially in adult abdominal CT. Our results
indicate that a higher error has to be expected in lar-
ger patients and that radiation dose is overestimated
in small patients and underestimated in large
patients when using the center slice approach.
Depending on patient age and body region, the dif-
ference between center slice SSDE approach and the
reference standard exceeded 10% in 0–6% of
patients.
The center slice SSDE approach with Dw led to a

relative mean absolute difference of 2–5% compared
to the reference standard. This is comparable to pre-
viously reported values for adult patients in chest
(6%) and abdominal (3%) CT(3) and to systems
based on the scout images(16). Additionally, we
found that using the center slice SSDE method was
slightly more accurate in pediatric patients, which
was not evaluated in previous studies. However, the
difference between the center slice approach and the
reference standard was up to 8mGy/31% of the
SSDE value in single cases.
We found a moderate correlation between the

absolute difference between center slice and slice-by-
slice method per patient and patient BMI and body
weight. Thus, in larger patients a lower accuracy of
the center slice SSDE method has to be expected.
Previous studies demonstrated a good correlation of
SSDE with patient size metrics(17–19). However, the
impact of patient size on the accuracy of the
reported SSDE values when obtained by center slice
approach was not part of prior studies. Of note, we
found a tendency for underestimation of SSDE in
patients with a high BMI whereas SSDE were over-
estimated in patients with a low BMI in abdominal
CT. This indicates that in very slim or very large
patients, the center slice SSDE approach may lead to
a systematic error in SSDE calculations. Although
our and previous(3) results demonstrate the high
accuracy of the center slice SSDE approach, asses-
sing Dw from more than one (e.g. center) slice is
preferable for SSDE calculation, at least in very
small and large patients. This may become especially
important when cumulative doses over time are
monitored, as the error will constantly distort
patients SSDE.
The center-slice SSDE method led to a mean rela-

tive absolute difference of 2.1% in pediatric abdom-
inal and chest CT. The center slice approach has
been used with Deff(17, 18), however, the accuracy of
the center slice Dw for SSDE calculation in pediatric
patients has not been reported. Our results indicate
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that Dw can be used in pediatric abdominal and
chest CT which may improve accuracy of radiation
dose calculations in pediatric patients.
Automated calculation of Dw has been reported

before(3, 7) and reliably worked in all patients in our
study. Of note, only in a small percentage of patients,
the entire outer body circumference was in the field of
view on all CT-slices. Previous studies(3) only included
patients in which the entire anatomy was not trun-
cated. However, our results demonstrate that this is
not typically the case in clinical routine. In chest CT,

the shoulders typically exceed beyond the field of
view(20) and particularly in very large patients, a smal-
ler field of view may be chosen to improve the spatial
resolution. The small field of view may lead to under-
estimation of Dw and Deff and thus an overesti-
mation of SSDE. Therefore, having at least one
reconstruction with the entire body circumference in
the field of view is desirable. However, we found
accuracy of the center slice approach to be compar-
able in patients with and without the entire body cir-
cumference in the field of view. In clinical routine

Figure 3. Adult abdominal CT: correlation between body mass index (BMI, x-axis) and the absolute difference between
center slice SSDE values and slice-by-slice SSDE values (in mGy, y-axis) for effective diameter (A) and water-equivalent

diameter (B).
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without an additional reconstruction with a large field
of view one has to be aware that due to the smaller
diameter measurements the overall SSDE value will
be an overestimation of the true radiation dose in
these cases.
Dw had a strong correlation with Deff in adult

and pediatric chest and abdominal CT with correl-
ation coefficients of r = 0.98–0.99. However, on
average, Deff and Dw of the center slice differed by
2–5% which was more pronounced in chest CT
where it led to significantly lower SSDE values

compared to Dw. Our results are in accordance to
previous studies(8, 17) that showed a good correl-
ation between Dw and Deff. Although Dw and Deff
can be used to calculate SSDE, Dw is regarded the
reference standard(5) because Deff may lead to
inappropriate results, especially in chest CT. The air
in the lungs (or in other parts of the body) can lead
to a higher central radiation dose which will not be
accounted for when using Deff(5, 7, 15). As Dw is
based on attenuation, air within the body is properly
included into this patient size metric leading to a

Figure 4. Adult chest CT: correlation of body mass index (BMI, x-axis) and the absolute difference per patient
between center slice SSDE values and slice-by-slice SSDE values (in mGy) for effective diameter (A) and water-equivalent

diameter (B).
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smaller Dw compared to Deff and thus a higher
SSDE value.
Our study has limitations. A retrospective study

design was used. Most of the included patients were
adults that underwent abdominal CT, therefore ana-
lysis of CT examinations with the entire body cir-
cumference in the field of view could only be
performed in these patients. Due to the herein found
low mean error between both SSDE methods, the
relatively small number of included adult chest CT
examinations and pediatric examinations may have
influenced our results. Patient’s height and weight

were documented by the technician at the time of
the CT scan. Inconclusive entries in which the true
height and weight at the time of the CT study could
not be determined were excluded from this study.
BMI is an imperfect descriptor for patient size and
may be inaccurate in some patients groups (e.g. pedi-
atric patients, very old patients, short or tall patients
or very muscular patients). Therefore patient weight
was also used in pediatric patients. Size descriptors
that include fat and muscle volume of the patients
may be more accurate, however, BMI is commonly
used as a descriptor for patient size. To overcome

Figure 5. Pediatric chest (A) and abdominal (B) CT: correlation of body weight (x-axis) and the absolute difference per
patient between center slice SSDE values and slice-by-slice SSDE values (in mGy) for water-equivalent diameter.
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this limitation in pediatric patients we also used
body weight as a size descriptor, which is in accord-
ance with previous studies(18). All radiation dose
values are scanner indicated and we did not perform
phantom measurements. The formula used in our
study for calculation of the conversion factors was
initially obtained for a 32 cm phantom and 120 kVp,
however, it is also recommended for other tube vol-
tages by the AAPM(4, 5). The German Federal
Office for Radiation Protection recommends a 32 cm

phantom when performing pediatric abdominal and
chest CT(21), however, other institutions may use a
16 cm phantom and the corresponding formula(4, 5)

for which the results may differ. The herein used
automatic method to calculate Dw was not verified
using a second method. All diameter calculation
were made from the axial CT images and we did not
evaluate the accuracy of scout images for SSDE cal-
culation. However, axial images are recommended
by the AAPM.

Figure 6. Relative SSDE difference between the center slice approach and the reference standard in adult chest CT (A)
and abdominal CT (B). The x-axis displays the body mass index and the y-axis displays the relative SSDE difference.
Negative values mean that the center slice approach overestimated SSDE whereas positive values mean that the center slice

approach underestimated SSDE.

17

ACCURACY OF CENTER-SLICE SSDE-CALCULATION

Downloaded from https://academic.oup.com/rpd/article-abstract/178/1/8/3854692
by Universitaetsbibliothek Duesseldorf user
on 29 May 2018



In conclusion, the center slice SSDE approach led to
a mean relative absolute error of 2–5% in pediatric and
adult abdominal and chest CT. Dw leads to higher
SSDE values compared to Deff in chest CT. The accur-
acy of the center slice approach was related to patients
BMI and weight with a tendency to underestimate
SSDE in large patients and overestimate SSDE in
small patients. Calculation of Dw from more than just
the center slice is beneficial to improve SSDE accuracy,
especially in very small and very large patients.
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Abstract

Size-specific institutional diagnostic reference levels (DRLs) were generated

for chest and abdominopelvic computed tomography (CT) based on size-

specific dose estimates (SSDEs) and depending on patients’ water-equivalent

diameter (Dw). 1690 CT examinations were included in the IRB-approved

retrospective study. SSDEs based on the mean water-equivalent diameter of

the entire scan volume were calculated automatically. SSDEs were analyzed

for different patient sizes and institutional DRLs (iDRLS; 75% percentiles)

based on Dw and SSDEs were generated. iDRLs were compared to the

national DRLs. Mean volumetric computed tomography dose index (CTDI-

vol), Dw and SSDEs for all 1690 CT examinations were 7.2±4.0 mGy

(0.84–47.9 mGy), 29.0±3.4 cm and 8.5±3.8 mGy (1.2–37.7 mGy),

respectively. Overall, the mean SSDEs of all CT examinations were higher

than the CTDIvol in chest CT, abdominopelvic CT and upper abdominal CT,

respectively (p<0.001 for all). There was a strong linear correlation between

Dw and SSDEs in chest (R2
=0.66), abdominopelvic (R2

=0.98) and upper

abdominal CT (R2
=0.96) allowing for the implementation of size-specific

institutional DRLs based on SSDEs and patients’ Dw. We generated size-

specific, Dw-dependent institutional DRLs based on SSDEs, which allow for

easier and more comprehensive analyses of CT radiation exposure. Our results

indicate that implementation of SSDEs into national DRLs may be beneficial.
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Introduction

National and institutional diagnostic reference levels (DRLs) are commonly used for quality

assurance in radiology departments [1–3]. For national DRLs (nDRLs), a volumetric com-

puted tomography dose index (CTDIvol) and a dose length product (DLP) are provided for a

CT scan of a body region and can be used as guidance to review institutional CT radiation

application [2, 4, 5].

The frequently used DRL method in which a single CTDIvol and DLP value is provided

per anatomic region has three major drawbacks. First, the CTDIvol (and thus the DLP) is not

a measurement but a calculated value based on phantom measurements using a 16 cm or

32 cm cylindrical phantom. However, CT radiation exposure is influenced by the patient’s

size and therefore the size-specific dose estimate (SSDE) concept has been introduced by the

American Association of Physicists in Medicine (AAPM) [6, 7]. Initial studies produced

institutional DRLs (iDRLs) based on SSDE [8].

Second, nDRLs are provided for an average-sized patient, and patient characteristics such

as weight or body mass index (BMI) are necessary to interpret CT dose data from single

examinations. This may impede analysis of a questionable CT dose application. Therefore,

size-dependent DRLs based on BMI or diameter measurements have been proposed [9, 10].

Third, the currently used CT dose metrics have a very high variability when using

automatic exposure control systems. Therefore a large sample size is required to properly

analyze CT dose data [11].

SSDEs can be calculated based on the effective diameter (Deff) or the water-equivalent

diameter (Dw), the latter being the preferred method. The feasibility of automated assessment

of Dw has been shown [12, 13]. While recording the patient’s metrics such as weight or BMI

may be time consuming, automated assessment of Dw and SSDE allows for a fast and

comprehensive method which can enable implementation of size-specific iDRLs.

Therefore, the goal of our study was to produce iDRLs based on SSDEs that depend on

patients’ Dw, which allow for an easier and more comprehensive analysis of CT dose output

compared with DRLs that are tailored to an average-sized patient.

Methods

This retrospective study was approved by the institutional review board. All CT examinations

from the three institutional multi-detector CT scanners (Definition Flash with 128 slices,

Definition AS+with 128 slices, Definition AS with sliding gantry with 64 slices, Siemens

Healthineers, Forchheim, Germany) performed between July 2016 and November 2016 were

included. 15370 CT examinations were performed during the study period. Exclusion criteria

were pediatric CT examinations, CT protocols that were not assigned to the body regions

‘chest’, ‘abdominopelvic’ or ‘upper abdomen’, and CT examinations with truncated images.

All low dose CT protocols were excluded (figure 1). Therefore, 1690 CT examinations (300
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upper abdominal CT examinations, 470 chest CT examinations, 920 abdominopelvic CT

examinations) were included in the analysis.

CT protocols

CT protocols for chest, upper abdomen and the entire abdomen were included in the study.

The scan volume of the institutional standard CT protocols included the upper chest aperture

to the base of the diaphragm in chest CT, the lower lungs to the base of the liver in upper

abdominal CT and the upper edge of the liver to the symphysis in abdominopelvic CT. The

scan volume of upper abdominal CT may vary due to the indication of the examination. CT

examinations were performed in spiral mode with or without intravenous contrast material

(Omnipaque, GE Healthcare, Munich, Germany) depending on the indication. Automated

tube current modulation (CareDose 4D, Siemens Healthineers, Forchheim, Germany) and

automated tube voltage selection (CareKV, Siemens Healthineers, Forchheim, Germany)

were activated in all examinations. Five different strength levels (‘very weak’, ‘weak’,

‘average’, ‘strong’ or ‘very strong’) can be selected when using the CareDose 4D (Siemens

Healthineers, Forchheim, Germany). In our institution, the level ‘average’ is used for all CT

scanners and for all body regions. Scan parameters are listed in table 1. Images were

reconstructed with a medium level of iterative reconstruction (SAFIRE Level 3, Siemens

Healthineers, Forchheim, Germany) when performed on the Definition AS+or Flash CT

scanner and with filtered back projection on the Definition AS (sliding gantry) CT scanner. A

32 cm phantom was used for CTDIvol calculation in all scans.

CT dose monitoring and calculation of water-equivalent diameter and SSDEs

Automated CT dose monitoring based on the Digital Imaging and Communications Radiation

Dose Structured Report (DICOM-RDSR) was used to obtain the CT dose data and technical

parameters (DoseIntelligence, Pulmokard, Herdecke, Germany) including CTDIvol, DLP,

pitch, mean tube current time product, tube voltage, scan length, anatomic region, phantom

size and CT protocol [3]. Height and weight of the patient were automatically stored in the

Figure 1. Flowchart of our study population according to the Standards for Reporting
Diagnostic Accuracy (STARD) initiative.
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DICOM-RDSR at the time of the CT examination if they were available in the electronic

patient records. Assignment of CT protocols to body regions (which was necessary for

comparison to national DRLs) was performed manually by one radiologist (J B, with four

years of experience in radiology).

CT protocols that were assigned to the anatomic region ‘abdominopelvic’ included CT

angiography (reference tube current time product (ref. mAs) by institutional SOP, CT Defi-

nition Flash and Definition AS+/CT Definition AS with a sliding gantry: 160/220 mAs) as

well as non-contrast (ref. mAs 120/150 mAs) or contrast-enhanced routine abdominopelvic

CT (ref. mAs. 166/207 mAs). CT protocols that were assigned to the anatomic region ‘chest’

included routine chest CT with (110/140 mAs) or without (ref. mAs 60/140 mAs) contrast

medium and CT angiography of the pulmonary arteries (ref. mAs 135/160 mAs). CT pro-

tocols that were assigned to the anatomic region ‘upper abdomen’ included liver CT (ref. mAs

166/207 mAs), renal CT (ref. mAs 166/207 mAs), non-contrast adrenal CT (ref. mAs 120/
200 mAs), pancreatic CT (ref. mAs 166/207 mAs) and non-contrast (ref. mAs 120/150 mAs)

or contrast-enhanced (ref. mAs 166/207 mAs) routine upper abdominal CT.

SSDE calculation was performed automatically for every CT examination after the scan.

For SSDE calculation, the entire scan volume was automatically transferred to a post-pro-

cessing server immediately after the CT examination. Dw from every slice of the CT scan was

obtained automatically by using a previously validated self-developed algorithm and the

Matlab environment (version R2015, The Mathworks, Natick, MA, [14]). The algorithm

consists of different steps. (1) The CT table is removed by using a three-dimensional analysis

approach. (2) The image is binarized and a threshold of −144 HU is used to identify air-filled

pixels and to detect the outer body circumference. At this step, truncated CT examinations

were identified by the analysis of pixels other than air (density of >−144 HU) adjacent to the

outer border of the field of view. The number of pixels with >−144 HU at the outer border of

the field of view was automatically calculated and examinations with an average number of

more than 100 non-air pixels per CT slice were excluded. A small number of 100 pixels per

slice was selected to ensure that truncation of the CT examinations did not influence our

results. (3) The water-equivalent diameter was calculated according to the AAPM guidelines

[6, 7]. The AAPM conversion factor was calculated for each slice using Dw and the formula

Table 1. CT scan parameters.

Chest

CT (n=470)

Upper abdominal

CT (n=300)

Abdominopelvic

CT (n=920)

Pitch factor 0.6 0.6 0.6

Number of examinations at

a tube voltage (n)

80 kVp 24 1 0

100 kVp 355 280 824

120 kVp 91 19 94

140 kVp 0 0 2

Single collimation (mm) 0.6 0.6 0.6

Effective tube current time

product (mAs)a
219±147

(43–557)

217±99 (62–631) 219±81 (80–617)

Tube rotation time (s) 0.3 0.5 0.5

Automated tube current

modulation strength level

Average Average Average

a
Data provided as mean±standard deviation, range in parentheses.
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provided in Report 204, appendix A [6, 7]. The conversion factor was then multiplied with

the CTDIvol of the corresponding slice to obtain the SSDE of the slice. The SSDE of the

examination was the mean SSDE of all slices. After the automated calculation of the SSDE

with our algorithm, the Dw and SSDE were stored in the institutional CT dose monitoring

software (DoseIntelligence, Pulmokard, Herdecke, Germany).

Calculation of iDRLs and data analysis

For assessment of iDRLs, patients with the same Dw were categorized into 1 cm water-

equivalent diameter bins and the SSDE per Dw bin was calculated for each body region.

Analysis was performed by one radiologist (J B). Dose data was only obtained for a Dw bin

when at least five examinations were available (chest: 21–34 cm bins; abdominal: 22–36 cm

bins; upper abdominal CT: 23–36 cm bins). As recommended by the International Com-

mission on Radiological Protection, the 75th percentile of the SSDE was regarded as the

upper limit of the iDRL and the 25th percentile was chosen as the lower limit [15]. Variability

of CTDIvol and SSDEs between different CT protocols assigned to the same body region was

evaluated. As current German national DRLs are only provided for CTDIvol (and not as

SSDEs) and for an average size patient (defined as 70±3 kg), the CTDIvol of an average

size patient as determined by Dw was compared to the nDRLs [16]. The number of CT

examinations exceeding the nDRLs and the size-specific iDRL were compared. Paired values

were compared using a paired t-test. A chi-squared test was used to compare proportions.

Linear regression was used to produce institutional DRLs based on patient Dw. All data is

given as mean±standard deviation with range or median with interquartile range (IQR). A

p-value<0.05 was considered to indicate statistical significance.

Results

Patient characteristics

1690 CT examinations (300 upper abdominal CT examinations, 470 chest CT examinations,

920 abdominal CT examinations) were included in the study (618 men, 1072 women). Mean

patient age was 62.8±14.7 years (range 18–96 years). Weight and height were available in

490/1690 (29.0%) patients (weight 75.5±16.4 kg (42–145 kg), height 171.4±9.3 cm

(150–197 cm), BMI 25.6±4.5 kg m−2
(14.0–45.8 kg m−2

)). The average water-equivalent

diameter was 29.0±3.4 cm (15.9–41.1 cm) (table 2). There was a significant correlation

between BMI and Dw (r=0.34, p<0.05).

CT dose parameters

Mean CTDIvol across the three body regions was 7.2±4.0 mGy (0.84–47.3 mGy), mean

DLP was 270.1±192.2 mGy cm (11.2–1633.6 mGy cm) and mean SSDE was

8.5±3.8 mGy (1.2–37.7 mGy). CT dose parameters per body region and per Dw bin are

listed in tables 2 and 3. SSDEs were significantly higher than CTDIvol in chest CT, abdo-

minopelvic CT and upper abdominal CT (table 2; all p<0.0001).

iDRL

SSDE linearly increased with increasing Dw (figures 2–4). There was a very strong corre-

lation of SSDE and Dw with high coefficients of determination in abdominopelvic CT

(R2
=0.98), in upper abdominal CT (R2

=0.96) and in chest CT (R2
=0.66). The high
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coefficients of determination in all three body regions demonstrate the feasibility of using Dw

and SSDEs to produce size-specific iDRLs when using automated tube current modulation.

Median SSDEs increased by 0.5 mGy per additional cm Dw in abdominal and upper

abdominal CT and by 0.6 mGy per additional cm Dw in chest CT. The herein found equations

of the 50th (figures 2–4) and the 275th SSDE percentile (abdominal: y=0.6858x–8.4256;

chest: y=0.5646x–8.1297; upper abdominal CT: y=0.5131x–6.0791) can be implemented

into automated CT dose monitoring software to automatically compare patient radiation

exposure to the size-specific iDRLs (figures 2–4).

Variability between CT protocols of the same body region

Indication-based CT protocols in upper abdominal CT included pancreatic CT, liver CT,

adrenal CT and renal CT with mean SSDE ranging from 8.2±2.8 for renal CT to

15.8±10.9 mGy for adrenal CT. Only two different CT protocols were used in abdomi-

nopelvic CT (CT angiography and routine abdominopelvic CT) and in chest CT (CT for

pulmonary embolism, routine chest CT). The difference of radiation exposure between the

different indication-based CT protocols was small in abdominal and chest CT, respectively

(table 4).

Comparison to national diagnostic reference levels

German nDRLs (CTDIvol/DLP) are 10 mGy/350 mGy cm for chest CT, 15 mGy/700 mGy

cm for abdominopelvic CT and 15 mGy/360 mGy cm for upper abdominal CT [16]. The

mean weight of our study population was higher than the 70±3 kg for which nDRLs are

provided (chest CT: 75.2±15.7 kg (range: 42–128 kg); upper abdominal CT: 77.3±1.8 kg

Table 2. Patient characteristics and computed tomography dose parameters.

Chest CT Upper abdominal CT Abdominopelvic CT

CTDIvol (mGy) 4.6±3.5 (0.8–22.6) 7.9±4.4 (1.9–47.9) 8.3±3.5 (2.7–27.6)

DLP (mGy cm) 147±137 (11–1634) 186±109 (18–7909) 360±191 (26–1308)

SSDE (mGy)a 5.7±3.7 (1.3–21.4) 8.7±3.7 (2.8–37.7) 9,8±3.1 (3.8–25.7)

nDRL CTDIvol (mGy) 10 15 15

nDRL DLP (mGy cm) 350 360 700

Age (years) 62.7±15.2

(18.4–96.1)

63.4±13.6

(23.8–90.4)

62.6±14.7 (19.2–90.7)

Water-equivalent dia-

meter (cm)

27.8±3.3

(15.9–37.8)

30.3±3.8

(19.5–41.1)

29.2±3.1 (20.3–39.4)

Weight (kg) 75.2±15.7

(42–128)b
77.3±1.8 (44–145)c 74.4±15.5 (42–128)d

Height (kg) 170.4±9.1

(150–197)b
171.1±8.6

(151–190)c
172.2±9.9 (155–197)d

Body mass index

(kg m−2
)

25.8±4.2

(16.4–39.5)

26.3±5.2

(17.0–45.8)

25.0±4.0 (14.0–39.5)

a
Based on the mean water-equivalent diameter of the scan volume; CT: computed tomography.

b Based on 136 available entries of height and weight.
c Based on 148 available entries of height and weight.
d Based on 206 available entries of height and weight. Data is given as mean±standard deviation with range in

parenthesis.; nDRL: national diagnostic reference levels.

CTDIvol: volumetric computed tomography dose index; DLP: dose length product; SSDE: size-specific dose

estimates.
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(44–145 kg); abdominopelvic CT: 74.4±15.5 kg (42–128 kg). For the average-size patients

in our study as measured by Dw (Dw of 29 cm), mean CTDIvol was lower than the nDRLs

(52.2±27.7% in chest CT, 53.2±13.0% in abdominopelvic CT and 40.9±9.7% in upper

abdominal CT). The 75% percentile CTDIvol for an average size patient in this study were

Figure 2. Institutional diagnostic reference levels for abdominopelvic CT examinations.
There was a very strong correlation between the water-equivalent diameter and SSDE
(R2

=0.98). The bold line represents the linear regression for which the equation and
the coefficient of determination (R2

) are provided (lower right corner). The dashed lines
are fitting results of the 75th (upper line) and 25th (lower line) percentile of each bin.
The 50th or 75th percentile is commonly used for DRL calculation.

Figure 3. Institutional diagnostic reference levels for chest CT examinations. There was
a strong correlation between the water-equivalent diameter and SSDE (R2

=0.66). The
bold line represents the linear regression for which the equation and the coefficient of
determination (R2

) are provided (lower right corner). The dashed lines are fitting results
of the 75th (upper line) and 25th (lower line) percentile of each bin. The 50th or 75th
percentile is commonly used for DRL calculation.
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73.6% of the nDRL in chest CT, 59.5% in abdominopelvic CT and 42.8% in upper abdominal

CT. In 367/1690 (21.7%) of the examinations the iDRLs were exceeded while only in 133/

1690 (7.9%) the nDRLs were exceeded (p<0.001).

Figure 4. Institutional diagnostic reference levels for upper abdominal CT examina-
tions. There was a very strong correlation between the water-equivalent diameter and
SSDE (R2

=0.96). The bold line represents the linear regression for which the
equation and the coefficient of determination (R2

) are provided (lower right corner).
The dashed lines are fitting results of the 75th (upper line) and 25th (lower line)
percentile of each bin. The 50th or 75th percentile is commonly used for DRL
calculation.

Table 4. Variability in volumetric CT dose index (CTDIvol) and size-specific dose
estimates (SSDEs) between CT protocols (with at least ten examinations) in upper
abdominal, chest and abdominopelvic CT.

Number of examina-

tions (n)

CTDIvol

(mGy) SSDE (mGy)

Upper abdominal CT

Routine upper abdom-

inal CT

26 8.8±4.0 9.8±3.3

Renal CT 26 6.9±3.2 8.2±2.8

Liver CT 237 7.7±3.7 8.5±2.8

Chest CT

Routine chest CT 423 4.6±3.5 5.7±3.7

Pulmonary embolism CT 47 4.8±3–5 5.9±3.8

Abdominopelvic CT

CT angiography 96 8.2±3.2 9.7±2.7

Routine abdomino-

pelvic CT

824 8.3±3.5 9.8±3.1

CT: computed tomography; CTDIvol: volumetric computed tomography dose index; SSDE: size-

specific dose estimates. All values are given as mean±standard deviation.

J. Radiol. Prot. 38 (2018) 536 C Thomas et al

544



Discussion

In this study, we implemented and evaluated size-specific institutional DRLs based on SSDEs

and patients’ Dw that can be used to more accurately and more reliably evaluate CT radiation

exposure without the need for additional patient characteristics such as body mass index or

weight. We demonstrated that size-specific institutional DRLs allow for a more compre-

hensive analysis of CT dose data as more outliers can be detected. Of note, institutional CT

dose exposure of normal weight patients was lower than national DRLs and SSDEs were

larger than scanner-indicated CTDIvol in chest and abdominopelvic CT.

In this study, feasibility of automated assessment of Dw and calculation of SSDE was

demonstrated which is in accordance with previous studies [12, 13]. Although weight or BMI

may be useful in the calculation of SSDEs [17, 18], automated assessment of Dw seems

easier, more reliable and less time consuming. Additionally, we used all slices of each CT

scan volume for SSDE calculation, which is more accurate than the previously proposed

method of taking the midslice of the scan volume or diameter measurements from positioning

radiograph images [6, 7, 13]. We found that automated SSDE calculation based on all slices

of the scan volume can be performed in real time in a clinical setting using third-party

software; however, the effort is notable and implementation of Dw and SSDEs into the CT

scanner software is desirable.

Our automated SSDE assessment was used to implement and evaluate institutional size-

specific DRLs. National DRLs are usually provided to enable large-scale analysis of dose data

to detect systematic dose application errors but are not suitable for the analysis of single CT

examinations without additional patient information. Automated assessment of Dw in com-

bination with DRLs that account for patient size may help to simplify and refine the analysis

of CT dose data without the requirement for other size metrics such as height, weight or

BMI [19].

We found a strong correlation between Dw and SSDEs in chest, upper abdominal and

abdominopelvic CT. This has to be expected as automated tube current modulation and

automated tube potential selection were used in all scans. The tube current time product (and

thus the CTDIvol) was adapted to the patient attenuation and therefore to the patients’ Dw

[6, 7]. In contrast to our results, initial studies found no correlation between patient size and

SSDE [20]. However, positioning radiograph diameters without attenuation information were

used. Two recent studies evaluated size-specific DRLs based on SSDEs and reported a

correlation between patient size and SSDEs [10, 22]. Strauss et al [10] provided DRL ranges

for pediatric chest CT examinations. However, only the lateral diameter from positioning

radiograph images and effective diameter were used for size correction, which may lead to

considerable errors, especially in chest CT [7, 21]. Kanal et al [22] investigated over 1.3

million CT examinations using the American College of Radiology Dose Index Registry

(ACR-DIR) and provided size-specific DRLs for ten CT protocols. The DRLs were provided

for water-equivalent diameter ranges. However, only positioning radiograph diameter mea-

surements were used, which are regarded as the least accurate method for SSDE calculation

[7]. Furthermore, it remains unclear how attenuation measurements were obtained to calculate

the water-equivalent diameter [22, 23]. As different measurement techniques may lead to

considerable deviations [21] an automated method using all axial CT slices to calculate Dw

seems beneficial, especially when DRLs are used to tailor and optimize institutional CT

protocols.

More specific DRLs have been introduced in some countries [24, 25], however the

updated 2016 German DRLs are still based on body regions [16]. Using body regions for

DRL analysis limits the complexity, as only a small number of DRLs are considered.
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However, more specific DRLs, e.g. based on CT protocols and patient size, can potentially

help to further improve CT dose analysis, particularly in the setting of automated CT dose

monitoring. This is reflected in the larger number of dose outliers that was detected with the

size-specific DRLs compared with the national DRLs in our study. Although not performed in

our study, automated analysis of prior CT examinations using automated CT dose monitoring

software to provide size-specific institutional DRLs seems to be feasible and may help to

improve CT dose analysis.

SSDEs were larger than CTDIvol in our collective. This is the result of the average Dw of

29 cm, which is smaller than the 32 cm phantom used for CTDIvol calculation. This

demonstrates the limitation of using a fixed 32 cm water phantom for CT dose calculation.

Mean CTDIvol was significantly smaller than the national DRLs although the mean patient

weight was higher in our collective compared with the standard weight for which the nDRLs

are provided. Thus, CTDIvol of an average size patient (as determined by Dw) was also

smaller than the nDRLs. Although not further investigated in this study, this may be the result

of the ongoing radiation dose optimization process in our institution.

Our study has limitations. First, although a large number of patients were included in the

study, only a relatively small number of patients per body region and centimeter Dw was

available. Results may not be applicable for very small and very large patients, as the limited

number did not allow for reliable calculation of iDRLs in these patients. Additionally,

scanner-specific limitations such as the maximal tube current time product may influence the

SSDEs in these patients.

Second, CT scanners from one vendor were used in this study. Automated tube current

modulation differs between vendors and may even differ across scanners of the same vendor.

As only one automated exposure device and one strength level was used in our study, the

results may not be applicable to other automated exposure devices. Third, we do not use an

additional full field-of-view reconstruction in clinical routine as suggested by the AAPM

[6, 7]. Therefore, images were truncated in some patients. We used an automated approach

that detects air-filled pixels adjacent to the body surface. Patients with a truncated body

circumference were excluded from the study. Although image truncation is a common

phenomenon, especially in chest CT, where the field-of-view is usually adjusted to the lung

parenchyma, truncation may more frequently appear in large patients, which may have

influenced our results. Although, recently, conversion factors for truncated images have been

published [26], performing an additional full field-of-view reconstruction is preferable.

Conclusion

In conclusion, we produced size-specific institutional DRLs based on SSDEs and patient

water-equivalent diameter. The size-specific institutional DRLs can be used to more accu-

rately analyze CT radiation exposure compared with the national DRLs that are provided for a

standard size patient. Thus, size-specific DRLs may help to further optimize the radiation

dose of CT protocols.
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