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Introduction
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The number of CT examinations has increased tremendously over the years. The
estimated number of annual CT examinations in the United States of America
(USA) increased from 3 million in 1980 to 62 million in 1996 [1] and 82 million
in 2016 [2]. In the Netherlands this number increased from 400,000 in 1991 to
1.4 million CT examinations in 2014 [3]. Compared to other BeNeLux countries
Belgium and Luxembourg where more than twice as many CT examinations are
performed per 100,000 inhabitants the number in the Netherlands is still low [4].
The associated radiation exposure brings a small risk of cancer later in life [1,5,6].
Most evidence regarding excess cancer risk from radiation exposure is based
on information about atomic bomb survivors. Studies investigating dose levels
below 10 mSv, a typical dose for CT examinations, are scarce. However, an often
used calculation is that for a 1 Sv (1000 mSv) increase in radiation exposure the
excess risk of death from cancer increases with 5%, thus for a CT scan of 1 mSv, an
individual will incur 0.005% additional risk above the background cancer risk of
40% [7,8]. Several measures can be taken to reduce this risk. First and foremost
CT examinations should only be performed when there is a proper indication
and if other non-invasive imaging cannot provide the same information [9]. The
American College of Radiology has published several appropriateness criteria
to assist clinicians to order the appropriate imaging examination [10,11]. If
applied correctly, this can result in a significant reduction in the number of CT
examinations [12]. If a CT is needed, imaging should be limited to the correct
body part and image acquisition protocols should be optimized for example by
only acquiring necessary imaging phases. Furthermore, several developments
in both CT hardware and software have been made to reduce the radiation dose
[13]. This arises from the ALARA principle of radiation protection. ALARA is an
acronym for “As Low As Reasonably Achievable” and is applied when ionizing
radiation is used [14]. This thesis focuses on a recently introduced technical
development with great promise to reduce CT radiation dose, namely the use of
iterative reconstruction.

Image Reconstruction
Image reconstruction is the formation of images based on CT projection data.
During a CT-acquisition, x-ray photons travel from the CT tube to the detector.
Once they hit the detector, x-ray photons are converted to light photons which
are converted to an electrical signal. The electrical signal scales with the
intensity of the detected x-rays. Based on the signals the detector receives, a
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signal intensity profile is created which displays the number of signals with a
specific intensity. All signals together received from a certain beam angle form a
projection. The signal intensity profiles of each projection are transformed into
x-ray attenuation values. If an object is placed between the CT tube and the
detector, a decreased electrical signal is measured, which reflects an increase
of the total x-ray attenuation along the line between the detector and the tube.
Projection data can be stored in a two-dimensional image which is called a
sinogram because of its sinusoid shape (Figure 1). The collection of projection
data in a sinogram is called the raw data set, which can be used to reconstruct
an image.

Figure 1 – Sinogram of a cardiac CT acquisition.
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Although for each projection the total sum of attenuation values is known, the
exact positions of those values along the projection are unknown. To compute
an image from those values the total sum of attenuations is averaged over the
different pixels on the projection line. It is possible to get an approximation of
the numbers based on the total sum of attenuation values. To this aim, the values
are smeared out across the projection and the different projections are summed
and renormalized by dividing the total amount by the number of projections.
Increasing the number of projections will lead to a better approximation of
the true object. However, even with hundreds of projections the image will still
remain an approximation and with this simple back projection the final image
will be blurred (Figure 2). A convolution kernel is necessary for mathematical
filtering to improve the approximation. Convolution takes the values of
neighboring pixels into account with certain weights based on the distance.
Depending on the kernel this can result in a smooth or a sharp image and
everything in between. After the convolution kernel is applied to the projection
data, back projection is performed to create an image.

Figure 2 – Schematic explanation of back projection (A). The upper left matrix indicates the measured

attenuation values of the true object. In this example there are four pixels and four projections are
acquired at different angles (P1 to P4). The first projection (P1) shows the measured attenuation from
left to right and the other projections (P2 to P4) are rotated by 45 degrees. The values are smeared out
across the projection. For example the 10 in P1 is divided by two (number of pixels) therefore a five is
allocated to each pixel. While in P2 the 8 and 6 are not divided because this are projections of a single
pixel. Subsequently the projections are summed. Finally the numbers are divided by the number
of projections, which is four. The final reconstruction is shown in the left lower corner. Increasing
numbers of projections improves the quality of the approximated final reconstruction. On the right
an example is shown with an image of a cylinder (B).
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A commonly used reconstruction method is filtered back projection (FBP),
in which a convolution kernel is applied to the projection data, followed by a
back projection as explained above. This method works well in most situations,
however at low radiation doses and in large patients FBP produces noisy images.
To reduce the amount of noise, iterative reconstruction algorithms have been
developed [15]. A form of iterative reconstruction was first described in the ‘70s
under the name algebraic reconstruction [16]. Due to the limited computational
power at that time it was not suitable for clinical practice. The first step of
iterative reconstruction is an FBP. From the images derived from the FBP,
new projection data are generated based on prior information concerning the
scanner geometry, the x-ray spectrum, the detector characteristics and a noise
model. Subsequently the new projection data are compared to the original
projection data and corrections in noise modelling are performed. This process
is repeated (iterated) several times. Each time the newly generated projection
data will represent a closer match to the original projection data. This iteration
process can be repeated until the differences are very small, or until a certain
number of iterations is reached. This process is also called model-based iterative
reconstruction. A simplified, less time-consuming method is hybrid iterative
reconstruction. In hybrid iterative reconstruction noise is iteratively filtered in
the projection domain and in the image domain without multiple iterations in
forward and backward projection steps. In image-based iterative reconstruction
noise is only reduced in the image domain. In both hybrid and image-based
iterative reconstruction no forward projection steps are performed based on the
acquired image resulting in less computational demanding algorithms.

Dose reduction with iterative reconstruction
Iterative reconstruction in itself does not reduce the radiation dose. However, the
associated reduction in noise makes it possible to acquire images with improved
image quality when using the same dose (Figure 3) or to acquire images at a
lower radiation dose level with an objective image quality comparable to FBP
at routine dose levels [17]. From 2009 onwards all major vendors introduced
iterative reconstruction algorithms for CT [15]. Initially only hybrid algorithms
were marketed, later on followed by more advanced model-based algorithms.
Currently more than 10 different algorithms are available, which are listed in
Table 1 [18,19]. The exact working mechanism of those algorithms is proprietary
information.
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Figure 3 – Example of improved objective image quality with iterative reconstruction. Abdominal

CT acquisition in a 77-year old male with a body mass index of 32 kg/m2. The FBP reconstruction
(left) shows substantial noise which decreases after application of hybrid (middle) and model-based
(right) reconstruction. All images were reconstructed from the same acquisition at 120 kV and 195
mA. Radiation dose: dose length product (DLP) 470.8 mGy*cm, volumetric CT dose index (CTDIvol) 8.2
mGy, effective dose 7.3 mSv

Table 1 – Overview of the currently available iterative reconstruction algorithms.

Algorithm
Adaptive Iterative Dose Reduction
Adaptive Iterative Dose Reduction 3D
Adaptive Statistical Iterative Reconstruction

Abbreviation

Vendor

Type

AIDR

Toshiba

Hybrid

AIDR 3D

Toshiba

Hybrid

ASiR

GE

Hybrid

Adaptive Statistical Iterative Reconstruction

ASiR-V

GE

Hybrid

Advanced Modeled Iterative Reconstruction

ADMIRE

Siemens

Hybrid

Forward projected model-based Iterative
Reconstruction SoluTion

FIRST

Toshiba

Model-based

iDose4

iDose

Philips

Hybrid

Iterative Model Reconstruction

IMR

Philips

Model-based

Iterative Reconstruction in Image Space

IRIS

Siemens

Hybrid

MBIR-Veo

GE

Model-based

SAFIRE

Siemens

Hybrid

Model-Based Iterative Reconstruction
Sinogram-Affirmed Iterative Reconstruction
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Outline of thesis
Experimental assessment of iterative reconstruction showed that the radiation
dose can be reduced while preserving objective image quality compared to a
routine dose acquisition reconstructed with FBP [17]. The next step, which is
the first aim of this thesis, was to investigate whether those initial promising
results can be applied in a routine clinical setting by investigating the effect
of iterative reconstruction on commonly used imaging-based quantification
methods and on diagnostic accuracy (Part 1 – 3). The potential radiation dose
reduction with iterative reconstruction to submillisievert dose levels also offers
the opportunity to replace conventional imaging with low dose CT for certain
indications. Therefore, the second aim of this thesis was to investigate if iterative
reconstruction should be applied in the field of imaging prior to cardiac surgery,
by replacing the conventional preoperative chest radiograph by a low dose chest
CT (Part 4).
Part I Clinical implementation of iterative reconstruction in cardiac CT
A systematic review and meta-analysis was performed to investigate the extent
to which iterative reconstruction is capable of actual radiation dose reduction
and image quality (chapter 1.1). Phantom studies have reported a possible effect
of iterative reconstruction and dose reduction on the coronary calcium score.
The coronary calcium score measures the extent and density of calcifications
in the coronary arteries, which reflects the burden of atherosclerosis. It is a
predictor for the risk of future cardiovascular events [20]. To measure the effect
of dose and iterative reconstruction on the coronary calcium score, 15 ex-vivo
human hearts were scanned at different dose levels and reconstructed with both
hybrid and model-based iterative reconstruction (chapter 1.2). In this thesis, the
results of this ex-vivo study were translated to the clinic by performing a withinpatient study. In this study 30 patients underwent a routine dose acquisition for
clinical purposes, followed by three reduced dose acquisitions at 40%, 60% and
80% decreased dose. Different iterative reconstruction algorithms and levels
were applied, and the findings are reported in chapters 1.3 and 1.4.
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Part II Clinical implementation of iterative reconstruction in thoraco-abdominal CT
A systematic review of previous studies investigating iterative reconstruction for
chest is provided in chapter 2.1. Subsequently, the same within patient design as
described above in which patients underwent both a routine dose and three low
dose CT acquisitions was applied. For chest CT, this was done in patients with
known pulmonary nodules. Since those patients often receive multiple followup CT examinations, radiation dose is an important concern. The effect of dose
reduction and iterative reconstruction on pulmonary nodule volumetry and
computer-aided detection was investigated in chapters 2.2 and 2.3, respectively.
Besides coronary calcifications, aortic valve calcifications and thoracic aortic
calcifications are predictors of adverse cardiovascular outcomes. Therefore the
influence of dose and reconstruction were also investigated for aortic valve and
thoracic aorta calcifications in chapter 2.4. Urinary stones can be detected with
both ultrasonography and CT. The advantage of CT is the higher sensitivity
and specificity, and the potential to detect extra-urinary causes of flank pain.
The potential to reduce the radiation dose in patients with urinary stones was
studied in chapter 2.5.
Part III Clinical implementation of iterative reconstruction in pediatric CT
Medical radiation exposure is especially worrisome in children, because
they are more radiosensitive and have a longer lifetime to develop radiationinduced effects. In chapter 3.1 the possibilities, advantages and disadvantages
of radiation dose reduction with iterative reconstruction in pediatric CT are
discussed. Children with aortic coarctation are most frequently treated with
stent implantation and receive regular follow-up with CT. In chapter 3.2 the
potential dose reduction with iterative reconstruction for CT angiography of
aortic coarctation stents is investigated in an in vitro study.
Part IV The rationale and need for CT prior to cardiac surgery
Preoperative imaging before cardiac surgery is widely performed using
conventional chest radiography. In chapter 4.1 a retrospective cohort study is
performed to assess the frequency and type of abnormalities on preoperative chest
radiographs and whether these findings directly impacted surgery. A frequently
reported abnormality is the suspicion of chronic obstructive pulmonary disease
(COPD), however it is unclear whether this can be accurately detected on chest
radiography. Therefore in chapter 4.2 a nested case-control study is performed
to assess the diagnostic accuracy of chest radiography for mild COPD with
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spirometry as reference standard. CT provides more detailed preoperative
information compared to chest radiography. Especially the location and
extent of aortic calcifications, an important predictor of postoperative strokes,
are more clearly depicted using CT. This is important, because the ascending
aorta is clamped during surgery to initiate cardiopulmonary bypass. The
resulting intraoperative manipulation of the aorta might provoke mobilization
of atherothrombotic material and calcifications from the aortic wall, which can
result in an embolic stroke [21]. Calcifications in the ascending aorta are often
not accurately depicted on chest radiography, due to the 2D nature. The more
extensive information about aortic calcifications provided by a CT examination
might be relevant for clinical management by choosing a different surgical
strategy in patients with calcifications in de ascending aorta. For example, a
different cannulation site in an area free of calcification can be preferred. This
can hypothetically result in better patient outcomes by reducing postoperative
strokes. Therefore, in chapter 4.3 a systematic review was performed to assess if
a preoperative CT can be used to optimize the surgical strategy with the aim of
reducing the incidence of postoperative strokes and mortality. This systematic
review was the basis of a multicenter randomized controlled trial which is
currently conducted to assess if a chest CT before cardiac surgery can decrease
the postoperative stroke rate by optimizing the surgical strategy. The rationale
and design of this trial is reported in chapter 4.4.
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Part 1 Cardiac

Dose reduction with
iterative reconstruction
for coronary computed tomography angiography:
a systematic review and meta-analysis

Annemarie M. den Harder, Martin J. Willemink, Quirina M.B. de Ruiter,
Pim A. de Jong, Arnold M.R. Schilham, Gabriel P. Krestin,
Tim Leiner, Ricardo P.J. Budde
British Journal of Radiology 2016; DOI 10.1259/bjr.20150068
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Part I

Abstract
Objectives
To investigate the achievable radiation dose reduction for coronary computed
tomography angiography (CCTA) with iterative reconstruction (IR) in adults
and the effects on image quality.
Methods
PubMed and EMBASE were searched and original articles concerning IR for
CCTA in adults using prospective ECG-triggering were included. Primary
outcome was the effective dose using filtered back projection (FBP) and IR.
Secondary outcome was the effect of IR on objective and subjective image
quality.
Results
The search yielded 1,616 unique articles of which 10 studies (1,042 patients) were
included. The pooled routine effective dose with FBP was 4.2 (95% CI 3.5 – 5.0)
mSv. A dose reduction of 48% to a pooled effective dose of 2.2 (95% CI 1.3 – 3.1)
mSv using IR was reported. Noise, contrast-to-noise ratio (CNR) and subjective
image quality were equal or improved in all but one study while signal-to-noise
ratio (SNR) was decreased in two studies with IR at reduced dose.
Conclusion
IR allows for CCTA acquisition with an effective dose of 2.2 mSv with preserved
objective and subjective image quality.
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The number of computed tomography (CT) examinations has increased
rapidly over the past decades leading to increased radiation exposure [1]. This is
especially a concern for coronary CT angiography (CCTA) since retrospectively
electrocardiogram (ECG)-gated CCTA used to be associated with relatively high
radiation doses of more than 10 mSv[2]. These high CCTA radiation doses have
led to the development of new techniques like prospective ECG-triggering, high
pitch spiral acquisition and more recently iterative reconstruction (IR) to reduce
radiation dose [3]. Despite these advances, radiation dose remains an important
issue for CCTA because the number of indications and eligible patients has
increased rapidly over the past few years [4-6].
IR offers the possibility to reduce radiation dose and was already used on the
first CT systems [7,8]. However, due to the limited computational power at
that time it could not be used in clinical practice. With recent improvements
in computer processing, IR has become feasible in a clinical setting. Currently,
the most commonly used reconstruction technique is filtered back projection
(FBP), which is a fast reconstruction technique that suffers from impaired image
quality when radiation dose is lowered. IR is a noise-suppressing technique
that allows for a decrease in radiation dose compared to FBP while maintaining
image [9].
Recently new IR algorithms were introduced which led to a surge in the
number of publications. Therefore, we present the results of a systematic review
and meta-analysis to determine the achievable radiation dose reduction for
prospective ECG-gated CCTA acquisitions using IR. Furthermore the effect of
IR on objective and subjective image quality was investigated.

Methods
Search
A systematic search in PubMed and EMBASE was performed on the 2nd of May
2014 for studies investigating IR for CCTA without a publication date limitation.
English language restriction was applied. Synonyms for ‘IR techniques’ and ‘CT’
were combined. The search syntax is provided in the Appendix 1. Duplicates
were removed. Hereafter a manual search of the reference lists of included
articles and review articles was performed after which review articles were
removed.
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Inclusion and exclusion criteria
All articles were screened by two authors (AH and MW). In case of discrepancy
a consensus had to be reached between authors on whether to include the study.
Original research articles concerning IR techniques for CCTA using prospective
ECG-triggering were included. Studies comparing routine dose acquisitions
with FBP to reduced dose acquisitions with IR using the same CT system,
contrast medium and dose modulation techniques were included while studies
investigating only one dose level without comparison to FBP were excluded.
Furthermore studies only investigating non-enhanced CCTA, ex-vivo, in-vitro
and animal studies as well as studies performed in children were excluded. Case
reports and reviews were excluded as well. Case reports were defined as studies
including less than five patients.
Data extraction
Data were extracted to a standardized data sheet, which included first author,
title, publication date, journal, study design, participant characteristics,
reconstruction technique, scan indication, type of scan, type of CT system, and
reported dose and image quality measurements.
The primary outcome was the effective dose reduction with IR. The effective dose
was calculated as the dose-length product (DLP) times the conversion factor for
chest CT (0.014 mSv/(mGy/cm)) [10]. This conversion factor was chosen because
it was the most commonly used conversion factor in the included articles. In
case a different conversion factor was used, the effective dose was recalculated
using the DLP. If the effective dose was reported without conversion factor or
DLP, the corresponding author was contacted. The corresponding authors were
also contacted if both the effective dose and the DLP were not reported.
Secondary outcome was the influence of IR on objective and subjective image
quality. Noise, contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) were
investigated. Image quality was specified as improved, equal or deteriorated
compared to FBP. Improved was defined as a statistically significant improvement
of image quality with IR compared to FBP. Non-significant differences were
classified as the same and a significant decrease in image quality was classified
as deteriorated. If multiple IR levels were studied, the IR level with the most
favorable outcome was used for further analysis.
From each article the mean and the standard deviation (SD) of the effective
dose was extracted. If only the median and the interquartile range (IQR) were
reported, the mean and SD were recalculated. The median was considered to
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be equal to the mean if the number of patients exceeded 25 [11]. The IQR was
converted to the SD using the formula 1.35*SD = IQR.
Statistical analysis
Statistical analysis was performed using SPSS (version 20.0 for Microsoft
Windows) and the RStudio statistical environment (version 0.98.1025, RStudio,
Inc., 2009-2013) with ‘meta’ package (version 3.7-1) [12]. For every study a mean
and 95% confidence interval was calculated. Heterogeneity was assessed
by the I2 statistic and random effect models were used in case of large interstudy variance (I2≥65%). Results were presented as mean with 95% confidence
interval. Both the normal dose data with FBP and the reduced dose data with
IR were calculated and pooled. A two-tailed p-value below 0.05 was considered
statistically significant.

Results
Study selection
In total 2,556 articles were identified. A flowchart is provided in Figure 1.
After removing of duplicates 1,616 articles were screened based on title and
abstract. Sixteen-hundred-six articles were excluded because the articles did
not investigate IR for CT (n=1,338), were non-cardiac (n=196), were not in-vivo
(n=16), were pediatric studies (n=4), only concerned non-contrast enhanced
coronary CT (n=5), only 1 dose level investigated (n=26), used retrospective
ECG-gating (n=14), used different CT systems for the FBP and IR group (n=5),
used automatic exposure control only in the IR group (n=1) or used a different
contrast medium for the IR group (n=1). Articles investigating 1 dose level are
mentioned in Appendix 2. Ten articles remained with a total of 1,042 patients.
One corresponding author was contacted because reported information about
radiation dose was insufficient [13].
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PubMed (1,152)

EMBASE (1,404)

Removing of duplicates (1,616)

Articles not meeting inclusion criteria:
Additional articles through
reference lists (0)

- No IR for CT / congress report (1,338)
- Non-cardiac studies (196)
- Not in-vivo (16)
- Pediatric studies (4)
- Only non-contrast enhanced cardiac
CT (5)
- Only one dose level investigated (26)
- Retrospective ECG gating (14)
- Diﬀerent CT systems used (5)
- Automatic exposure control only in
IR group (1)
- Diﬀerent contrast medium for IR
group (1)

Studies included in meta analysis (10)
Figure 1 – Flowchart of included studies.

Study characteristics
The baseline characteristics are provided in Table 1. Studies were published in
2011 (n=1), 2012 (n=3), 2013 (n=5) and 2014 (n=1). Different IR techniques were used
namely Adaptive Statistical Iterative Reconstruction (ASIR, GE Healthcare, n=3),
Sinogram-Affirmed Iterative Reconstruction (SAFIRE, Siemens Healthcare,
n=3), iDose (Philips Healthcare, n=2), Iterative Reconstruction in Image
Space (IRIS, Siemens Healthcare, n=1) and Adaptive Iterative Dose Reduction
(Toshiba Medical Systems, AIDR, n=1). One study compared Model-Based
Iterative Reconstruction (MBIR-Veo, GE Healthcare) with ASIR [14], since FBP was
replaced by ASIR as the clinically implemented routine reconstruction method .
CT systems used were Aquilion One (n=1), Brilliance iCT (n=2), Discovery HD
750 (n=3) and SOMATOM Definition Flash (n=4).
The median number of patients per study was 74 (range 20 – 338). In total, data of
1,042 patients were included in this study. Most studies (n=7) used different study
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populations to compare FBP with IR, however three studies compared different
dose levels in the same patients [14-16]. This was achieved by using data from
only one source of a dual source CT scanner [15] or by making additional scans
of the same patient [14,16]. Mean BMI varied between studies from 23.9 to 33.8
kg/m2 with heart rates of 57 to 74 beats per minute. The contrast rate and volume
was the same between the FBP and IR groups in all studies. In three studies tube
current modulation was used [15-17].
Effective dose
Inter-study variance was high for effective dose pooling (I2 98.9%) therefore
random effects models were used. In three studies the effective dose was (re)
calculated using the DLP because the effective dose was not provided or
calculated with a different conversion factor [15,16,18]. The pooled routine
effective dose using FBP was 4.2 (95% CI 3.5 – 5.0) mSv. At reduced dose level
using IR the pooled effective dose was 2.2 (95% CI 1.3 – 3.1) mSv (Figure 2).

Figure 2 – Forest plot of routine effective dose with FBP (upper panel) and the reduced effective dose

using IR (lower panel) with pooled estimate. N=number of patients
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Standard effective dose varied highly between studies from 1.2 – 9.6 mSv while
differences were smaller with IR (0.2 – 4.4 mSv). The relationship between
routine effective dose and reduced effective dose for each CT system is illustrated
in Figure 3.

Figure 3 – Relationship between normal effective dose and reduced effective dose in studies

comparing multiple dose levels. FBP Filtered Back Projection; IR Iterative Reconstruction

Image quality
Objective image quality was scored using image noise (n=10), contrast-to-noise
ratio (CNR, n = 6) and/or signal-to-noise ratio (SNR, n = 8). Subjective image
quality was scored by two observers in all studies, mostly by using a Likert scale.
The results are shown in Table 1.
Noise was improved (n = 4) or equal (n = 5) with IR at reduced dose compared to
FBP at routine dose in all but one study [15]. CNR was equal (n = 5) in all but one
study while SNR was improved (n = 1), equal (n = 5) or deteriorated (n = 2) with
IR at reduced dose.
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IR = iterative reconstruction, + = improved with IR, +/- = no difference, - = decreased with IR, NR = not reported, CNR = contrast-to-noise ratio, SNR =

signal-to-noise ratio

2013 338

Shen et al.[23]

ASIR

2013 20 SAFIRE

iDose

Takx et al.[15]

Carrascosa et al.[17] 2013 200

iDose

2012 110

Hou et al.[13]
ASIR

AIDR

Tomizawa et al.[18] 2012 100

IRIS

2012 78 SAFIRE

Year of publication

Wang et al.[21]

Total number of patients

2011 24

IR technique

Renker et al.[19]

Author

Tube voltage (kV)

Routine dose group

Number of patients

Image quality

Tube current

Study characteristics

Tube voltage (kV)

Table 1 – Baseline characteristics of the included studies.
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Subjective image quality was improved (n = 3) or equal (n = 6) in all but one study
[15]. Furthermore, Renker et al.[19] and Takx et al.[15] reported that IR resulted in
a reduction of blooming artifacts. The study of Takx and colleagues [15] was the
only study reporting a decrease in both objective and subjective image quality
which was possibly due to the large dose reduction (80%, compared to a median
dose reduction of 50% in the other included studies).

Discussion
This meta-analysis showed that dose reduction is feasible using IR techniques for
CCTA with preserved image quality compared to conventional FBP techniques.
Our results, indicating an achievable dose reduction of 48%,are in the range of
dose reductions reported in a prior systematic review [20]. Forty-nine studies
were included and reported achievable dose reduction varied from 23% to 76%.
In that review, data were not pooled and only the percentage of achieved dose
reduction for each study was reported. In this previous review CCTA was not
specifically studied since the review focused on all body regions. Also, no metaanalysis was performed. Furthermore, a lot of included studies concerned ex
vivo data, new IR algorithms have become available and a substantial number
of new studies have been published about IR for CT since the publication of the
aforementioned review [20].
In the present review the effective dose reported in individual studies was
pooled. Furthermore, only effective dose was used with the most commonly
used conversion factor to achieve a uniform quantity to report dose. As can be
seen in the forest plots (Figure 2), effective doses varied widely between studies.
Also the 95% confidence interval was high in some studies. This is partly due to
the variation in BMI between study samples but also shows the differences in
routine scan protocols between hospitals.
Most studies did not report whether the dose of the localizer and bolus tracking
images were included in the effective dose, which might have influenced results.
However, the additional dose of the localizer and bolus tracking images might
be small and therefore less likely to have influenced the dose significantly.
All major vendors have developed and are marketing a variety of slightly different
IR algorithms. One study found an ultra-low dose of 0.2 mSv in patients with a
mean BMI of 25.2 kg/m2 using MBIR, which is a model-based IR algorithm [14].
All other studies investigated less advanced hybrid IR algorithms. Therefore
with the development of model-based IR algorithms the radiation dose is
expected to decrease even further.
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This study has several limitations. First, due to our strict in- and exclusion
criteria, we excluded many articles. By only including articles using the same
CT system, contrast medium and scan parameters (except for variation in tube
voltage and/or current to create dose reduction) for both the routine dose scan
and the reduced dose scan it was possible to investigate the true potential of IR.
Second, there are different quantities to report dose but only effective dose was
used in the current study. Volume computed tomography dose index (CTDIvol)
might be more appropriate because it is independent of anatomical length and
dose conversion factors. In this review the effective dose was used since most
studies only reported DLP and/or effective dose. We felt this was appropriate
because using a standard conversion factor eliminated the influence of different
conversion factors. A conversion factor of 0.014 was used because this was the
most commonly used factor in the included articles. However, this factor was
designed for chest rather than cardiac CT and a different conversion factor might
therefore be more appropriate. Efforts were made to ensure effective dose data
concerned only CCTA studies and did not include non enhanced acquisitions,
however this cannot be guaranteed and could be a potential limitation. Third,
we used an English language restriction.
A major limitation is the inability to determine if the diagnostic accuracy
remains acceptable at reduced dose levels. Since this was not reported in most
studies, we were not able to investigate this. Therefore, the current meta-analysis
only provides an overview of dose reductions reported in the literature and does
not focus on diagnostic acceptability. However, it is difficult to investigate the
diagnostic accuracy due to IR alone, since this is also influenced by factors as the
used CT system and other dose reduction techniques.
Ideally different dose levels should be compared within patients. However,
performing multiple scans in one patient can lead to difficulties with contrast
enhancement. This explains why only two studies performed additional scans
for research purposes in the same patients [14,16]. Another study tried to
simulate a within patient comparison by using data from one detector of a dual
source CT system [15].
This meta-analysis provides the possible dose reduction with IR as reported in
the literature. However, the lowest possible dose remains unclear. Most studies
only investigated one or two different dose levels and we found that it is feasible
to reduce the dose below 3 mSv using prospective ECG-triggering and state-ofthe-art CT systems. Other dose reduction techniques have been developed in
the past years like automatic tube current modulation, which was used in only
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three of the included studies. It is likely that radiation dose can be reduced even
further by combining techniques. Future research investigating dose reduction
with IR should focus on radiation doses of 3 mSv and lower. Furthermore we
recommend a uniform way of reporting radiation dose. Both CTDIvol and DLP
should be reported, making it possible to calculate the effective dose with a
consistent conversion factor. Also authors should be clear about whether scout
views and non-enhanced scans were included in the total reported dose.
In conclusion, this meta-analysis provides an overview of currently available
dose reduction for CCTA with IR. Pooled data suggested that CCTA acquisition
with an effective dose below 3 mSv is possible with preserved image quality.
Future research should determine if radiation dose can be reduced even further
with model-based IR techniques.
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Search syntax PubMed
((((((iterative[Title/Abstract])
AND
reconstruction[Title/Abstract]))
OR
(((iterative[Title/Abstract]) AND dose[Title/Abstract]) AND reduction[Title/
Abstract])) OR (((((((((ASIR[Title/Abstract]) OR iDose[Title/Abstract]) OR
IRIS[Title/Abstract]) OR AIDR[Title/Abstract]) OR IMR[Title/Abstract]) OR
MBIR[Title/Abstract]) OR Veo[Title/Abstract]) OR SAFIRE[Title/Abstract])
OR ADMIRE[Title/Abstract]))) AND (((((CT [Title/Abstract] OR “Tomography,
X-Ray Computed” [Mesh] OR “Cone-Beam Computed Tomography” [Mesh] OR
“Four-Dimensional Computed Tomography” [Mesh] OR “Spiral Cone-Beam
Computed Tomography” [Mesh] OR “Tomography Scanners, X-Ray Computed”
[Mesh] OR “Tomography, Spiral Computed” [Mesh])))) OR ((computed[Title/
Abstract]) AND tomography[Title/Abstract])) Filters: English
Search syntax EMBASE
(((iterative:ab,ti AND reconstruction:ab, ti) OR (iterative:ab,ti AND dose:ab,ti
AND reduction:ab,ti) OR (ASIR:ab,ti OR iDose:ab,ti OR IRIS:ab,ti OR AIDR:ab,ti
OR IMR:ab,ti OR MBIR:ab,ti OR Veo:ab,ti OR SAFIRE:ab,ti OR ADMIRE:ab,ti))
AND ((computed:ab,ti AND tomography:ab,ti) OR (CT:ab,ti OR ‘tomography,
x-ray computed’:ab,ti OR ‘cone-beam computed tomography’:ab,ti OR ‘fourdimensional computed tomography’:ab,ti OR ‘spiral cone-beam computed
tomography’: ab,ti OR ‘tomography scanners, x-ray computed’:ab, ti OR
‘tomography, spiral computed’:ab,ti))) AND [english]/lim

33

Part I

Appendix 1

Chapter 1.1

Part I

Appendix 2
List of excluded studies investigating one dose level.
Leipsic J., LaBounty T.M., Heilbron B., Min J.K., Mancini G.B.J., Lin F.Y., et al.
Adaptive statistical iterative reconstruction: assessment of image noise and
image quality in coronary CT angiography. Am J Roentgenol 2010;195(3):649-654
Renker M., Nance Jr. J.W., Schoepf U.J., O’Brien T.X., Zwerner P.L., Meyer M.,
et al. Evaluation of heavily calcified vessels with coronary CT angiography:
Comparison of iterative and filtered back projection image reconstruction.
Radiology 2011;260(2):390-399
Bittencourt M.S., Schmidt B., Seltmann M., Muschiol G., Ropers D., Daniel
W.G., et al. Iterative reconstruction in image space (IRIS) in cardiac computed
tomography: Initial experience. Int J Card Imaging 2011;27(7):1081-1087
Tatsugami F, Matsuki M, Nakai G, Inada Y, Kanazawa S, Takeda Y, et al. The
effect of adaptive iterative dose reduction on image quality in 320-detector row
CT coronary angiography. Br J Radiol 2012 Aug;85(1016):e378-82
Pontone G, Andreini D, Bartorelli AL, Bertella E, Mushtaq S, Foti C, et al.
Feasibility and diagnostic accuracy of a low radiation exposure protocol for
prospective ECG-triggering coronary MDCT angiography. Clin Radiol 2012
Mar;67(3):207-215
Oda S, Utsunomiya D, Funama Y, Yonenaga K, Namimoto T, Nakaura T, et al.
A hybrid iterative reconstruction algorithm that improves the image quality
of low-tube-voltage coronary CT angiography. AJR Am J Roentgenol 2012
May;198(5):1126-1131
Hosch W, Stiller W, Mueller D, Gitsioudis G, Welzel J, Dadrich M, et al. Reduction
of radiation exposure and improvement of image quality with BMI-adapted
prospective cardiac computed tomography and iterative reconstruction. Eur J
Radiol 2012 Nov;81(11):3568-3576
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Maffei E, Martini C, Rossi A, Mollet N, Lario C, Castiglione Morelli M, et al.
Diagnostic accuracy of second-generation dual-source computed tomography
coronary angiography with iterative reconstructions: a real-world experience.
Radiol Med 2012 Aug;117(5):725-738
Utsunomiya D, Weigold WG, Weissman G, Taylor AJ. Effect of hybrid iterative
reconstruction technique on quantitative and qualitative image analysis at
256-slice prospective gating cardiac CT. Eur Radiol 2012 Jun;22(6):1287-1294
Morsbach F, Desbiolles L, Plass A, Leschka S, Schmidt B, Falk V, et al. Stenosis
quantification in coronary CT angiography: impact of an integrated circuit
detector with iterative reconstruction. Invest Radiol 2013 Jan;48(1):32-40
Gebhard C, Fiechter M, Fuchs TA, Stehli J, Muller E, Stahli BE, et al. Coronary
artery stents: influence of adaptive statistical iterative reconstruction on image
quality using 64-HDCT. Eur Heart J Cardiovasc Imaging 2013 Oct;14(10):969-977
Hou Y, Zheng J, Wang Y, Yu M, Vembar M, Guo Q. Optimizing radiation
dose levels in prospectively electrocardiogram-triggered coronary computed
tomography angiography using iterative reconstruction techniques: a phantom
and patient study. PLoS One 2013;8(2):e56295
Eisentopf J, Achenbach S, Ulzheimer S, Layritz C, Wuest W, May M, et al. Lowdose dual-source CT angiography with iterative reconstruction for coronary
artery stent evaluation. JACC Cardiovasc Imaging 2013 Apr;6(4):458-465
Yin WH, Lu B, Hou ZH, Li N, Han L, Wu YJ, et al. Detection of coronary artery
stenosis with sub-milliSievert radiation dose by prospectively ECG-triggered
high-pitch spiral CT angiography and iterative reconstruction. Eur Radiol 2013
Nov;23(11):2927-2933
Hassan T.A., Abdalaal M. Coronary CT angiography with iterative reconstruction
in early triage of patients with acute chest pain. Egypt J Radiol Nucl Med
2013;44(4):755-763
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Yoo RE, Park EA, Lee W, Shim H, Kim YK, Chung JW, et al. Image quality of
adaptive iterative dose reduction 3D of coronary CT angiography of 640-slice
CT: comparison with filtered back-projection. Int J Cardiovasc Imaging 2013
Mar;29(3):669-676
Schuhbaeck A, Achenbach S, Layritz C, Eisentopf J, Hecker F, Pflederer T, et al.
Image quality of ultra-low radiation exposure coronary CT angiography with an
effective dose <0.1 mSv using high-pitch spiral acquisition and raw data-based
iterative reconstruction. Eur Radiol 2013 Mar;23(3):597-606
Wuest W, May MS, Scharf M, Layritz C, Eisentopf J, Ropers D, et al. Stent
evaluation in low-dose coronary CT angiography: effect of different iterative
reconstruction settings. J Cardiovasc Comput Tomogr 2013 Sep-Oct;7(5):319-325
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CT coronary angiography: impact of adapted statistical iterative reconstruction
(ASIR) on coronary stenosis and plaque composition analysis. Int J Cardiovasc
Imaging 2013 Mar;29(3):719-724
Nakaura T, Kidoh M, Sakaino N, Utsunomiya D, Oda S, Kawahara T, et al. Low
contrast- and low radiation dose protocol for cardiac CT of thin adults at 256-row
CT: usefulness of low tube voltage scans and the hybrid iterative reconstruction
algorithm. Int J Cardiovasc Imaging 2013 Apr;29(4):913-923
Kropil P, Bigdeli AH, Nagel HD, Antoch G, Cohnen M. Impact of Increasing
Levels of Advanced Iterative Reconstruction on Image Quality in Low-Dose
Cardiac CT Angiography. Rofo 2014 Jan 23
Spears JR, Schoepf UJ, Henzler T, Joshi G, Moscariello A, Vliegenthart R,
et al. Comparison of the effect of iterative reconstruction versus filtered back
projection on cardiac CT postprocessing. Acad Radiol 2014 Mar;21(3):318-324
Wang R, Schoepf UJ, Wu R, Nance JW,Jr, Lv B, Yang H, et al. Diagnostic accuracy
of coronary CT angiography: comparison of filtered back projection and
iterative reconstruction with different strengths. J Comput Assist Tomogr 2014
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Zhou Q, Jiang B, Dong F, Huang P, Liu H, Zhang M. Computed Tomography
Coronary Stent Imaging With Iterative Reconstruction: A Trade-off Study
Between Medium Kernel and Sharp Kernel. J Comput Assist Tomogr 2014 Mar
19
Hou Y, Ma Y, Fan W, Wang Y, Yu M, Vembar M, et al. Diagnostic accuracy of
low-dose 256-slice multi-detector coronary CT angiography using iterative
reconstruction in patients with suspected coronary artery disease. Eur Radiol
2014 Jan;24(1):3-11
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Abstract
Purpose
To determine the influence of dose reduction on coronary calcium scoring using
hybrid and model-based iterative reconstruction (IR) techniques.
Methods
Fifteen ex-vivo hearts were scanned in a phantom representing an average adult
person at routine dose and three levels of dose reduction; 27%, 55% and 82%
reduced-dose, respectively. All images were reconstructed using filtered backprojection (FBP), hybrid IR (iDose4, levels 1, 4 and 7) as well as model-based
IR (IMR, levels 1, 2 and 3). Agatston, mass and volume scores as well as the
objective image quality found with iDose4 and IMR were compared to the FBP
reconstruction (routine dose).
Results
With FBP calcium scores remained unchanged at 82% reduced dose. With IR
Agatston scores differed significantly at routine dose, using IMR level 3 and
iDose4 level 7, and at 82% reduced dose, using IMR levels 1 to 3 and iDose4 level
7. The maximum median difference was 5.3%. Mass remained unchanged at
reduced dose levels while volume was significantly lower at 82% reduced dose
with IMR (maximum median difference 5.0%).
Objective image quality improved with IR, at 82% reduced dose the CNR
of iDose4 level 7 was similar to the reference dose CNR, and IMR levels 1 to 3
resulted in an even higher CNR.
Conclusion
Calcium scores were not affected by radiation-dose reduction with FBP and low
levels of iDose4. Objective image quality increased significantly using iDose4 and
IMR. Therefore low level iDose4 has the potential to reduce radiation-dose of
coronary calcium scoring with up to 82%.
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Cardiovascular disease is the leading cause of death in developed countries [1].
Prognosis on the risk of a future cardiovascular event can be made based on
the amount of coronary calcium as assessed with cardiac computed tomography
(CT) [2]. Coronary artery calcifications can be quantified with cardiac CT as the
Agatston score, calcification mass and volume.
Cardiac CT examinations are associated with a small risk for radiation-induced
carcinogenesis [3]. Although the radiation dose used in cardiac CT-scans
decreased significantly over the past years, cardiac CT-scans are commonly
performed and therefore dose remains an important concern, especially since
recent guidelines recommend cardiac CT examinations to assess coronary
calcifications even for asymptomatic adults at low-to-intermediate and
intermediate cardiovascular risk [4-6].
Iterative reconstruction (IR) is a possible solution to lower radiation dose for CT
imaging [5,7-9]. Recently, IR algorithms came available for clinical use and have
been demonstrated to reduce radiation dose while preserving the image quality
compared to the reconstruction by filtered back projection (FBP) [10]. In the
current study two recently introduced IR algorithms were compared to FBP. The
first is iDose4 (Philips Healthcare, Best, The Netherlands), a hybrid reconstruction
technique that iterates in both the projection (raw) data domain and the image
domain [11]. Dose reductions of up to 76% have been reported with preserved
image quality compared to a corresponding routine dose CT-scan [12].
The second algorithm studied is a prototype version of a novel model-based IR
technique called iterative model-based reconstruction (IMR, Philips Healthcare,
Best, The Netherlands) and became recently available [13]. This algorithm models
both the CT system optics and geometry and uses forward and backward
reconstruction steps and is therefore an advanced model-based IR technique.
Because IMR is more advanced than iDose4, even more dose reduction might be
achievable with IMR. An initial study showed significant noise reduction and
contrast-to-noise improvements [14].
The strength of iDose4 and IMR is defined in different levels of noise reduction.
A higher level implicates more noise reduction. There are seven levels of noise
reduction for iDose4 and three levels for IMR.
The purpose of this ex-vivo study was to determine to which extent radiation dose
can be reduced using iDose4 or IMR without affecting coronary calcium scoring
and risk assessment using the extent of coronary calcification as quantified
with the Agatston score, calcification mass and volume. Different levels of dose
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reduction were used within the same hearts to determine the influence of dose
reduction on coronary calcium scoring. Furthermore, the effects of iDose4 and
IMR on objective image quality, compared to FBP at routine dose were assessed.

Methods
For this study 15 ex-vivo hearts from deceased subjects where included. All
patients signed informed consent during life to donate their entire body
to science for educational and research purposes. The hearts were fixed in
3%-formaldehyde and placed in a commercially available anthropomorphic
chest phantom (QRM GmbH, Moehrendorf, Germany) [15] for CT imaging.
CT protocol
Image acquisition was performed using a 256-slice CT scanner (Brilliance
iCT, Philips Healthcare, Best, The Netherlands). Five hearts were scanned twice
to evaluate interscan reproducibility. The following parameters were used for
image acquisition: matrix size 512x512; 128x0.625 mm collimation and a tube
voltage of 120 kV. Different mAs-values were used to expose the heart to different
radiation dose levels. In total four radiation dose levels were evaluated: routine
dose (4.12 mGy), a 27% reduced dose protocol (2.99 mGy), a 55% reduced dose
protocol (1.87 mGy) and an 82% reduced dose protocol (0.75 mGy). Standard
sequential cardiac CT protocols were used with a simulated 60 beats per minute
electrocardiogram signal. No contrast agents were used.
CT image reconstruction
All 15 ex-vivo hearts were imaged at the four dose levels as previous described and
reconstructed at 3 mm slice thickness and a field-of view (FOV) of 160 mm with
FBP, iDose4 (levels 1, 4 and 7) and IMR (levels 1, 2 and 3) on the same workstation
(Extended Brilliance Workspace version 4.5.5.51035, Philips Healthcare, Best,
The Netherlands). The ‘Cardiac Routine’ kernel was used for all reconstructions.
The reconstructed 3 mm slices were sent to an offline CT workstation (Philips
Healthcare, the Netherlands) for further analysis.
Calcium score
The extent of coronary calcification was determined using the Agatston score,
calcification mass and volume. All plaques related to the coronary arteries
with a density higher than 130 Hounsfield Units (HU) and an area ≥1 mm2
were included and scored as previously described by Agatston et al [16,17].
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Objective image quality was assessed using contrast-to-noise ratio

(CNR) and signal-to-noise ratio (SNR). To this end, a homogenous region of interest (ROI) with a

The SNR was defined as the ratio between the mean HU and the SD of the same
diameter of 18 mm was drawn within the spine and the lung and the mean HU and the standard
ROI.
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Statistical
analysis
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correlation coefficient as well as a Bland-Altman plot.

Statistical analysis was performed using SPSS (version 20.0 for Microsoft Windows). The ShapiroWilk test was used to identify normally distributed data. Data were compared using the Friedman test
and post-hoc analyses were performed with the Wilcoxon signed ranks test. A p-value
below 0.05 was
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Results
Calcium score
The median Agatston score at routine dose reconstructed with FBP was 397
(interquartile range 212 – 1413). An example of the different reconstruction
techniques and parameters is shown in Figure 1. The measured Agatston scores,
calcification masses and volumes are listed in Table 1. The Agatston score,
calcification mass and volume at all dose levels in all reconstruction methods
were compared to the reference dose protocol reconstructed with FBP. The
results are shown in Figure 2.
At routine dose a significantly lower average Agatston score was found with IMR
level 3 (median difference 1.7%, 6.8 Agatston units) and iDose4 level 7 (median
difference 1.5%, 6.0 Agatston units) compared to FBP (p<0.007). At 27% and 55%
reduced dose no differences with FBP (routine dose) were found (p>0.007). At
82% reduced dose significantly lower Agatston scores were found with IMR
levels 1 to 3 and iDose4 level 7. The average differences were 5.2% (20.7 Agatston
units), 5.3% (21.0 Agatston units) and 5.2% (20.7 Agatston units) with IMR levels 1
to 3 respectively and 3.6% (14.3 Agatston units) with iDose4 level 7.
Calcium mass was compared to the acquisition at routine dose reconstructed
with FBP. With the three reduced dose levels no significant differences were
found for all reconstruction methods. At routine dose a small but statistically
significant increase in mass with IMR levels 2 and 3 was found (p<0.007). The
median difference was 1.9% (2.3 mg) and 2.0% (2.4 mg) respectively.
Statistically significantly lower calcium volumes compared to FBP (routine dose)
were found at 82% reduced dose using IMR levels 1 to 3 (p<0.007). The median
difference was 4.4% (14.7 mm3), 4.7% (15.8 mm3) and 5.0% (16.8 mm3) respectively.
There were two reclassifications from risk groups based on Agatston scores. One
changed from low to normal at 82% reduced dose (iDose4 levels 1, 4 and 7). One
changed from intermediate to high at 27% reduced dose (iDose4 levels 1, 4 and 7)
and routine dose (iDose4 levels 4 and 7).
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Figure 1 – Example images reconstructed with the different reconstruction techniques and

parameters at reference dose reconstructed with filtered back-projection (A) and at 82% reduced
dose reconstructed with filtered back-projection (B), iDose4 level 7 (C) and IMR level 3 (D).
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335 (173 - 1115)

122 (65 – 416)

379 (185 - 1134)

Mass

Volume

415 (203 - 1136)

Volume

122 (64 – 416)

320 (197 - 1132)

121 (56 - 415)

390 (221 – 1448)

346 (184 - 1067)

119 (60 - 392)

389 (212 – 1368)

378 (181 - 1132)

317 (189 - 1122)

121 (55 - 414)

385 (211 - 1428)

323 (177 - 1057)

117 (57 – 392)

386 (208 – 1348)

366 (178 – 1126)

122 (63 - 417)

395 (214 - 1439)

321 (172 - 1111)

122 (60 - 411)

397 (212 – 1398)

iDose4 level 4

312 (178 - 1095)

380 (205 - 1395)*
p=0.005
120 (53 – 412)

317 (171 - 1049)

116 (54 – 392)

395 (204 – 1339)

357 (177 - 1120)

121 (62 – 417)

398 (210 - 1428)

322 (172 - 1105)

121 (58 – 411)

398 (210 -1387)*
p=0.005

iDose4 level 7

308 (175 - 1083)*
p=0.005

376 (201 - 1401)*
p=0.003
121 (49 - 414)

309 (180 - 1038)

118 (56 – 395)

384 (211 – 1325)

367 (178 - 1120)

123 (64 – 421)

400 (213 - 1417)

307 (173 - 1102)

109 (61 – 415)

373 (207 – 1391)

IMR level 1

307 (172 - 1082)*
p=0.004

376 (199 – 1399)*
p=0.003
121 (48 - 415)

320 (180 - 1035)

118 (55 – 396)

391 (211 – 1325)

369 (178 - 1118)

123 (64 – 422)

400 (213 - 1415)

336 (171 - 1099)

124 (63 – 416)*
p=0.001

405 (206 – 1390)

IMR level 2

*Significant difference compared to FBP at routine dose Abbreviations: FBP = filtered back projection; IMR = iterative model reconstruction

122 (67 – 417)

392 (230 – 1462)

Agatston score

Mass

356 (188 – 1071)

120 (62 - 393)

Mass

Volume
82% reduced dose

391 (214 -1376)

Agatston score

55% reduced dose

395 (218 - 1443)

Agatston score

27% reduced dose
395 (216 - 1442)

323 (172 - 1115)

122 (61 - 410)

Mass

Volume

122 (6 - 411)

397 (212 - 1413)

397 (211 – 1411)

iDose4 level 1

Agatston score

Routine dose

FBP

309 (170 - 1078)*
p=0.003

377 (198 - 1403)*
p=0.004
121 (48 - 416)

320 (181 - 1032)

118 (56 – 396)

393 (211 – 1324)

370 (179 - 1119)

123 (64 - 422)

401 (213 - 1415)

335 (172 - 1096)

123 (61 - 416)*
p=0.001

410 (206 - 1389)*
p=0.005

IMR level 3

Table 1 – Agatston score, calcification mass and volume per reconstruction method and per dose level. Values are presented as medians (interquartile range).
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Figure 2 – Difference in Agatston score, calcification volume and mass between reconstruction

methods. Differences are expressed as median percentage difference compared to FBP (at routine
dose). Abbreviations: FBP = filtered back projection; IMR = iterative model reconstruction

Objective image quality
The measured CNR and SNR values are listed in Table 2. The CNR at different
dose levels and with different reconstruction methods is shown in Figure 3. The
Friedman test was significant and post-hoc analysis was performed. The CNR
and SNR measured with different reconstruction methods were compared
per dose level and were significantly different at all dose levels between
reconstruction methods. The CNR and SNR decreased significantly using FBP
at the reduced dose protocols.
CNR and SNR on all dose levels in every reconstruction method were compared
to the reference dose protocol reconstructed with FBP. Both CNR and SNR were
significantly higher in both iDose4 and IMR at all levels at routine dose compared
to FBP (p<0.007). Also, IMR levels 1 to 3 reached a significantly higher CNR
and SNR on all reduced dose protocols compared to the FBP reconstruction at
routine dose. The difference between iDose4 at reduced dose protocols and FBP
at routine dose was significant for all comparisons except for iDose4 level 1 (at
27% dose reduction) and iDose4 level 7 (at 82% dose reduction). The CNR and
SNR found with iDose4 level 1 with 27%, 55% and 82% dose reduction and with
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45.9 (43.3 - 50.5)

36.3 (32.0 - 39.1)

24.7 (23.1 - 25.3)

27% dose reduction

55% dose reduction

82% dose reduction

4.9 (4.6 - 5.5)

3.7 (3.4 - 4.1)

2.6 (2.4 - 2.8)

27% dose reduction
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82% dose

iDose level4 7

IMR level 1
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3.0 (2.7 - 3.2)
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IMR level 3

3.7 (3.4 - 4.0)

5.2 (4.9 - 5.8)

6.9 (6.4 - 7.7)

8.1 (7.3 - 8.4)

35.1 (32.7 - 35.8)

50.7 (44.5 - 54.7)

5.7 (5.1 - 6.3)

7.9 (7.4 - 9.0)

10.7 (9.9 - 11.9)

12.4 (11.3 - 12.8)

54.4 (50.3 - 56.4)

78.8 (68.5 - 85.4)

9.0 (8.2 - 9.4)

12.1 (10.8 -13.5)

16.0 (14.0 - 16.8)

17.4 (16.2 - 18.7)

83.0 (79.5 - 87.2)

11.0 (9.7 - 12.2)

14.9 (12.2 - 16.5)

19.7 (16.8 - 20.7)

20.7 (20.0 - 22.8)

103.0 (95.7 - 107.9)

113.9 (104.7 - 127.3) 139.4 (129.0 - 158.0)

13.6 (11.3 - 15.4)

18.6 (15.9 20.9)

24.7 (20.3 - 27.3)

25.2 (24.3 - 27.4)

127.8 (115.5 - 132.8)

175.5 (162.4 - 195.6)

221.0 (195.1 - 238.2)

75.5 (70.5 - 78.9) 117.3 (109.1 - 121.9) 161.1 (158.1 - 172.9) 194.0 (189.3 - 206.4) 233.3 (228.0 - 248.7)

iDose4 level 4

51.3 (48.2 - 56.4) 64.8 (60.0 - 70.7) 99.6 (91.9 - 109.5) 146.4 (132.2 - 155.6) 180.0 (160.3 - 193.1)

60.1 (56.5 - 62.8)

iDose4 level 1

Abbreviations: FBP = filtered back projection; IMR = iterative model-based reconstruction

5.8 (5.2 - 6.0)

Routine dose

SNR Spine

53.8 (50.6 - 56.2)

Routine dose

CNR

FBP

Table 2 – CNR and SNR per dose level and per reconstruction method. Values are presented as medians (interquartile range).
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Figure 3 – CNR per dose level. Reference line represents the median CNR with FBP (at routine dose).

Abbreviations: CNR = contrast-to-noise ratio; FBP = filtered back projection; IMR = iterative model

reconstruction; ● outlier (more than 1.5 box lengths); * extreme outlier (more than 3 box lengths)

iDose4 level 4 at 55% and 82% dose reduction were lower compared to FBP at
routine dose.
At the lowest dose level (82% reduction) there was a median decrease in CNR
of 54% for FBP, 48% and 35% for iDose4 levels 1 and 4 respectively and a median
increase in CNR of 1% for iDose4 level 7 and 54%, 91% and 238% for IMR levels 1
to 3 respectively compared to FBP at routine dose.
Interscan variability
Five hearts were scanned twice to measure interscan variability. FBP
reconstructions were used to measure the interscan variability. Bland-Altman
analysis showed comparable Agatston scores between the scans (Figure 4). The
intraclass correlation coefficient was 1.0 at 27% and 82% dose reduction and 0.9
at routine dose and 55% reduced dose. The median interscan difference was 24
Agatston units (1.7%) for calcium score, 14 mg (4.6%) for calcium mass and 18
mm3 (2.5%) for calcium volume.
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Figure 4 – Bland Altman plot for the difference in Agatston score between the two scans at the FBP

reconstruction (at routine dose). The upper and lower lines represent the lines of agreement and the
central line represents the mean difference between the two measurements.

Discussion
This study showed that radiation dose reduction up to 82% did not affect
calcium scores with standard FBP reconstructions and low iDose4 levels, while
Agatston scores significantly decreased with IMR and the highest iDose4 level.
Furthermore, coronary mass values remained unaffected by dose reduction for
all reconstruction methods and coronary volume decreased with IMR at 82%
dose reduction. Objective image quality significantly improved with iterative
reconstruction, in particular with IMR.
Iterative reconstruction has been mainly investigated in (contrast-enhanced)
coronary CT angiography where improved image quality and increased
diagnostic accuracy has been reported [10,18-22]. Coronary calcium scores are
assessed on unenhanced cardiac CT. To our best knowledge only four other
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published studies investigated the effect of IR on coronary calcifications [23-26].
Kurata et al. [23] investigated the influence of different levels of a hybrid IR
algorithm from a single vendor, sinogram-affirmed iterative reconstruction
(SAFIRE), on the coronary calcium score at normal dose levels in 70 patients.
They also found decreased Agatston scores, calcium mass and volumes with
increased IR levels. Murazaki et al. [25] used a cardiac phantom with known
calcium content and found the same Agatston score, calcification mass and
volume compared to FBP at normal and reduced dose levels up to 70% using
different iDose4 levels. Only one phantom was used for this in vitro study. Takx
et al. [26] investigated the use of iDose4 in 63 patients at normal dose levels
and analysed plaque composition and objective image noise. While objective
image noise decreased significantly using iDose4, there was no effect of iterative
reconstruction on plaque composition. Gebhard et al. [24] performed an in-vivo
study with 50 patients using 20-100% ASIR at unenhanced cardiac CT scans
at normal dose levels. The maximum decrease in Agatston scores was 128.5
Agatston units (15.3%) with 100% ASIR compared to FBP while mass scores
remained unchanged. The maximum difference in mass score was 1.9% with
40% ASIR.
In the current study both a hybrid and a model-based IR technique were used at
normal and reduced dose levels. The current study showed that radiation dose
reductions up to 82% did not significantly influence Agatston scores, calcification
mass and volume with standard FBP reconstructions. Agatston score differences
with IR were relatively small and remained within 5.3% and only two patients
changed risk classification category. Therefore the effect of IR on calcium scores
is presumably not clinically relevant. This study confirms the results of Kurata et
al. [23] and Gebhard et al. [24] that IR leads to lower Agatston scores.
The current study not only investigated hybrid iterative reconstruction, as the
previous mentioned studies, but also model-based iterative reconstruction.
Objective image noise decreased even further using model-based iterative
reconstruction compared to hybrid iterative reconstruction. However, the
diagnostic value of model-based IR algorithms should be further evaluated
on diagnostic CT protocols. A preliminary report of a study investigating the
objective and subjective image noise using IMR found no improvement in overall
image quality, likely due to the more ‘plastic’ appearance using IMR [14]. In the
current study objective image quality increased with IR, especially with IMR.
However, the subjective image quality of IMR should be further investigated.
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In the current study calcification mass remained unchanged, which is comparable
to the findings of Gebhard et al. [24]. A possible explanation for the fact that
coronary mass remains unchanged is that with IR the borders of the calcified
area are smoothed and the central area appears denser. Therefore calcium mass
remains unchanged while the Agatston score and volume decreases. Moreover
previous studies demonstrated that calcium mass is better reproducible than
the Agatston score [27-29]. Because the calcium score could also be used for
follow-up, a low variability is important [27]. Also calcification mass and volume
are not influenced by tube voltage variations unlike the Agatston score [30,31].
Therefore the coronary calcification mass might be a better quantification
method than the Agatston score.
Our study has limitations. It concerns an ex-vivo study with relatively high
Agatston scores (median 397). With high Agatston scores, the change of
reclassification in a different risk group due to IR is likely to be small. Because
this is an ex-vivo study, the effect of IR on motion artefacts could not be
measured. Potentially IMR may have an effect on image artefacts which in
turn may influence calcium scores, However this need to be evaluated in
future research. Furthermore, because all major vendors developed their own
IR technique, the applicability of the findings of this study to CT-scans from
different vendors may be limited. However, besides IMR there are currently no
other commercially available model-based algorithms that are compatible with
prospectively triggered cardiac CT. Also the calcium scores were measured by
a single observer in a standard order. This could have led to falsely improved
assessment on the lower dose scans. However, this method ensures the detection
of the same calcifications on all reconstructions.
While IMR has a significant influence on calcium scores, low level iDose4 does
not affect calcium scores. Therefore low level iDose4 was preferred over IMR
in the current study. Objective image quality increased significantly using both
hybrid and model-based IR. Therefore for coronary calcium scoring radiation
dose can be reduced up to 82% whereby a low iDose4 level is preferable over FBP.
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Abstract
Objective
To assess the maximally achievable computed tomography (CT) dose reduction
for coronary artery calcium (CAC) scoring with iterative reconstruction (IR) by
using phantom-experiments and a systematical within-patient study.
Methods
Our local institutional review-board approved this study and informed consent
was obtained from all participants. A phantom and patient study were conducted
with 30 patients (23 men, median age 55.0 (52.0-56.0) years) who underwent
256-slice electrocardiogram-triggered CAC-scoring at four dose levels (routine,
60%, 40%, and 20%-dose) in a single session. Tube-voltage was 120 kVp, tubecurrent was lowered to achieve stated dose levels. Data were reconstructed with
filtered back-projection (FBP) and three IR levels. Agatston, volume and mass
scores were determined with validated software and compared using Wilcoxon
signed ranks-tests. Subsequently, patient reclassification was analyzed.
Results
The phantom study showed that Agatston scores remained nearly stable with FBP
between routine-dose and 40%-dose and increased substantially at lower dose.
Twenty-three patients (77%) had coronary calcifications. For Agatston scoring,
one 40%-dose and six 20%-dose FBP reconstructions were not interpretable
due to noise. In contrast, with IR all reconstructions were interpretable. Median
Agatston scores increased with FBP from 26.1 (5.2-192.2) at routine-dose to 60.5
(11.6-251.7) at 20% dose. However, IR lowered Agatston scores to 22.9 (5.9-195.5) at
20%-dose and strong IR (level 7) with Agatston reclassifications in 15%.
Conclusion
IR allows for CAC-scoring radiation dose reductions of up to 80% resulting in
effective doses between 0.15 and 0.18 mSv. At these dose-levels, reclassificationrates remain within 15% if the highest IR-level is applied.
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Coronary artery calcium (CAC), as measured by non-contrast cardiac computed
tomography (CT), is a strong predictor for future cardiovascular events and
mortality [1-4]. Although the presence of CAC does not necessarily imply the
presence of flow-limiting coronary artery obstruction, current international
guidelines recommend the use of CAC scoring for risk re-stratification of
asymptomatic individuals at low-to-intermediate and intermediate risk of
cardiovascular disease based on traditional risk factors. In 2007, 600,000 CAC
scans were performed in the United States alone, a number expected to increase
with the recent guideline support [1,5]. The radiation dose of approximately
1 mSv for CAC scans may be considered relatively low [6], but in the context
of screening growing numbers of healthy individuals, exposure will become
considerable on a population level [7].
Traditionally, CAC scans were reconstructed with an image reconstruction
algorithm called filtered back projection (FBP). With more powerful computer
processing now widely available, iterative reconstruction techniques are
being used clinically for CT image reconstruction. Although these iterative
reconstruction algorithms are more computationally intensive they have the
potential to provide better image quality and indirectly create opportunities
for radiation dose reductions [8-13]. However, the optimal combination of
radiation dose reduction and iterative reconstruction setting has not yet been
evaluated for CAC scoring. Therefore, the aim of the current study was to assess
the maximally achievable dose reduction with iterative reconstruction by using
a phantom study and subsequently a systematical within-patient study design
using CAC scoring at multiple radiation dose levels.

Methods
Phantom study
Prior to the patient study, a phantom study was performed to evaluate
the potential radiation dose reduction and make a more informed choice
regarding acquisition protocols in the patient study. A commercially available
anthropomorphic calcium scoring phantom (QRM GmbH, Moehrendorf,
Germany) was scanned with a 256-slice CT system (iCT, Philips Healthcare, Best,
The Netherlands). The phantom was surrounded by an external ring (medium
size) in order to simulate the thoracic attenuation of an average size patient [14].
An electrocardiogram (ECG) simulator was used at 60 beats per minute to trigger

61

Part I

Introduction

Part I

Chapter 1.3

the image acquisition. CT parameters were 120 kVp and 55 mAs (reference level)
and the tube-current was decreased with steps of 5 mAs down to 10 mAs. Data
were reconstructed with FBP and hybrid iterative reconstruction (iDose4, Philips
Healthcare, Best, The Netherlands) at increasing levels from 3 to 7. Agatston
scores of 6 inserts (3 cylindrical inserts of 5 mm diameter and 3 cylindrical
inserts of 3 mm diameter) containing hydroxyapatite at different concentrations
(800 mg/cm3, 400 mg/cm3 and 200 mg/cm3) were quantified with commercially
available software (Heartbeat CS, Philips Healthcare, Best, The Netherlands).
Patients
Our local institutional review board approved this prospective study and written
informed consent was obtained from all participants. Thirty patients with a
clinical indication for a cardiac CT successively underwent 4 calcium scoring
CT scans in a single session. Patients were scanned between January 2014 and
August 2014. Only patients of 50 years or older were selected since the effects
of the additional radiation exposure was considered less potentially harmful in
these patients compared to younger patients. The routine dose level for CAC
scoring of patients ≥ 80 kg at our institution is approximately 0.9 mSv. Additional
scans at 60%, 40% and 20% of the routine radiation dose would cumulatively
result in a maximal additional dose of 1.1 mSv, for a total of approximately 2 mSv.
CT Protocol and Analysis
Image acquisition was performed with a 256-slice CT system (iCT, Philips
Healthcare, Best, The Netherlands). If the patient had a resting heart rate above
60 beats per minute at the Cardiology outpatient clinic, the patient was instructed
to take 50 mg Metoprolol orally two hours prior to the CT examination. Patients
were placed in the supine position and an ECG-trace was recorded during the
procedure. If the heart rate was higher than approximately 70 beats per minute,
20 mg of Metoprolol was administered intravenously. First, a locator image was
made to select the acquisition region, ranging from the carina of the trachea to
the inferior surface of the heart. Second, if the heart rate was regular, acquisition
was performed during the mid-diastolic phase with a prospectively ECGtriggered axial scan protocol. In case of an irregular heart rate, acquisition was
performed during the systolic phase, also with a prospectively ECG-triggered
axial scan protocol. Image acquisition was performed at routine, 40%-reduced,
60%-reduced and 80%-reduced doses for each patient. To make sure patients’
heart rates were similar and patients would not move between acquisitions, the
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technician planned the four acquisitions beforehand. Therefore, the scans were
acquired consecutively within a matter of seconds. The following parameters
were used: slice thickness, 3 mm; matrix size 512 x 512 pixels. Tube voltage was
kept constant at 120 kVp and tube current-time products depended on body
size. Tube current-time products were 50, 30, 20, and 10 mAs for patients with a
body weight < 80 kg and 60, 36, 24, and 12 mAs for patients with a body weight
≥ 80 kg, respectively. Dose was reduced by decreasing tube current since CAC
acquisition protocols are validated at a tube voltage of 120 kVp. Volumetric CT
dose index (CTDIvol), dose-length product (DLP) and mean heart rates were
recorded for each scan. Effective doses were estimated by multiplying DLP with
the effective dose estimate of 0.0145 mSv/(mGy×cm) for the chest [15].
Raw data were reconstructed with standard FBP and three hybrid iterative
reconstruction levels (iDose4 levels 1, 4 and 7, Philips Healthcare, Best, The
Netherlands). Iterative reconstruction algorithms allow for radiation dose
reduction due to less noisy images [13]. iDose4 offers seven levels of noise
reduction. Higher iDose4 levels result in less noise compared to lower levels.
CAC was quantified as Agatston scores, volume scores and mass scores with
commercially available validated software (Heartbeat CS, Philips Healthcare,
Best, The Netherlands). Signal densities above 130 Hounsfield units (HU) were
identified by the software package as potential calcifications. Two observers
independently selected the semi-automatically identified regions that were
located within the coronary arteries. Subsequently Agatston scores, volume
scores and mass scores were quantified by the software package.
Data analysis
BMI values and heart rates were compared between interpretable and notinterpretable scans using the Mann-Whitney U test. Within-patient CAC scores
assessed at different dose levels with different reconstruction algorithms were
compared to the reference score (routine radiation dose reconstructed with
FBP). Inter-observer agreement was evaluated with two-way random single
measures intra-class correlation coefficients (ICCs). ICC values above 0.7 were
interpreted as good and ICC values above 0.8 were considered excellent [16].
Statistical differences of CAC scores were analyzed with the Friedman test for
paired non-parametric continuous data and subsequently post-hoc analyses
were performed with the Wilcoxon signed ranks test. Patients were classified
based on reference Agatston scores (routine radiation dose reconstructed with
FBP): very low risk (score = 0), low risk (0 < score < 10), moderate risk (10 ≤ score
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< 100), moderately high risk (100 ≤ score < 400) and high risk (score ≥ 400)
[13,17,18]. Subsequently, the effect of radiation dose reduction and reconstruction
settings on reclassification of Agatston scores was evaluated. The risk categories
based on reference Agatston scores (routine radiation dose reconstructed with
FBP) were used as the reference risk category. Reclassification was defined as a
change in risk category for the same patient at a low-dose protocol compared to
the reference risk category. Finally recommended CAC scoring protocols were
derived based on Agatston results from the phantom study and the patient study.
Protocols with the lowest reclassification rates and Agatston scores similar to the
reference scores were selected. A P-value < 0.05 was considered significant and
for the post-hoc analyses a Bonferroni corrected P-value of < 0.0033 was used.
Data are presented as medians with interquartiles, unless otherwise stated.
Statistical analyses were performed with MedCalc version 13.2.2.0 (Mariakerke,
Belgium) and IBM SPSS version 20.0 (SPSS Inc, Chicago, Illinois, USA).

Results
Phantom study
The total Agatston score of the phantom data reconstructed with FBP at 55 mAs
was 712.3, and increased with lower mAs-values up to 951.1 at 10 mAs (Figure 1).

Figure 1 – Coronary artery calcium scores of the phantom at different tube currents and

reconstruction algorithms. FBP Filtered back projection; L3, L5 and L7 Level 3, 5 and 7, respectively;
Reference level Coronary calcium score derived from routine dose filtered back projection scan.
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Iterative reconstruction led to lower Agatston scores of 679.9 and 664.0 at 55 mAs,
and increased to 827.9 and 717.6 at 10 mAs (iDose4 levels 3 and 7, respectively).
The Agatston score was nearly stable between 55 mAs and 20 mAs and increased
substantially at lower mAs-values, especially with FBP reconstructed data.
Patient study
Demographic characteristics of the study population are listed in Table 1 and
radiation doses are listed in Table 2. Low dose / reference dose ratios were 0.6,
0.4 and 0.2, respectively for all dose measures. All routine dose reconstructions
were interpretable. However, for Agatston scoring one 40% dose and six 20%
dose FBP reconstructions were not interpretable due to the presence of extensive
noise artifacts with densities above 130 HU (Figure 2).

Table 1 – Patient characteristics. Results are presented as medians with interquartiles.

Variable

Value

Number of Patients (n)

30

Gender (M = male, F = female)

23 M / 7 F

Age (years)

55.0 (52.0-56.0)

Distribution over weight category (<80 kg / ≥80 kg)

11 / 19

Weight (kg)

87.5 (77.5-97.3)

Body mass index (kg/m )

27.1 (25.1-30.0)

Heart rate (/min)

59.0 (52.5-63.0)

2

Table 2 – Radiation dose. Results are presented as medians with interquartiles.

Routine dose

60% dose

40% dose

20% dose

< 80 kg ≥ 80 kg

< 80 kg ≥ 80 kg

< 80 kg ≥ 80 kg

< 80 kg ≥ 80 kg

Tube current-time
product (mAs)

50

60

30

36

20

24

10

12

CTDIvol (mGy)

4.1

4.9

2.5

3.0

1.7

2.0

0.8

1.0

DLP (mGy×cm)

51.2

61.5

30.9

36.9

20.6

24.0

10.3

12.0

Effective dose (mSv)

0.7

0.9

0.5

0.5

0.3

0.4

0.2

0.2

CTDIvol Volume CT dose index; DLP Dose-length product
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Figure 2 – Effect of dose reduction and iterative reconstruction on evaluation of coronary calcium.

Images of a patient with a reference Agatston score of 978, reconstructed at routine dose (upper row)
and 80% reduced dose (lower row) with filtered back projection and iDose4 levels 1, 4 and 7. The
80% reduced dose filtered back projection reconstruction is not interpretable, whereas all levels of
iterative reconstruction scans are interpretable.

In contrast, with iterative reconstruction all reconstructions were interpretable.
The median body mass index (BMI) and heart rate of patients with noninterpretable reconstructions were 30.9 (29.4-33.0) kg/m2 and 61 (59-64) beats per
minute. For patients with interpretable reconstructions these values were 25.8
(24.8-28.2) kg/m2 and 58 (51-61) beats per minute, respectively. BMI values for the
individuals with non-interpretable reconstructions were significantly higher
compared to individuals with interpretable reconstructions (P < 0.01). Heart rate
differed not significantly between both groups (P = 0.1). The non-interpretable
low dose reconstructions were excluded for statistical analyses.
Inter-observer agreement
Agatston score ICC values for the assessment of inter-observer agreement varied
between 0.996 and 1.000. For volume scores the ICC values varied between 0.942
and 1.000, and for the mass scores ICC values varied between 0.935 and 1.000,
respectively. Therefore, inter-observer agreement was considered excellent.
Agatston scores
Seven patients (23%) had a reference Agatston score of zero. Both radiation
dose reduction and iterative reconstruction did not result in false positive
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Agatston scores, except for one case. This patient had a score of 6.9 at 20%
dose reconstructed with FBP and 2.4 at 20% dose reconstructed with iDose4
level 1, higher iDose4 levels resulted in zero scores in this patient. False positive
Agatston scores were caused by noise within the coronary arteries simulating
small calcifications.
Twenty-three patients (77%) had a reference Agatston score larger than zero.
Median Agatston scores of the patients with interpretable reconstructions
(N=18) are listed in Table 3, and increased with FBP from 26.1 (5.2-192.2) at routine
dose to 60.5 (11.6-251.7) at 20% dose. Iterative reconstruction resulted in lower
Agatston scores. The Friedman test showed that overall differences were present
(P < 0.001). Post-hoc analyses showed that differences were only significant
between reference dose FBP and routine dose iDose4 levels 4 and 7 (P = 0.002
and P = 0.001, respectively).
The clinical relevance of Agatston score differences was evaluated in terms of
risk reclassification compared to routine dose FBP Agatston scores (Figure 3).
Reducing the radiation dose with FBP resulted in increased risk classifications
(N=4 at 60% dose, N=5 at 40% dose and N=6 at 20% dose, respectively), which
decreased with higher levels of iterative reconstruction (to N=3 at 60% dose and
N=1 at 40% and 20% dose, respectively). However, increased levels of iterative
reconstruction resulted in more patients being reclassified to a lower risk
category (N=1 at 60% dose, N=5 at 40% dose and N=3 at 20% dose). The minimal
number of patients that were reclassified to another risk category compared to
the routine dose FBP classification was 4/30 (13%, for all reconstructions) at 60%
dose, 4/30 (13%, for iDose4 levels 1 and 4) at 40% dose, and 4/30 (13%, for iDose4
level 7) at 20% dose. The maximum number of patients that were reclassified
to another risk category compared to the routine dose FBP classification was
4/30 (13%, for all reconstructions) at 60% dose, 7/30 (23%, for FBP) at 40% dose,
and 13/30 (43%, for FBP) at 20% dose. Maximum of reclassification category shift
was 1 category for all reclassifications. Figure 4 demonstrates the reclassifications
between reference scores and 20% dose iDose4 level 7 scores.
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Table 3 – Median coronary artery calcium scores of patients with non-zero scores and interpretable

Part I

reconstructions.

Agatston score
(N=18)

Volume score (mm3)
(N=15)

Mass score (mg)
(N=15)

FBP

26.1 (5.2-192.2)

21.1 (7.3-87.6)

4.5 (1.0-17.4)

iDose4 level 1

25.1 (5.2-192.1)

21.1 (6.5-86.5)

4.4 (1.0-17.3)

iDose4 level 4

24.6 (5.0-189.1)

20.5 (7.0-86.5)

4.4 (1.0-17.2)

iDose4 level 7

23.2 (5.0-186.9)

18.7 (6.8-84.5)

4.2 (1.0-17.1)

FBP

25.6 (13.6-166.6)

19.9 (13.8-94.0)

4.2 (2.2-18.3)

iDose4 level 1

24.6 (13.4-164.0)

19.9 (13.3-91.7)

4.0 (2.0-18.0)

iDose4 level 4

22.8 (13.1-160.1)

19.9 (12.8-91.8)

4.0 (2.0-18.0)

iDose4 level 7

22.3 (13.1-158.3)

19.2 (11.0-87.9)

3.8 (1.8-17.5)

FBP

30.3 (9.7-191.2)

21.4 (11.4-148.4)

4.8 (1.9-28.7)

iDose4 level 1

28.4 (8.1-188.2)

20.3 (11.1-137.3)

4.6 (1.8-23.9)

iDose4 level 4

28.7 (7.6-184.8)

20.8 (10.4-130.3)

4.7 (1.7-22.9)

iDose4 level 7

27.6 (7.3-182.6)

19.8 (9.6-128.0)

4.6 (1.6-22.4)

FBP

60.5 (11.6-251.7)

21.4 (14.5-215.3)

3.3 (2.6-33.1)

iDose4 level 1

29.4 (6.8-206.4)

17.6 (9.2-127.0)

3.0 (1.4-22.8)

iDose4 level 4

26.4 (6.6-199.9)

17.1 (8.4-118.1)

2.9 (1.2-21.4)

iDose4 level 7

22.9 (5.9-195.5)

16.6 (5.4-108.7)

2.8 (0.9-20.1)

Routine dose

60% dose

40% dose

20% dose

Results are presented as medians with interquartiles. FBP Filtered back projection
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Figure 3 – Reclassification of coronary artery calcium score risk categories (N = 30). FBP Filtered back

projection; L1, L4 and L7 Levels 1, 4 and 7, respectively.

Figure 4 – Reclassification of coronary artery calcium score risk categories, reference scores versus

20% dose iDose level 7
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Volume and Mass scores
Since thresholds for Agatston scoring and mass/volume scoring differ, some
patients had interpretable scans for Agatston scoring but not for volume and
mass scoring. At 60% dose 1 patient had a FBP reconstructed scan that was not
interpretable for volume and mass scoring. This number increased at 40% dose
to 4 non-interpretable FBP and 1 non-interpretable iDose4 level 1 reconstructions,
and at 20% dose to 8 non-interpretable FBP and 1 non-interpretable iDose4
level 1 reconstructions. The effect of radiation dose reduction on volume and
mass scores in patients with non-zero calcium scores and with interpretable
reconstructions was less prominent as compared to Agatston scores (Table 3).
The median reference volume score was 21.1 (7.3-87.6) mm3 and remained
approximately the same at FBP reconstructed lower dose scans with median
scores of 19.9 (13.8-94.0) mm3 at 60% dose, 21.4 (11.4-148.4) mm3 at 40% dose and
21.4 (14.5-215.3) mm3 at 20% dose. Volume scores also decreased with increasing
levels of iterative reconstruction. None of the volume scores differed significantly
from the reference volume score (P > 0.0033).
The median reference mass score was 4.5 (1.0-17.4) mg and remained also
approximately the same at FBP reconstructed lower levels with median scores
of 4.2 (1.0-17.1) mg at 60% dose, 4.8 (1.9-28.7) mg at 40% dose and 3.3 (2.6-33.1) mg
at 20% dose. Similar to Agatston scores and volume scores, mass scores also
decreased with increasing levels of iterative reconstruction. None of the mass
scores differed significantly from the reference mass score (P > 0.0033).
Recommended calcium scoring protocol
An overview of recommended protocols is composed based on the Agatston
data from both the phantom and the patient studies (Table 4). Only protocols
were selected with less than 15% reclassifications.
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Table 4 – Recommended Agatston scoring protocols. For all protocols: 120 kVp, slice thickness and

increment 3.0 mm, matrix size 512 x 512 pixels

≥ 80 kg

Tube Effective
current dose
(mAs) (mSv)

Tube Effective
current dose
(mAs) (mSv)

Reconstruction
algorithm

Reclassification rate

Up

Down

Part I

< 80 kg

60% dose

30

0.45

36

0.54

iDose4 level 4
iDose4 level 7

10.0% (3/30)
10.0% (3/30)

3.3% (1/30)
3.3% (1/30)

40% dose

20

0.30

24

0.36

iDose4 level 1
iDose4 level 4

6.7% (2/30)
3.3% (1/30)

6.7% (2/30)
10.0% (3/30)

20% dose

10

0.15

12

0.18

iDose4 level 7

3.3% (1/30)

10.0% (3/30)

Discussion
This study shows that iterative reconstruction allows for CAC scoring radiation
dose reduction of up to 80%, resulting in effective doses between 0.15 and 0.18
mSv. At these dose levels, reclassification rates remain within 15% if the highest
iterative reconstruction level is applied. Up to our knowledge, this is the first
study that aimed at finding the optimal vendor specific combination of dose
reduction and iterative reconstruction settings using a systematic within-patient
analysis.
Coronary calcium deposition, as measured by non-enhanced CT, correlates
with atherosclerotic plaque burden and predicts future adverse cardiovascular
events, with incremental predictive value over traditional risk factors [19].
Current guidelines support the use of CAC scoring in asymptomatic adults
at intermediate and low to intermediate risk based on traditional risk factors,
which represents approximately 40% of the adult population in the United
States [1,19]. Particularly in the context of screening healthy asymptomatic
populations the radiation exposure is of concern and all efforts should be taken
to minimize dose.
Our phantom study showed that Agatston scores remained unchanged between
55 mAs and 20 mAs (approximately 40% of the reference dose), in line with
phantom studies performed by Murazaki and colleagues [20]. Doses below 20
mAs increased Agatston scores, especially with FBP reconstructed images.

71

Part I

Chapter 1.3

Based on these data, a prospective patient study was designed. To find the
maximally achievable radiation dose reduction, three additional dose levels
were selected: 60%, 40% and 20% of the routine dose. The phantom study
indicated that the effect of iterative reconstruction would be most obvious
at 20% dose. This was confirmed by the patient study: at 20% dose both the
absolute Agatston scores as well as the number of reclassifications decreased
substantially with higher iterative reconstruction levels. Previous studies have
shown that normal variation by changing only the scan starting position of the
scan results in reclassification in 10% to 11% [17,21]. These reclassification rates
are comparable to the 13% we found in the current study.
Low-dose calcium imaging
In contrast to other studies we found that a lower radiation dose affected the
CAC score. Dey et al.[22] reported no effect of lowering the tube current-time
product on CAC scores. However, they compared 120 kVp and 150, 120, or 85 mAs
values which resulted in substantially higher doses (CTDIvol: 8.5 mGy versus 5.1
mGy) compared to the dose parameters used in the current study (CTDIvol: 4.8,
2.9, 1.9 and 1.0 mGy). Furthermore, Nakazato and colleagues [23] reported that
lowering tube voltage (routine protocol: 120 kVp and 150 mAs; low dose protocol:
100 kVp and 180 mAs) did not affect CAC scoring. They also used substantially
higher doses (CTDIvol: 8.6 mGy versus 5.9 mGy) compared to the present study.
In neither study iterative reconstruction was used. A more recent study by Hecht
et al.[24] found similar results as our current study. They found that CAC scores
were not influenced by tube current reductions of 50%, with high iDose4 levels.
Their standard protocol was similar to ours, however they only evaluated a
single iterative reconstruction level for the reduced dose protocol (CTDIvol: 4.2
mGy versus 2.0 mGy).
Iterative reconstruction
Several in vitro and in vivo studies have evaluated the effect of iterative
reconstruction on calcium scores and generally demonstrated that calcium
scores decreased in comparison to standard FBP reconstructions [8,10-12,23].
Lowering tube current to reduce radiation dose increases image noise
and artifacts, which results in larger calcification areas and false positive
identification of calcifications by semi-automatic software packages. Because
the Agatston score is strongly affected by the highest measurable attenuation
(HU) within a lesion, and image noise widens the range of attenuation values,

72

it is expected that low-dose FBP images result in higher calcium scores [13].
Iterative reconstruction reduces image noise and artifacts [25,26], which is likely
to be reflected by lower Agatston scores. These effects are indeed found in our
phantom study. One 40% dose and six 20% dose FBP reconstructions were not
interpretable for Agatston scoring due to extensive noise artifacts. However,
iterative reconstruction preserved Agatston score interpretability in all cases. In
comparison, patients with non-interpretable reconstructions had a higher BMI
(>5 kg/m2, P < 0.01) but comparable heart rate, which suggests that body size was
more important for interpretability than heart rate associated motion artifacts.
Iterative reconstruction resulted in false negative Agatston scores in three
patients. At reference dose, these individuals had Agatston scores higher than 0.
Levels 4 and 7 of iDose4 at different low dose protocols resulted in a score of 0. It
should be noted that these individuals all had reference scores only slightly above
0. The consequences of this would be relevant in younger patients since lower
scores translate to higher percentile scores in these individuals. Furthermore,
missing calcification could be clinically relevant if the test were to be performed
in low-probability, symptomatic patients to rule out coronary artery disease, as
recommended by the NICE guidelines [27]. One individual had a false positive
Agatston score at 20% dose with FBP and iDose4 level 1, caused by image noise.
The noise was corrected with higher iterative reconstruction levels, since the
Agatston score was 0 with iDose4 levels 4 and 7 at 20% dose. In the current
study, reclassification rates were 13% or lower. For clinical decision making only
reclassifications with Agatston scores of around 0 and 400 are of importance.
Therefore, the actual number of patients that will be treated differently based
on the low-dose protocols in this study will be lower than 13%.
Inter-observer agreement was excellent, but ICCs were smallest using iterative
reconstruction. Higher noise levels increase the number of regions with
attenuation values above 130 HU, which may be difficult to differentiate form
true calcification, thereby reducing the reproducibility between readers.
Recommended Agatston scoring protocols (Table 4) were selected based on both
the phantom study and the patient study. Absolute Agatston numbers were
similar to reference scores and reclassification rates were below 15% for these
recommended protocols. It should be noted that these recommendations can
only be applied to one vendor. CT systems from different vendors use different
iterative reconstruction techniques and calcium quantification algorithms and
result in different Agatston scores [28], therefore optimal protocols may be
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different for other vendors. Another limitation is the sample size of 30 patients.
For ethical reasons the sample size was kept as small as possible. However, we
feel the power is sufficient since this study concerns a within-patient analysis
with four scans per patient. We reduced radiation doses by only lowering tube
currents and keeping tube voltages constant at 120 kVp. Similar to Dey and
colleagues [22], we chose to do this for feasibility reasons. Recalibration of the
standard calcification threshold of 130 Hounsfield units is needed when tube
voltages are lowered, whereas no recalibration is needed with reduced tube
currents.

Conclusion
This study shows that iterative reconstruction allows for CAC scoring radiation
dose reductions of up to 80% resulting in effective doses between 0.15 and 0.18
mSv. At these dose levels, reclassification rates remain within 15% if the highest
iterative reconstruction level is applied.
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Abstract
Purpose
To determine the effect of model-based iterative reconstruction (IR) on coronary
calcium quantification using different submillisievert CT acquisition protocols.
Methods
Twenty-eight patients received a clinically indicated non contrast-enhanced
cardiac CT. After the routine dose acquisition, low-dose acquisitions were
performed with 60%, 40% and 20% of the routine dose mAs. Images were
reconstructed with filtered back projection (FBP), hybrid IR (HIR) and modelbased IR (MIR) and Agatston scores, calcium volumes and calcium mass scores
were determined.
Results
Effective dose was 0.9, 0.5, 0.4 and 0.2 mSv, respectively. At 0.5 and 0.4 mSv,
differences in Agatston scores with both HIR and MIR compared to FBP at
routine dose were small (-0.1 to -2.9%), while at 0.2 mSv, differences in Agatston
scores of -12.6 to -14.6% occurred. Reclassification of risk category at reduced
dose levels was more frequent with MIR (21 – 25%) than with HIR (18%).
Conclusions
Radiation dose for coronary calcium scoring can be safely reduced to 0.4 mSv
using both HIR and MIR, while FBP is not feasible at these dose levels due
to excessive noise. Further dose reduction can lead to an underestimation in
Agatston score and subsequent reclassification to lower risk categories. Mass
scores were unaffected by dose reductions.
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Recent guidelines recommend coronary calcium scoring even for asymptomatic
adults at intermediate risk [1]. It is expected that this will lead to an increase
in the number of acquired non contrast-enhanced coronary CT exams for
calcium scoring. Consequently, radiation dose reduction will gain importance
since there are growing concerns about radiation-induced malignancies [2]. To
reduce radiation exposure, several techniques have been developed including
iterative reconstruction (IR) [3]. IR is an alternative to the commonly used
reconstruction technique filtered back projection (FBP). IR reduces noise
thereby making scanning at reduced dose possible. IR was first described in the
1970s, however due to heavy computational requirements it was only used in
nuclear medicine. Recently, IR has been reintroduced and dose reductions up
to 76% have been reported using IR in coronary CT exams [3]. There are two
distinct types of IR algorithms, namely hybrid and model-based algorithms.
Most clinically available IR algorithms are hybrid, which means that they are
not fully iterative reconstructions, but FBP reconstructions combined with
advanced noise reduction in the image domain. In contrast, model-based IR
algorithms are fully iterative and are expected to allow even greater reductions
in radiation dose. However, since only two model-based IR algorithms are
currently commercially available, the achievable dose reduction and effect
of model-based IR on coronary artery calcium scoring is still unclear. To the
best of our best knowledge only two studies were performed investigating this
effect, namely an ex vivo study [4] and a patient study [5]. Both studies reported
a decrease in noise, but also a decrease in calcium scores compared to hybrid IR.
Several dose levels were investigated in the ex vivo study [4] while the patient
study [5] only used one dose level. In the current study we present the results of
the first patient study investigating the effect of various dose reduction levels and
model-based IR on coronary calcium scoring using a within-patient analysis.

Materials and methods
This prospective monocenter study was approved by our local institutional review
board and written informed consent was obtained from all participants. The CT
protocol has previously been described in detail by Willemink et al. [6]. Twentyeight patients aged 50 years or older and scheduled for a clinically indicated
cardiac CT were included. No additional exclusion criteria were applied besides
age. Patients were included between January 2014 and August 2014.
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CT protocol and image reconstruction
A 256-slice CT system (Brilliance iCT, software version 4.1, Philips Healthcare,
Best, The Netherlands) was used for all image acquisitions. For each patient the
mean heart rate, weight and length were recorded. A scout image was made,
after which routine image acquisition was followed by three acquisitions at
reduced radiation dose levels. All acquisitions were performed with the same
scan length, which ranged from the tracheal bifurcation to the inferior surface of
the heart. Patients with a heart rate > 70 beats per minute received beta-blockers
prior to imaging. If the heart rate was regular, prospective ECG-triggering with
the step-and-shoot technique was used with image acquisition during the
mid-diastolic phase. If the heart rate was irregular the image acquisition was
performed during the systolic phase with the step-and-shoot technique. No
contrast was administered.
Tube voltage was 120 kV for all acquisitions. Tube current was 50, 30, 20 and
10 mAs for patients < 80 kilogram and 60, 36, 24 and 12 mAs for patients ≥ 80
kilogram, respectively. Thereby, the radiation dose was reduced with 40, 60
and 80% compared to the dose of the routine protocol. Dose-length-product
(DLP) and volumetric CT dose index (CTDIvol) were recorded for each scan.
The effective dose was defined as the DLP times the conversion factor for the
chest (0.0145 mSv/(mGy*cm)) [7]. A matrix size of 512 x 512 pixels was used and
images were reconstructed with a slice thickness of 3 mm and a reconstruction
increment of 1.5 mm.
We have previously investigated the effect of hybrid IR (iDose4 level 1, 4 and 7,
Philips Healthcare, Best, The Netherlands) using on-site reconstructed data [6].
In the current study the effect of model-based IR (IMR level 1, 2 and 3, Philips
Healthcare, Best, The Netherlands) was investigated. For FBP and iDose the
routinely used kernel XCA was selected while for IMR the cardiac routine
kernel was chosen. The IMR reconstructions, as well as a FBP and an iDose4
level 4 reconstruction for reference, were made off-site which enabled us to
use the most recent software version (R11b) and settings. This software version
is currently commercially available. In both iDose4 and IMR, a higher level
implies more noise reduction. iDose4 has seven levels of noise reduction, while
IMR has three levels.
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Calcium score
Coronary calcium scores were obtained semi-automatically using in-housedeveloped validated software (iX Viewer, Image Sciences Institute, Utrecht,
The Netherlands) [8]. The software applied a threshold of 130 Hounsfield
units for calcium and the user selected 3D-connected voxels above this
threshold representing coronary artery calcifications with a single mouse click.
Subsequently, the Agatston score, calcification volume score, calcification
mass equivalent score and the number of calcifications were quantified by the
software. The mass equivalent score was computed as the product of the mean
attenuation in the lesion and the volume of the lesion [9]. Patients were classified
to a risk group based on the Agatston score, namely normal (0), low (1—10), lowintermediate (11—100), intermediate (101—400) or high (> 400) risk [10].
Statistical analysis
SPSS (version 20.0, IBM, Chicago, USA) was used for statistical analysis.
Calcium scores in the FBP reconstruction at routine dose were considered
the reference standard. The Friedman test was used to compare data to this
reference standard, with a significance level set at a p-value below 0.05. Post-hoc
analyses were performed using the Wilcoxon signed rank test with a Bonferroni
corrected p-value of 0.003 (0.05 divided by 16 comparisons). In cases where
excessive noise hampered the interpretability of the images, the reconstructions
were excluded from further analysis. The difference in Agatston score, volume
and mass score compared to the reference standard was also investigated using
Bland-Altman plots and by calculating the percentage difference compared
to the reference standard. Data are presented as medians with interquartiles
unless stated otherwise.

Results
Patients
In total 28 patients (7 females) were included. Median age was 55 (52 – 56) years. In
10 patients the < 80 kg protocol was used and in 18 patients the ≥ 80 kg protocol.
Median heart rate was 59 (53 – 63) beats per minute. Body mass index was 27
(25 – 30) kg/m2. Dose characteristics are provided in Table 1. The effective dose
with the routine protocol was 0.9 mSv and decreased to 0.5, 0.4 and 0.2 mSv,
respectively at reduced dose levels.
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Table 1 – Dose characteristics. Values are presented as median (interquartiles).

Routine dose

60% dose

40% dose

20% dose

CTDIvol (mGy)

4.8 (4.1 – 4.9)

2.9 (2.5 – 3.0)

1.9 (1.7 – 2.0)

1.0 (0.8 – 1.0)

DLP (mGy*cm)

61.5 (51.2 – 61.5)

36.8 (32.2 – 36.9)

24.6 (21.5 – 24.7)

12.3 (10.7 – 12.3)

0.9 (0.7 – 0.9)

0.5 (0.5 – 0.5)

0.4 (0.3 – 0.4)

0.2 (0.2 – 0.2)

Effective dose (mSv)

CTDIvol Volume computed tomography dose index; DLP Dose length product

Agatston score
An overview of the Agatston scores, number of calcifications, calcium volume
and calcium mass score is provided in Table 2. Excessive noise reduced the
interpretability of reconstructions. Hence, five FBP reconstructions at 40%
dose, and eight FBP and one iDose4 level 4 reconstruction at 20% dose were not
interpretable. These reconstructions were excluded from further analysis. The
median reference Agatston score at routine dose reconstructed with FBP for all
patients was 28.0 (2.1 – 193.0). Six patients had a reference Agatston score of zero.
An example of the difference in image appearance among FBP, iDose4 and IMR
is shown in Figure 1.
At 60% dose, there were no significant differences in Agatston scores between
the reference standard and both iDose4 and IMR. The relative differences varied
from -1.6 to -2.9% for the different reconstructions (Figure 2). However, at 40%
dose IMR level 2 yielded a significant reduction in Agatston scores. Furthermore,
at 20% the Agatston score was significantly lower (p=0.001) at all IMR levels
compared to the reference score, with relative differences up to -14.6% (Figure 3).
Bland-Altman plots are provided online [11]. The mean difference between
measurements is relatively small at routine dose and 60% dose, while differences
increase with IMR at the two lowest dose levels. Three patients had an Agatston
score between 1 and 10 at reference dose while a zero score was found with
iterative reconstruction which resulted in differences of 100%. The largest
percentages of difference were found in patients with low Agatston scores, since
a small difference in Agatston score in these patients result in a large percentage
difference at low scores.
Risk reclassification in comparison with FBP at routine dose was analyzed
(Table 3, Figure 4). Dose reduction resulted in reclassification of 18% patients
with iDose4 at all reduced dose levels, while with IMR 21% of the patients were
reclassified at all reduced dose levels except for IMR level 1 at the lowest dose
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1 reconstruction
not interpretable

4.8 (0.0 – 66.5)

4.1 (0.0 – 64.5)

16.8 (0.0 – 158.6)*

1.0 (0.0 – 6.8) *

16.0 (0.0 – 181.6)*

4.9 (0.0 – 72.1)

14.7 (0.0 – 164.2) *

2.0 (0.0 – 7.0)

22.2 (0.0 – 199.1)*

6.6 (0.2 – 69.8)

18.6 (1.6 – 153.8)

1.5 (0.3 – 7.0)

22.6 (0.5 – 186.5)

8.0 (0.4 – 70.0)

23.7 (1.8 – 163.6)

2.0 (0.3 – 7.8)

27.1 (1.2 – 192.9)

IMR level 2

4.0 (0.0 – 62.3)

16.8 (0.0 – 154.7) *

1.5 (0.0 – 5.5) *

16.9 (0.0 – 177.6)*

6.5 (0.0 – 72.0)

19.7 (0.0 – 162.2) *

2.0 (0.0 – 7.0)

21.4 (0.0 – 197.0)

6.7 (0.2 – 70.0

18.8 (1.5 – 153.7)

2.0 (0.3 – 7.0)

23.6 (0.5 – 186.7)

7.9 (0.4 – 70.1)

22.2 (1.8 – 163.3)

2.0 (0.3 – 7.8)

26.0 (1.2 – 192.1)

IMR level 3
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*Statistical signiﬁcant difference compared to FBP at routine dose with a Bonferroni-corrected p-value of 0.003. FBP Filtered Back Projection, IMR
Iterative Model Reconstruction

Mass score

17.3 (0.0 – 161.6) *

2.0 (0.0 – 6.8) *

Volume (mm3)

Number of calcifications

7.3 (0.0 – 87.0)

20.2 (0.0 – 164.7) *

2.0 (0.0 – 8.0)

24.0 (0.0 – 198.1)

6.5 (0.4 – 69.7)

18.7 (1.8 – 154.1)

1.5 (0.3 – 7.0)

22.7 (1.2 – 188.4)

8.2 (0.4 – 69.9)

25.3 (1.8 – 164.3)

2.0 (0.3 – 7.8)

27.5 (1.3 – 193.5)

IMR level 1

17.1 (0.0 – 183.3)*
8 reconstructions not
interpretable

6.5 (0.0 – 70.8)

26.2 (0.0 – 291.2)

2.0 (0.0 – 7.8)

26.9 (0.0 – 230.1)

5.8 (0.3 – 61.0)

21.4 (1.5 – 157.3)

2.5 (0.3 – 8.0)

24.4 (1.0 – 193.8)

6.3 (1.2 – 60.1)*

23.0 (1.8 – 159.2) *

2.0 (0.7 – 7.8)

26.6 (2.6 – 190.6)*

iDose4 level 4

Agatston score

20% dose

Mass score

Volume (mm3)

Number of calcifications

Agatston score
5 reconstructions
not interpretable

5.5 (0.5 – 61.5)

40% dose

Mass score

2.0 (1.0 – 8.8)
22.3 (1.3 – 160.6)

Volume (mm3)

Number of calcifications

Agatston score

23.7 (0.4 – 197.5)

7.1 (0.7 – 60.2)

Mass score

60% dose

27.2 (4.6 – 161.0)

2.5 (1.0 – 8.8)

28.0 (2.1 – 193.0)

FBP

Volume (mm3)

Number of calcifications

Agatston score

Routine dose

(interquartiles).

Table 2 – Agatston score, number of calcifications, calcium volume and calcium mass score at different dose levels. Values are provided as median
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Figure 1 – Fifty-year-old male patient (heart rate 64 beats/minute) with two calcifications in the left

anterior descending coronary artery. CT-acquisition at routine dose reconstructed with FBP, iDose4
level 4 and IMR level 2. Note the decrease in noise with iDose4 and especially with IMR compared to
FBP. The calcium score was 26, 23 and 23 with FBP, iDose4 and IMR, respectively.

Figure 2 – Relative difference in Agatston score, volume and mass score compared to FBP at routine dose.
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Figure 3 – Fifty-five year old male (heart rate 62 beats/minute). Example of an acquisition acquired at

routine dose reconstructed with FBP, iDose4 level 4 and IMR level 2. The routine dose reconstructed
with FBP results in a lot of noise leading to an overestimation of the calcium score. The calcium
score was 48, 36 and 37 with FBP, iDose4 and IMR, respectively.

Figure 4 – Number of patients reclassified for each reconstruction at different dose levels. A

positive number means reclassification to a higher risk category while a negative number means
reclassification to a lower risk category.
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Table 3 – Distribution of patients over the different risk categories
Normal (0)

Low (1 – 10)

Low –
Intermediate
(11 – 100)

Intermediate
(101 – 400)

High (>400)

FBP

6

4

10

4

4

iDose4 level 4

6

4

10

5

3

IMR level 1

7

3

9

4

5

IMR level 2

7

3

9

4

5

IMR level 3

7

3

9

4

5

6

5

8

4

5

iDose level 4

7

3

9

6

3

IMR level 1

7

3

9

5

4

IMR level 2

7

3

9

5

4

IMR level 3

7

3

9

5

4

iDose4 level 4

8

2

9

5

4

IMR level 1

9

2

8

6

3

IMR level 2

9

2

8

6

3

IMR level 3

9

2

8

6

3

IMR level 1

8

4

6

7

3

IMR level 2

8

4

7

6

3

IMR level 3

8

4

7

6

3

Routine dose

60% dose
FBP
4

40% dose

20% dose

(20%) which resulted in a reclassification rate of 25%. Although there was a trend
towards lower Agatston scores with iDose4, patients were both reclassified to
higher and lower risk categories with iDose4. With IMR patients were mainly
reclassified to a lower risk category. One patient had a score of zero at routine
dose (all reconstructions) while at 60% reduced dose calcifications were visible
(all reconstructions). This was most likely due to interscan variation. Three
patients had an Agatston score between 1 and 10 at reference dose while iterative
reconstruction resulted in zero scores leading to false negatives (Figure 5). No
patients were reclassified more than one risk category.
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Figure 5 – Example of patient with a calcification in the right coronary artery on routine dose, which

was not visible on all reduced dose acquisitions, possibly due to interscan variation, leading to a false
negative score.

Calcification volume, mass score and number of calcifications
Median calcification volume was 27.2 (4.6 – 161.0) mm3 at routine dose
reconstructed with FBP. At 60% dose, IR did not affect volume measurements
while at 40% and 20% dose the volume was significantly lower with IMR.
Differences of -5.1% to -7.4% occurred at 40% dose while 20% resulted in larger
differences of -11.2% to -16.5%. Median calcification mass score was 7.1 (0.7 – 60.2)
at the reference scan. There were no significant differences in mass score at
reduced dose levels (Bonferroni corrected p-value of 0.003). Bland-Altman plots
are provided online [11]. In agreement with the Bland-Altman plots for Agatston
scores, large percentages of difference were found in patients with low volume
and mass scores while the higher volume and mass scores were less affected by
dose reduction and image reconstruction.
The median number of calcifications was 2.5 (1.0 – 8.8) with FBP at routine dose.
There were no significant differences in the number of calcifications at 60% and
40% dose compared to FBP at routine dose. At the lowest dose level (20% of
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routine dose) the number of calcifications was significantly lower namely 2.0
(0.0 – 6.8, p=0.001), 1.0 (0.0 – 6.8, p=0.001) and 1.5 (0.0 – 5.5, p=0.001) for IMR
levels 1, 2 and 3, respectively.

Discussion
This study showed that coronary calcium scoring at dose levels reduced to 0.4
mSv does not lead to significant differences in Agatston scores when using
hybrid IR and model-based IR. Although differences in Agatston scores were
small and non-significant, reclassifications were frequent with both hybrid and
model-based IR.
According to guidelines of the American College of Cardiology and the
American Heart Association, coronary calcium scoring should be considered
in asymptomatic adults at intermediate risk of cardiovascular disease as well
as patients with atypical cardiac symptoms [1]. This concerns over 40 million
Americans, potentially leading to a tremendous increase in the number of
acquired cardiac CTs and a subsequent increase in radiation exposure [12]. The
potential increase in the number of cardiac CTs has led to concerns about the
associated increase in radiation dose, and hence, dose reduction techniques
are being explored. Iterative reconstruction is a promising technique that
has enabled a decrease of radiation dose of up to 76% for different body parts
[3]. Several studies have investigated the effects of dose reduction and IR on
coronary calcium scoring, with mixed results (Table 4). While a number of
studies reported no effect of dose reduction and IR on coronary calcium scoring
[13-18], most studies reported a significant decrease in the Agatston score while
using IR [4,5,12,15,19-23]. This decrease was not limited to an IR algorithm of a
single vendor, but was observed with IR algorithms of all four major CT vendors.
This is important since differences between CT scanners lead to substantial
differences in calcium scores which can result in reclassifications in up to
6.5% of patients [24]. Differences in calcium scores caused by reconstruction
algorithms can possibly be solved with calibration factors, in order to get similar
scores as in the original protocol on which risk classification is based. However,
those factors are not currently available and determination of such calibration
factors would likely require prospective studies with larger sample sizes than in
studies performed thus far. Furthermore, the decrease in calcium score is not
always clinically relevant. Hecht et al. [12] performed one of the largest patient
studies using dose levels of 0.8 and 0.4 mSv and reported a significant decrease
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in Agatston scores but also found an excellent agreement in risk classification
between FBP and IR and therefore concluded that the significant differences in
Agatston scores were not clinically relevant. However, Gebhard and colleagues
[21] reported a decrease in cardiovascular risk based on IR calcium measurements
using a single dose level of 0.8 mSv, and studies performed by Kurata et al. [22]
and Van Osch and colleagues [20] using 0.9 and 0.6 mSv respectively reported
several false negative scores with IR.
The current study is the first within-patient study investigating the effect of
model-based IR on coronary calcium scoring at multiple reduced dose levels.
A recent study by Szilveszter et al. [5] investigated the effect of both iDose4 and
IMR on coronary artery calcification in 63 patients at a single dose level of 0.5
mSv. A significant decrease in calcium score of -7.3% was reported using modelbased IR, resulting in reclassifications in 10% of patients. These patients were
all reclassified to a lower risk group. This percentage is comparable to our study
where 11% of the patients were reclassified at routine dose with model-based
IR. However, in our study reclassifications to a higher risk group also occurred.
This might be explained by the higher median Agatston score in the study by
Szilveszter and colleagues (Agatston score 148) compared to the current study
(Agatston score 28). Patients with lower Agaston scores are more likely to be
reclassified, as the cutoff points between low risk categories are closer to each
other. In a previous ex vivo study where we investigated the effect of hybrid and
model-based IR on calcium scoring, we found a significant decrease in Agatston
scores with model-based IR [4]. However, the effect on risk reclassifications
was small. In that study, like in the study by Szilveszter and colleagues, the
median Agatston score was relatively high (397 Agatston units). In our study, the
number of reclassifications increased at reduced dose levels. These differences
can be partly explained by inter-scan variation, which has been reported to be
approximately 20% [25]. Relative variability increases with low calcium scores,
as was the case in the current study. Furthermore, motion artifacts might have
resulted in variation between acquisitions. However, several studies investigating
the effect of IR on a single dose acquisition also reported a decrease in Agatston
scores, which cannot be explained by inter-scan variation [19-22]. Furthermore,
Dey et al. [26] investigated the effect of radiation dose reduction without the use
of IR and found no effect of dose reduction on coronary calcium scores. However,
in that study higher dose levels were used of 1.7 and 1.0 mSv. In our study we
used FBP at routine dose as a reference standard since this is currently used
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Table 4 – Overview of studies investigating the effect of IR on coronary calcium scoring. In studies investigating
multiple dose levels, routine dose reconstructed with FBP was compared with reduced dose reconstructed with IR.
Author

Study

No

IR

mA

DLP
(mGy*cm)

ED (mSv)

Phantom
(static)

NA

AIDR 3D

150, 100, 70, 50, 40
mAs

Not reported

Not
reported

Patients

54

AIDR 3D

315, 104 mA

157, 50

2.2, 0.7

Obmann[19]

Patients

68

iDose

64 mAs

74

1.0

Van Osch [20]

Patients

112

ASIR

125 mAs

41

0.6

Funabashi [14]

Phantom
(moving)

NA

AIDR 3D

500, 100, 50 mA

Not reported

Not
reported

Gebhard [21]

Patients

50

ASIR

200 mA

58

0.8

Willemink [15]

Ex vivo

15

iDose

259, 189, 118, 47 mA

Not reported

Not
reported

15

AIDR 3D

160, 120, 70, 30 mA

Not reported

Not
reported

15

ASIR

220, 160, 105, 45 mA

Not reported

Not
reported

15

SAFIRE

252, 184, 116, 48 mA

Not reported

Not
reported

Phantom
(moving)

NA

IRIS,
SAFIRE

80 mAs

Not reported

Not
reported

Patients

110

IRIS,
SAFIRE

80 mAs

73

1.0

Kurata [22]

Patients

70

SAFIRE

80 mA

61

0.9

Murazaki [17]

Phantom
(static)

NA

iDose

50, 25, 20, 15 mAs

Not reported

Not
reported

Ex vivo

15

iDose,
IMR

259, 189, 118, 47 mA

Not reported

Not
reported

Blobel [23]

Phantom
(static)

NA

AIDR 3D

80, 40 mA

Not reported

1.1, 0.2

Matsuura [18]

Patients

77

iDose

364, 73 mA

86, 17

1.2, 0.2

Hecht [12]

Patients

102

iDose

30-80, 15-40 mAs

54, 27

0.8, 0.4

Szilveszter [5]

Patients

63

iDose,
IMR

30 mAs

32

0.5

Tatsugami [13]

Schindler [16]

Den Harder [4]

NA not assessed, NR not reported
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CTDIvol (mGy)

Agatston

Mass

Volume

Not reported

No significant differences.

No significant differences.

No significant differences.

Not reported

No significant differences,
absolute difference 16%.

No significant differences,
absolute difference 12%.

No significant differences,
absolute difference 13%.

5.3

Significant decrease with
IR of 3 – 13%.

Not assessed.

Not assessed.

Not reported

Significant decrease with
IR.

Decrease with IR.

Decrease with IR.

Not reported

No significant differences.

Not assessed.

Not assessed.

Not reported

Significant decrease with
IR of 6 – 22%.

No significant differences.

Significant decrease with
IR of 4 – 19%.

4.1, 3.0, 1.9, 0.8

No significant differences.

No significant differences.

No significant differences.

4.2, 3.1, 1.8, 0.8

No significant differences.

Significant decrease at
reduced dose with IR.

No significant differences.

4.1, 3.0, 1.9, 0.8

Significant decrease at
reduced dose with IR.

No significant differences.

Significant decrease at
reduced dose with IR.

4.1, 3.0, 1.9, 0.8

No significant differences.

No significant differences.

No significant differences.

Not reported

No significant differences.

Not assessed.

Not assessed.

4.5

No significant differences.

Not assessed.

Not assessed.

Not reported

Significant decrease with
IR.

Significant decrease with
IR.

Significant decrease with
IR.

3.5, 1.8, 1.4, 1.1

No significant differences.

No significant differences.

Not assessed.

4.1, 3.0, 1.9, 0.8

Significant decrease at
reduced dose with IR.

No significant differences.

Significant decrease at
reduced dose with IR.

14.5/7.5, 2.6/1.5

Significant decrease with
IR.

Not assessed.

Not assessed.

6.1, 0.3

No significant differences.

No significant differences.

No significant differences.

Not reported

Significant decrease at
reduced dose with IR.

No significant differences.

Significant decrease at
reduced dose with IR.

Not reported

Significant decrease at
reduced dose with IR.

Not assessed

Significant decrease at
reduced dose with IR.
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in clinical practice. However, image noise and artefact superimposition could
have led to an overestimation of the true calcium load on the reference scan [19].
Model-based IR algorithms lead to a reduction in image noise, which results
in a change of pixel HU-values. Since the HU-values determine whether pixels
are considered as calcium, noise can subsequently affect calcium scores. Noise
reduction can in this way lead to lower calcium scores [22]. Therefore, Blobel
and colleagues [23] proposed a correction factor to correct for the systematical
underestimation in calcium scores with IR.
In the current study a tube voltage of 120 kV was used. Lowering the tube voltage
can lead to a substantial lower radiation dose, however most literature regarding
coronary risk stratification is based on 120 kV acquisitions. A substantial
overestimation of the coronary calcium score has been reported at lower kV
levels, therefore only the tube current was lowered in the current study [27].
Coronary calcium scoring is performed using an non-contrast acquisition.
Dual-energy CT offers the possibility to derive virtually non-contrast images
from contrast-enhanced acquisition. First results have shown good correlation
between the calcium score from virtually non-contrast images and true noncontrast images. This offers to opportunity to further reduce radiation dose by
abandoning the non-contrast acquisition [28,29].
In our study the calcification mass score remained constant at all dose levels with
all reconstructions. This is in line with previous studies reporting a decrease in
Agatston scores with unaffected mass scores [4,12,21]. We also investigated the
number of calcifications that decreased at the lowest dose level with IR. Williams
et al. [30] investigated the prognostic value of the number of calcifications
and reported that mortality rates increase proportionally with the number of
calcifications, although its added value to the Agatston score was minimal.
This study has several limitations. First, a small number of patients were included
because the patients were exposed to higher radiation doses due to multiple CT
acquisitions. Since this concerned a pilot study, no sample size calculation was
performed. However, we feel that the current study is not lacking power due to
the within-patient design in which every patient underwent four acquisitions
at different dose levels. Second, the results of this study may not extend to IR
algorithms from other vendors since studies have shown differences between
vendors. Third, calcium scores were measured by a single observer. However,
observer agreement for coronary calcium scoring has shown to be excellent [31].
Fourth, the observer was not blinded to the reconstruction technique, but since
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IR images have a different image appearance observers cannot be completely
blinded.
In conclusion, radiation dose for coronary calcium scoring can be safely
reduced to 0.4 mSv using both hybrid and model-based iterative reconstruction.
A further decrease in dose can lead to an underestimation in Agatston scores
and subsequent reclassification to lower risk categories.
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Abstract

Part II

Objectives
Iterative reconstruction (IR) allows for dose reduction with maintained image
quality in CT imaging. In this systematic review the reported effective dose
reductions for chest CT and the effects on image quality are investigated.
Methods
A systematic search in PubMed and EMBASE was performed. Primary outcome
was the reported local reference and reduced effective dose and secondary
outcome was the image quality with IR. Both non contrast-enhanced and
enhanced studies comparing reference dose with reduced dose were included.
Results
24 studies were included. The median number of patients per study was 66
(range 23–200) with in total 1,806 patients. The median reported local reference
dose of contrast-enhanced chest CT with FBP was 2.6 (range 1.5 – 21.8) mSv. This
decreased to 1.4 (range 0.4 – 7.3) mSv at reduced dose levels using IR. With non
contrast-enhanced chest CT the dose decreased from 3.4 (range 0.7 – 7.8) mSv to
0.9 (range 0.1 – 4.5) mSv. Objective mage quality and diagnostic confidence and
acceptability remained the same or improved with IR compared to FBP in most
studies while data on diagnostic accuracy was limited.
Conclusion
Radiation dose can be reduced to less than 2 mSv for contrast-enhanced chest
CT and non contrast-enhanced chest CT is possible at a submillisievert dose
using IR algorithms.
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The rapid increase in the number of computed tomography (CT) scans has
raised concerns about the safety of CT examinations and the associated radiation
exposure [1]. As lung cancer screening with chest CT is now implemented in the
USA a further increase in the number of chest CT scans is anticipated [2]. To reduce
radiation dose several options are available including automatic tube current and
potential selection and, more recently, iterative reconstruction (IR) [3,4].
Although the concept of IR has been around for decades these techniques were
not widely used due to a lack of computational power. These limitations have
been overcome and all major CT vendors now have IR algorithms available
for clinical use. The traditionally used CT reconstruction method, filtered
back projection (FBP), is fast but leads to image deterioration when radiation
dose is lowered. IR involves multiple iterations leading to improved image
quality even at a reduced dose. Most IR algorithms are not fully iterative but
use a combination of IR and FBP, also called hybrid IR. Two vendors developed
more advanced algorithms approaching true IR, also known as model-based
IR. Previously the technical principles of IR have been explained in detail [5].
A brief overview of the different available IR techniques is presented in Table 1.
The potential of IR for dose reduction in chest CT has been investigated in a
substantial number of studies. Interestingly, even chest CT examinations at a
radiation dose approaching conventional chest x-rays have been reported using
IR [6,7]. This may open the possibility to replace radiography with low dose
CT for certain indications [8]. However, it is not clear yet to which extent the
radiation dose can be reduced routinely by using IR for chest CT.

Table 1 – Overview of different available iterative reconstruction techniques.

Abbreviation

Vendor

Full name

Type

ASIR

GE

Adaptive Statistical Iterative Reconstruction

Hybrid

MBIR-Veo

GE

Model-Based Iterative Reconstruction

Model-based

iDose

Philips

iDose

Hybrid

IMR

Philips

Iterative Model Reconstruction

Model-based

ADMIRE

Siemens

Advanced Modeled Iterative Reconstruction

Hybrid

IRIS

Siemens

Iterative Reconstruction in Image Space

Hybrid

SAFIRE

Siemens

Sinogram-Affirmed Iterative Reconstruction

Hybrid

AIDR

Toshiba

Adaptive Iterative Dose Reduction

Hybrid

AIDR 3D

Toshiba

Adaptive Iterative Dose Reduction 3D

Hybrid
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Therefore the reported achievable dose reductions of studies using IR in chest
CT were evaluated. Furthermore, the reported effects of dose reduction and IR
on image quality were assessed.

Part II

Material and methods
Search
MEDLINE and EMBASE were systematically searched by combining synonyms
for ‘IR techniques’ and ‘CT’ with English language restriction. The full search
syntax is provided in the Appendix. Duplicates were removed and reference lists
of included articles and review articles were searched for additional articles.
Inclusion and exclusion criteria
Two authors screened all articles (AH and MW). In case of discrepancy consensus
was reached between authors. Original research articles concerning chest CT
with IR in adults investigating routine and reduced dose levels were included.
All indications for chest CT were included. Ex-vivo, in-vitro, animal and
pediatric studies were excluded. Studies combining chest CT with abdominal
CT were excluded, because the primary outcome was the effective dose of chest
CT alone. Reviews as well as case reports (<5 patients) were excluded.
Data extraction
Data, including first author, journal, publication date, title, study design,
participant characteristics, scan indication, reconstruction technique, type of
scan, type of CT system, and reported dose and image quality measurements
were extracted to a standardized sheet.
Primary outcome was the effective dose, which was defined as the dose-length
product (DLP) times the conversion factor for chest CT (0.014 mSv/(mGy*cm))
[9,10]. In case the effective dose was not provided and not computable the
corresponding author was contacted. If a different conversion factor was used,
the effective dose was recalculated. Secondary outcome was the influence of
IR on objective and subjective image quality. This was specified as lower (i.e.
deteriorated) image quality, no change in image quality or improved image
quality compared to FBP. The most favorable outcome was used in case different
IR levels were studied. Objective image quality is measured using signal-to-noise
ratio, contrast-to-noise ratio or noise. Different methods can be used to measure
subjective image quality. If the study reported that the difference in objective
and/or image quality was significant between FBP and IR, this was defined as
deteriorated or improved.
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Statistical analysis
SPSS (version 20.0 for Microsoft Windows) was used for statistical analyses.
Correlations between effective dose and publication year were tested by Pearson’s
correlation test. A p-value below 0.05 was considered statistically significant.

Identification

Study selection
In total 2,556 articles were identified. After removal of duplicates 1,616 articles were
screened on title and abstract. Fifteen-hundred-eighty-six articles were excluded
because the articles did not investigate IR for CT (n=1,338), did not evaluate chest
CT (n=194), were not based on in-vivo data (n=16), concerned pediatric studies
(n=2), studied combined chest CT with abdominal CT (n=21) or investigated only a
single dose level (n=15). A flowchart is provided in Figure 1. Corresponding authors
of seven articles were contacted because reported information about radiation
dose was insufficient [11-17]. One author provided the requested dose information
[17] and the remaining six articles were excluded due to insufficient information
about radiation dose. Therefore ultimately 24 studies were included.

Records identified through
database searching
(n=2,556)

Additional records identified
through other sources
(n=0)

Records
screened
(n=1,616)

Excluded due to
insufficient information
(n=6)

Eligibility

Included

Screening

Records after
duplicates removed
(n=1,616)

Full-text articles
assessed for eligibility
(n=278)

Studies included in
systematic review
(n=24)

Records excluded
(n=1,338)
Full-text articles excluded (n=248)
No chest CT (n=194)
Not in-vivo (n=16)
Pediatric studies (n=2)
Combined chest-abdominal CT
(n=21)
Single dose level (n=15)

Figure 1: Flowchart
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Baseline characteristics
Baseline characteristics are provided in Table 2. Patients in the included articles
had a median age of 62 years (not reported in 3 studies), median BMI of 24 kg/
m2 (not reported in 9 studies) and 46% was female (not reported in 1 study). The
median number of patients per study was 66 (range 23–200) with in total 1,806
patients. Studies were published in 2010 (n=1), 2011, (n=3), 2012 (n=6), 2013 (n=10)
and 2014 (n=4). Different IR techniques were used: ASIR (n=11), SAFIRE (n=5),
iDose4 (n=1), IRIS (n=5), MBIR (n=6), AIDR (n=1) and AIDR 3D (n=1). Six studies
used two different IR techniques namely AIDR and AIDR 3D [18] and ASIR and
MBIR [6,19-22]..
Fifteen studies (63%) compared imaging at a local reference dose with reduced
dose imaging in the same patient. Comparison of different dose levels in the
same patient was achieved by using data from only one detector of a dual source
CT scanner (n=2) [23,24], using a previously made scan (n=2) [17,25], comparing
the scan non contrast-enhanced scan with the contrast-enhanced scan (n=1)
[26] or by making one (n=7) [6,18,19,22,27-29] two (n=2) [20,21] or four (n=1) [30]
additional scans for research purposes. The indication for chest CT varied
widely. Two studies solely investigated lung nodule follow-up scans and lung
cancer screening scans [28,29]. Most studies included patients with different
indications for chest CT like suspected pulmonary infection, oncology staging
and surveillance or an abnormality on chest x-ray.
Nine studies reported the dose of contrast-enhanced CT, 13 studies of non
contrast-enhanced CT and two studies [17,23] investigated both contrastenhanced and non contrast-enhanced CT.
Radiation dose
The median reported local reference dose of contrast-enhanced chest CT with
FBP was 2.6 (range 1.5 – 21.8) mSv. This decreased to 1.4 (range 0.4 – 7.3) mSv at
reduced dose levels using IR. The median percentage of dose reduction achieved
with IR was 50 (range 13 – 76)%. The relatively high local reference dose was
partly caused by the study of Li et al. [31] who reported a local reference dose
of 21.8 mSv. Patients included in this study had an average BMI (22 ± 1.4 kg/m2),
however a relatively high tube current and voltage were used of 200 mAs and
120 kVp, respectively.
The median reported local reference dose of non contrast-enhanced chest CT
with FBP was 3.4 (range 0.7 – 7.8) mSv. This decreased to 0.9 (range 0.1 – 4.5)
mSv at reduced dose levels using IR. The median percentage of dose reduction
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2012

2014

2013

2014

2012

2013

2013

2012

2013

2013

2014

2014

2013

2013

2011

2011

Chen JH[32]

Co SJ[40]

Gorycki T[41]

Hwang HJ[23]

Ichikawa Y[22]

Kalra MK[27]

Katsura M[19]

Katsura M[21]

Li Q[31]

Liu W[42]

May MS[24]

Neroladaki A[6]

Pontana F[25]

Pontana F[17]

Pontana F[43]

Year of publication

Baumueller S[39]

Author
60

Number of patients
32

80

80

42

52

72

80

59

100

24

55

100

125

100

200

IR algorithm
IRIS

IRIS

SAFIRE

ASIR+MBIR

IRIS

ASIR

iDose

ASIR+MBIR

ASIR+MBIR

SAFIRE

ASIR + MBIR

IRIS

ASIR

SAFIRE

ASIR

SAFIRE

Slice thickness (mm)
1

0.6

1

0.625

1 and 5

5

1

0.625

0.625

2

0.625

1 and 5

5

1

5

2

Lung cancer screening /
lung nodule evaluation
U

Y

U

Y

U

U

U

U

U

U

N

U

U

N

Y

Y

Pulmonary infections
U

Y

U

N

Y

U

Y

U

U

U

N

U

U

N

Y

Y

Oncology
(staging/surveillance)
U

Y

U

N

Y

U

Y

U

U

Y

N

U

U

N

N

U

Abnormality chest x-ray
U

N

U

Y

U

Y

Y

U

U

U

Y

U

U

N

N

U

Y

Other indications
U

Y

U

Y

Y

Y

Y

U

U

U

N

U

U

Y

N

Contrast enhanced
N

B

Y

N

Y

N

Y

N

N

N

N

B

N

Y

N

N

Noise
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CNR
-

+

+

-

-

+

+

-

-

-

-

-

-

+

-

-

-

+

+

-

-

+

+

-

-

-

-

-

-

+

+

-

SNR
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+

+

-

+

+

-

-

-

+

+

+

+

-

-

+

+

+

+

+

+

+

-

+

+

+

+

+

+

-

+

+

+

Subjective image
quality

Image quality

Effective dose

4.45

1.10

0.36

0.50

1.75

1.94/2.48*

2.29

7.84

3.40

3.03

21.78

4.31

4.04

3.60

5.70

1.08

1.33/1.55*

1.08

0.11

1.70

1.18

6.24

0.20

0.85

0.46

1.60

1.78/2.84* 0.89/1.42*

5.49

2.13

2.71

0.70

Mean effective dose
(mSv)

Indications
Mean effective reduced
dose (mSv)

Table 2 – Baseline characteristics. * non contrast-enhanced / contrast-enhanced.

Decrease in effective
dose (%)
53

31/38

38

99

50

61

71

79

95

87

72

50/50

19

48

87

29
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2011

2013

2013

2012

2012

2012

2013

Vardhanabhuti V[20]

Wang H[45]

Yamada Y[18]

Yamada Y[28]

Yanagawa M[29]

Zizka J[46]

Number of patients
116

35

52

50

87

30

23

152

IR algorithm
IRIS

ASIR

MBIR

AIDR+AIDR 3D

SAFIRE

ASIR+MBIR

ASIR

ASIR

Slice thickness (mm)
1

0.625

0.625

2

5

1.25

2.5

2.5

Lung cancer screening /
lung nodule evaluation
N

Y

Y

Y

Y

N

Y

Y

N
N

N

N

Y

Y

Y

Y

Y

Oncology
(staging/surveillance)

N

N

Y

N

N

Y

U

Pulmonary infections

Abbreviations: Y=yes, N=no, U=unknown, B=both, +=investigated, -=not investigated

2010

Singh S[30]

Author

Year of publication

Prakash P[44]

Abnormality chest x-ray
N

N

N

Y

N

N

U

U

Other indications
Y

N

N

Y

Y

N

U

U

Contrast enhanced
Y

N

N

N

Y

Y

Y

Y

Noise
-

-

+

+

-

+

+

+

-

-

-

-

-

-

-

-

CNR

Image quality

-

-

-

+

+

-

-

+

SNR

Indications

+

-

+

+

+

+

+

+

Subjective image
quality

Table 2 – Baseline characteristics. * non contrast-enhanced / contrast-enhanced.

Effective dose

1.87

7.18

2.10

3.43

2.57

3.70

1.51

10.05

Mean effective dose
(mSv)

108
1.62

1.78

0.17

1.23

1.28

0.90

0.43

7.33

Mean effective reduced
dose (mSv)
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27

Decrease in effective
dose (%)
13

75

64

92

50

76

72
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achieved with IR was 72 (range 19 – 99)%. The relationship between local
reference dose and reduced dose for both contrast-enhanced and non contrastenhanced studies is shown in Figure 2.
There was no correlation between publication date and lowest reported dose
(p=0.733, Pearson correlation -0.073).

Figure 2 – The relationship between local reference effective dose with FBP and reduced effective

dose with IR. One outlier (Li et al.[31], local reference effective dose 21.8mSv) is left out of the figure in order
to make the figure more clear.

Image quality
Twenty-one studies investigated subjective image quality, mainly by reporting on
diagnostic confidence and acceptability. Six studies investigated image artifacts,
mostly using 4-point Likert scales. One study investigated diagnostic accuracy.
Objective image quality was scored based on noise (15 studies), contrast-to-noise
ratio (5 studies) and/or signal-to-noise ratio (9 studies).
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At local reference dose levels IR achieved improved (5 studies, 83%) or the same (1
study, 17%) objective image quality as FBP (Table 3). IR at reduced dose compared
to FBP at local reference dose led to worse image quality in two studies (11%),
whereas image quality remained the same (5 studies, 26%) or improved in most
studies (12 studies, 63%). The study of Chen et al. [32] and Li et al. [31] reported
a decrease in objective image quality which both used a relatively large dose
reduction of 87% and 71% respectively. At reduced dose level, objective image
quality improved in all fourteen studies with IR compared to FBP. [13,20,30].

Table 3 – Subjective and objective image quality of IR compared to FBP. Improved means that IR

achieved better image quality compared to FBP.

Local reference dose (FBP)

Low dose (FBP)

Subjective
Objective
Subjective
Objective
image quality image quality image quality image quality

Local reference
dose (IR)

Low dose (IR)

Subjective
image quality

Improved n=5
Equal n=2
Worse n=0
Improved n=5
Equal n=1
Worse n=0

Objective
image quality
Subjective
image quality
Objective
image quality

Improved n=1
Equal n=14
Worse n=3

Improved n=10
Equal n=2
Worse n=0
Improved n=12
Equal n=5
Worse n=2

Improved n=14
Equal n=0
Worse n=0

n=number of studies, FBP=filtered back projection, IR=iterative reconstruction.

Subjective image quality at local reference dose improved (5 studies, 71%) or
remained the same (2 studies, 29%) with IR. IR at reduced dose compared to FBP
at local reference dose resulted in improved (1 study, 6%), the same (14 studies,
78%) or worse (3 studies, 17%) image quality. Two studies reporting a decrease
in subjective image quality used a very low dose namely 0.36 [32] and 0.11 mSv
[6]. The third study investigated radiologists’ preference and reported that
radiologists preferred local reference dose images reconstructed with FBP over
reduced dose images reconstructed with IR [23]. At reduced dose, IR resulted in
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the same (2 studies, 17%) or improved image quality (10 studies, 83%) compared
to FBP. Artifacts were reported in six studies and mainly concerned pixilated and
blotchy appearances with high level IR. However, IR also resulted in reduced
streak artifacts. There was no difference in diagnostic accuracy between local
reference dose reconstructed with FBP and IR at reduced dose levels. However,
this was investigated in only one study [6].

This systematic review found that iterative reconstruction allows for chest CT with
substantially decreased radiation dose. Mean effective dose using IR decreased
by 50% to 1.4 mSv for contrast-enhanced chest CT and to submillisievert dose
for non contrast-enhanced CT using IR. In almost all cases dose reduction was
possible without loss of objective and subjective image quality.
Increased concerns about radiation dose have led to the development of several
radiation dose reduction tools in the past years [33,34]. The most important
developments were the introduction of automatic tube current and potential
selection, and IR algorithms compatible with short, clinically acceptable
reconstruction times.
IR is associated with several advantages and disadvantages. The most important
advantage is the achievable reduction in radiation dose, which can be decreased
by more than half as shown by the current systematic review. Furthermore, some
algorithms can also improve low-contrast detectability and reduce streak artifacts
[35]. One of the concerns of IR is the increased demand on computational power,
which may lead to prolonged reconstruction times [36]. However, this does not
result in a clinically important delay in image reconstruction for one of the hybrid
IR algorithms [37]. Another concern is the somewhat different appearance of the
images, since noise and artifacts characteristics are different with IR leading to
a different image appearance [36]. This may partly be explained by the fact that
radiologists are used to FBP image appearance and have to get used to the new
image appearance. Despite this limitation, subjective image quality was rated as
similar or improved in most studies included in this systematic review.
In this review a thorough and systematic search was performed and the effective
dose was calculated in a uniform way by using the same conversion factor for
each study. However, there are several limitations. First of all, the indication for
a chest CT is important, since a lung cancer screening CT is typically performed
at lower radiation dose compared to an oncology surveillance CT. Most articles
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evaluated patients with different indications for a chest CT and did not provide the
effective dose separately per indication thereby making it impossible to calculate
the dose per indication. Differences in scan length, CT-system, dose optimization
and BMI might explain differences in effective dose between studies. For example
the study of Kligerman et al. [38] found a relatively high local reference dose of 11.50
mSv but only included obese patients.
The true capability of IR to reduce dose without loss of image quality and diagnostic
accuracy is ideally studied by comparing different dose levels of a different additional
acquisition in the same patient. However, this was only done in ten studies, because
problems with contrast enhancement can occur and approval of the ethical
committee has to be obtained due to increased radiation exposure for participating
patients. Two studies performed multiple contrast-enhanced scans in the same
patient. Vardhanabhuti et al. [20] made the first scan in the caudocranial direction
and saved time by performing the next scan in the craniocaudal direction to avoid
contrast enhancement problems. Singh et al. [30] used a shorter scan length for the
additional scans to save time, which explains the low radiation dose (0.4 mSv).
This study provides the first detailed overview to which extent radiation dose can be
lowered for chest CT. It is important to note that patients with interstitial lung disease
have not been widely studied using chest CT with IR. Future studies should address
this population, especially in light of the relative high frequency with which they
undergo CT of the chest. A limitation of the current studies is that the impact of IR
on diagnostic accuracy remains largely unknown. Although the majority of studies
reported on diagnostic confidence and acceptability using a Likert scale, only one
study investigated diagnostic accuracy and found no difference between FBP and IR
[6]. This study investigated the diagnostic accuracy of pulmonary nodule detection.
A further limitation of this systematic review is the large heterogeneity between
studies. Therefore, we decided not to perform a meta-analysis. Most included studies
investigated hybrid IR while six studies investigated more advanced model-based IR
(MBIR) algorithms. MBIR is expected to decrease the radiation dose even further
and the included studies investigating MBIR found that a radiation dose below 1
mSv is possible for both contrast-enhanced and non contrast-enhanced chest CT.
Future research should determine the exact dose reduction with MBIR algorithms.
In conclusion, a radiation dose reduction to less than 1.4 mSv is possible for contrastenhanced CT while the dose of non contrast-enhanced chest CT can be reduced
below 1 mSv. Future research should address the effect of dose reduction and IR on
diagnostic accuracy.
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Search syntax PubMed
((((((iterative[Title/Abstract])
AND
reconstruction[Title/Abstract]))
OR
(((iterative[Title/Abstract]) AND dose[Title/Abstract]) AND reduction[Title/
Abstract])) OR (((((((((ASIR[Title/Abstract]) OR iDose[Title/Abstract]) OR
IRIS[Title/Abstract]) OR AIDR[Title/Abstract]) OR IMR[Title/Abstract]) OR
MBIR[Title/Abstract]) OR Veo[Title/Abstract]) OR SAFIRE[Title/Abstract]) OR
ADMIRE[Title/Abstract]))) AND (((((CT [Title/Abstract] OR “Tomography, X-Ray
Computed” [Mesh] OR “Cone-Beam Computed Tomography” [Mesh] OR “FourDimensional Computed Tomography” [Mesh] OR “Spiral Cone-Beam Computed
Tomography” [Mesh] OR “Tomography Scanners, X-Ray Computed” [Mesh] OR
“Tomography, Spiral Computed” [Mesh])))) OR ((computed[Title/Abstract]) AND
tomography[Title/Abstract])) Filters: English
Search syntax EMBASE
(((iterative:ab,ti AND reconstruction:ab, ti) OR (iterative:ab,ti AND dose:ab,ti AND
reduction:ab,ti) OR (ASIR:ab,ti OR iDose:ab,ti OR IRIS:ab,ti OR AIDR:ab,ti OR
IMR:ab,ti OR MBIR:ab,ti OR Veo:ab,ti OR SAFIRE:ab,ti OR ADMIRE:ab,ti)) AND
((computed:ab,ti AND tomography:ab,ti) OR (CT:ab,ti OR ‘tomography, x-ray
computed’:ab,ti OR ‘cone-beam computed tomography’:ab,ti OR ‘four-dimensional
computed tomography’:ab,ti OR ‘spiral cone-beam computed tomography’:
ab,ti OR ‘tomography scanners, x-ray computed’:ab, ti OR ‘tomography, spiral
computed’:ab,ti))) AND [english]/lim
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Objective
To determine the effects of dose reduction and iterative reconstruction (IR) on
pulmonary nodule volumetry.
Methods
In this prospective study 25 patients scheduled for follow-up of pulmonary
nodules were included. Computed tomography (CT) acquisitions were
acquired at four dose levels with a median of 2.1, 1.2, 0.8 and 0.6mSv. Data were
reconstructed with filtered back projection (FBP), hybrid IR and model-based
IR. Volumetry was performed using semi-automatic software.
Results
At the highest dose level >91% (34/37) of the nodules could be segmented and
at the lowest dose level this was >83%. Thirty-three nodules were included for
further analysis. FBP and hybrid IR did not lead to significant differences while
model-based IR resulted in an lower volume measurements with a maximum
difference of -11% compared to FBP at routine dose.
Conclusions
Pulmonary nodule volumetry can be accurately performed at a submillisievert
dose with both FBP and hybrid IR.
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Pulmonary nodules are a common incidental finding on chest computed
tomography (CT). The number of chest CT acquisitions has rapidly increased
in the past decade and is expected to further increase due to rising numbers of
lung cancer screening [1]. The volume of pulmonary nodules is an important
characteristic to guide clinical management and it is more accurate than
diameter measurements to detect growth [2,3].
Substantial growth in the number of CT acquisitions will lead to an undesirable
increase in radiation exposure if acquisition parameters are kept identical.
One of the most promising radiation dose reduction methods is iterative
reconstruction (IR). IR allows for image acquisition at decreased radiation dose
levels by reducing image noise [4]. There are two basic forms of IR. The simplest
version of the technique is a blend of conventionally used filtered back projection
(FBP) and IR, also known as hybrid IR. This is opposed to the more advanced
family of model-based IR techniques. Radiation dose reductions up to 50% have
been reported for chest CT using IR [5]. Chest CT for pulmonary nodules has
been reported at submillisievert doses using IR [5]. Phantom studies showed
that pulmonary nodule volumetry is accurate with IR at submillisievert dose
levels [6-9]. However, none of these studies investigated the effect of different
IR techniques on pulmonary nodule volumetry at submillisievert dose levels in
patients. We hypothesize that IR and dose reduction will not affect pulmonary
nodule volumetry in patients. In this study we investigate the effect of radiation
dose reduction and application of different forms of IR on pulmonary nodule
volumetry using hybrid and model-based IR at 4 different radiation dose levels.

Material and methods
Patients
This prospective study was approved by our local institutional review board
and informed consent was obtained from all patients. Patients 50 years or older
with one or more pulmonary nodules scheduled for a follow-up chest CT were
eligible for inclusion. Patients participating in other studies with x-ray exposure
were excluded. Previously we investigated the influence of computer-aided
detection of pulmonary nodules in the same patient population [10].
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CT protocol
A 256-slice CT system (Brilliance iCT, Philips Healthcare, Best, The Netherlands)
was used for image acquisition. Patients were asked to hold their breath at
deep inspiration during each acquisition. A scout image was made after which
image acquisition was performed at our routine protocol, followed by three
acquisitions at reduced radiation dose levels. All acquisitions within a patient
were performed with the same length (Z-coverage). Images were reconstructed
with a slice thickness of 1mm and an increment of 0.7mm. Tube current-time
products of 60 (reference dose), 33 (45% reduction), 24 (60% reduction) and
15mAs (75% reduction) were used in combination with a tube voltage of 100kV
for patients with a weight below 80kg and a tube voltage of 120kV for patients
with a weight above 80kg. Gantry rotation time was 0.33 seconds with a pitch
of 0.758. No contrast medium was injected. Dose-length product (DLP) and
volumetric CT dose index (CTDIvol) were recorded for each acquisition and
the effective dose was determined by multiplying the DLP with the conversion
factor for the chest (0.0145 mSv/(mGxcm)) [11].
All images were reconstructed with FBP, a hybrid IR algorithm (iDose4, Philips
Healthcare, Best, The Netherlands) and a prototype version of an iterative
model-based algorithm (IMR, Philips Healthcare, Best, The Netherlands). For
iDose4 levels 1, 4 and 6 (kernel filter C) were used and for IMR levels 1, 2 and
3 (kernel filter Body Routine). It is not possible to use kernel filter C for IMR,
therefore we used vendor recommended kernel filter Body Routine.
Pulmonary nodule volumetry
Two experienced radiologists (PJ and EV) independently identified solid
pulmonary nodules with diameters ≥3mm on routine dose FBP reconstructions
to be sure no pulmonary nodules were missed. Discordant cases were discussed
to reach consensus. Subsequently, pulmonary nodule volume was measured by
one observer using semi-automatic software (IntelliSpace Portal, V6.0.1.20250,
Lung Nodule Assessment, Philips Healthcare, Best, The Netherlands). Clicking
on the pulmonary nodule resulted in automatic delineation and volume
quantification. Correctness of the lesion segmentation was visually inspected.
If incorrect, segmentation was attempted again to a maximum of ten times
by clicking at different positions in the nodule. No manual correction of
segmentation was performed. For correctly segmented pulmonary nodules the
volume (mm3) was recorded. Volumes were compared to the reference volume
(routine dose acquisitions reconstructed with FBP) and the relative percentage
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difference compared to the reference volume was calculated.

CNR =

Density 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − Density (𝑓𝑓𝑓𝑓𝑓𝑓)
1

x (SD (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)! + SD 𝑓𝑓𝑓𝑓𝑓𝑓 ! )

2 between the mean HU and the SD of the ROI
The SNR was defined as the ratio
in the aorta.

The SNR was defined as the ratio between the mean HU and the SD of the ROI in the aorta.

Statistical analysis
Statistical analysis was performed using SPSS (version 20.0, IBM). Pulmonary
nodules with a missing reference volume (FBP at routine dose) or with more
Statistical analysis
than 25% missing values due to incorrect or failed segmentations were excluded
from further analysis. Pulmonary nodules with 25% or less missing values were
Statistical analysis was performed using SPSS (version 20.0, IBM). Pulmonary nodules with a missing
imputed using multiple imputations with 10 imputations [13]. Hereby 10 datasets
reference volume (FBP at routine dose) or with more than 25% missing values due to incorrect or
are simulated and the results are combined to produce estimates. The Friedman
failed
segmentations
excluded
from
further
analysis.
Pulmonary
nodules
with 25%
or less
test was
used to were
compare
data
with
regard
to the
reference
standard
(FBP
at
missing
values
were
imputed
multiple imputations
with 10 imputations
[13].
Hereby 10 signed
datasets
routine
dose)
and
post using
hoc analyses
were performed
with the
Wilcoxon
rank
test.
A
p-value
below
0.05
was
considered
statistically
significant
for
the
are simulated and the results are combined to produce estimates. The Friedman test was used
to
Friedman test and a Bonferroni correction was made for the post hoc Wilcoxon
compare data with regard to the reference standard (FBP at routine dose) and post hoc analyses were
test resulting in a p-value of 0.007. Values are given as medians with interquartile
performed with the Wilcoxon signed rank test. A p-value below 0.05 was considered statistically
ranges (IQR) unless otherwise stated.

significant for the Friedman test and a Bonferroni correction was made for the post hoc Wilcoxon test
resulting
in a p-value of 0.007. Values are given as medians with interquartile ranges (IQR) unless
Results

In total 25 patients were included with a median age of 66 years (IQR 60 – 72).
Baseline characteristics are provided in Table 1. One patient participated in a
lung cancer screening study while the other patients had incidentally discovered
pulmonary nodules. Thirteen patients were female and the median body mass
Results
index was 28.6kg/m2. Twelve patients were scanned with the <80kg protocol
In total 25 patients were included with a median age of 66 years (IQR 60 – 72). Baseline
and 13 patients with the ≥80kg protocol. Median weight was 82kg (IQR 71 – 91).
characteristics are provided in Table 1. One patient participated in a lung cancer screening study while
Radiation dose characteristics are provided in Table 2. The median effective dose
otherwise stated.

the other patients had incidentally discovered pulmonary nodules. Thirteen patients were female and
2

the median body mass index was 28.6kg/m . Twelve patients were scanned with the <80kg protocol
and 13 patients with the ≥80kg protocol. Median weight was 82kg (IQR 71 – 91). Radiation dose
123
characteristics are provided in Table 2. The median effective dose was 2.1mSv at routine dose and
1.2, 0.8 and 0.6mSv at reduced dose levels. In one patient the lowest dose acquisition was
erroneously omitted.
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Objective image quality assessment
Contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) were calculated
by drawing a homogeneous region of interest (ROI) to measure the mean
Hounsfield Units (HU) and the standard deviation (SD). One ROI was drawn in
the descending aorta directly below the aortic arch. The other ROI was drawn in
the subcutaneous fat within the anterior chest wall. The CNR was determined
using the following formula [12]:
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Table 1 – Baseline characteristics.

Variable

Value

Number of patients

25

Age (years)

66 (60 – 72)

Gender

13 F / 12 M

Weight (kg)

82 (71 – 91)

Distribution over weight category (<80 kg / ≥80 kg)
Heigth (cm)

169 (164 – 176)

BMI (kg/m )

28.6 (24.6 – 30.6)

2

Part II

12 / 13

Values are presented as median (interquartile range).

was 2.1mSv at routine dose and 1.2, 0.8 and 0.6mSv at reduced dose levels. In one
patient the lowest dose acquisition was erroneously omitted.

Table 2 – Radiation dose. Results are presented as medians (interquartile range).

Routine dose

45% reduced
mAs

60% reduced
mAs

75% reduced
mAs

CTDIvol (mGy)

4.1 (2.4 – 4.1)

2.2 (1.3 – 2.2)

1.6 (1.0 – 1.6)

1.0 (0.6 – 1.0)*

DLP (mGy×cm)

144.9 (95.5 – 169.1)

79.7 (52.5 – 93.0)

56.9 (37.8 – 66.5)

38.1 (23.8 – 42.3)*

2.1 (1.4 – 2.5)

1.2 (0.8 – 1.6)

0.8 (0.5 – 1.0)

0.6 (0.4 – 0.6)*

Effective dose (mSv)

*n=24, one patient did not receive the lowest dose scan CTDIvol Volume CT dose index; DLP
Dose-length product.

Lesion segmentation
An example of pulmonary nodule volumetry at different dose levels and
reconstructed with different IR algorithms is provided in Figure 1. Nine
patients did not have pulmonary nodules ≥3 mm and were therefore excluded
from pulmonary nodule volumetry analysis. In the remaining (n=16) patients
in total 37 pulmonary nodules were present. At maximum 7 nodules were
present in a patient. In two nodules lesion segmentation failed in one or more
reconstructions, while in thirteen nodules incorrect segmentations occurred
when adjacent blood vessels were included in the segmentation or when the
nodule was only partly segmented.
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Figure 1 – Semi-automatic pulmonary nodule volumetry at routine dose with FBP and at the lowest dose level with FBP, iDose4 level 6 and IMR level 2.
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At routine dose, at least 34 out of 37 nodules (92%) were correctly segmented for
FBP, iDose4 and IMR. Two nodules that were incorrectly segmented with FBP
at routine dose, were correctly segmented with IMR. At reduced dose levels, the
number of correct segmentations remained high with a minimum of 32 out of
37 nodules (87%) correctly segmented nodules with FBP and 31 out of 37 nodules
(84%) with iDose4 and IMR (Table 3). Three nodules were excluded due to
failed or incorrect segmentation on the reference reconstruction (routine dose
reconstructed with FBP) and one nodule was excluded because on more than
25% of the reconstructions resulted in incorrect segmentations. Ultimately, 33
pulmonary nodules with a median diameter of 6.4mm (IQR 4.4 – 8.7mm) could
be included for further analysis. In total 52 missing values (5.6%) were imputed
out of 924 (33 nodules x 28 reconstructions) data points.
Table 3 – Percentage of correctly segmented pulmonary nodules per reconstruction method at

the different dose levels.

Routine dose
FBP
iDose level 1
4

45% reduced mAs 60% reduced mAs 75% reduced mAs

91.9% (34/37)

94.6% (35/37)

86.5% (32/37)

91.9% (34/37)

91.9% (34/37)

91.9% (34/37)

97.3% (36/37)

89.2% (33/37)

iDose level 4

91.9% (34/37)

91.9% (34/37)

97.3% (36/37)

83.8% (31/37)

iDose4 level 6

94.6% (35/37)

94.6% (35/37)

91.9% (34/37)

89.2% (33/37)

IMR level 1

91.9% (34/37)

89.2% (33/37)

86.5% (32/37)

83.8% (31/37)

IMR level 2

91.9% (34/37)

83.8% (31/37)

89.2% (33/37)

83.8% (31/37)

IMR level 3

91.9% (34/37)

89.2% (33/37)

89.2% (33/37)

83.8% (31/37)

4

Volumetry
There were no statistically significant differences in pulmonary nodule volume
between FBP, iDose4 and IMR at routine dose (Table 4). At 45% and 60% reduced
mAs, IMR resulted in a lower pulmonary nodule volume while at 75% reduced
mAs there were no differences. iDose did not affect pulmonary nodule volumes
at all dose levels. The relative percentage difference in pulmonary nodule volume
with iDose4 and IMR at routine dose compared to FBP at routine dose ranged
from -5.6 – 0.4%. At reduced dose levels the relative percentage difference with
FBP at routine dose was larger to a maximum of -4.4% with FBP (60% reduced
mAs), -4.5% with iDose4 level 6 (45% reduced mAs) and -11.3% with IMR level 3
(60% reduced mAs).
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119 (46 – 292)

104 (45 – 290)

103 (43 – 298)

122 (45 – 276)

94 (43 – 285)

93 (43 – 273)

iDose4 level 1

iDose level 4

iDose level 6

IMR level 1

IMR level 2

IMR level 3

NA

-4.5 (-14.7 – 5.1)

-6.2 (-15.6 – 3.1)

-5.6 (-16.1 – 4.4)

-4.4 (-10.9 – 3.5)

-0.4 (-7.9 – 7.7)

-0.8 (-8.7 – 0.6)
-4.5 (-11.5 – 3.5)

-2.8 (-13.5 – 6.1)

2.4 (-15.4 – 8.0)

-1.1 (-19.3 – 8.7)

Difference (%)

-8.9 (-19.2 – 0.0)

101 (52 – 256)* -10.0 (-22.0 – -2.6)
p=0.001

97 (55 – 266)*
p=0.003

105 (55 – 237)* -13.3 (-22.0 – -0.3)
p=0.002

97 (49 – 271)

111 (52 – 287)

105 (51 – 264)

101 (51 – 258)

Volume (mm )
3

45% reduced mAs

-8.8 (-22.1 – 6.5)

-1.8 (-12.0 – 4.9)

-1.1 (-10.7 – 8.6)

-4.7 (-13.6 – 7.6)

103 (49 – 256)* -11.3 (-22.2 – 0.5)
p<0.001

111 (44 – 254)* -10.7 (-24.7 – 2.6)
p=0.006

110 (54 – 248)

109 (46 – 285)

114 (42 – 289)

94 (53 – 288)

101 (54 – 294) -4.4 (-12.0 – 10.4)

Volume (mm ) Difference (%)
3

60% reduced mAs

-3.7 (-14.3 – 6.8)

-3.5 (-12.9 – 6.1)

-0.9 (-23.2 – 7.1)

120 (57 – 261)

79 (47 – 273)

103 (46 – 277)

-9.0 (-20.7 – 12.7)

-9.4 (-20.5 – 7.3)

-8.5 (-18.3 – 3.3)

100 (58 – 267) -0.5 (-12.3 – 15.0)

101 (56 – 262)

109 (53 – 270)

94 (54 – 273)

Volume (mm3) Difference (%)

75% reduced mAs

Part II

Values are presented as median (interquartile range). *Significant different (p-value below 0.007) compared to FBP at routine dose. N=14, 33 pulmonary
nodules

4

4

134 (45 – 308)

FBP

3

Volume (mm ) Difference (%)

Routine dose

presents the relative differences in volume compared to FBP at routine dose and the volume of the pulmonary nodules.

Table 4 – Mean Pulmonary Nodule Volume and relative difference as a function of radiation dose and iterative reconstruction algorithm used. This table
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1.8 (1.4 – 2.2)*

2.3 (1.7 – 2.8)*

iDose4 level 1

iDose4 level 4

iDose level 6

8.4 (7.6 – 9.4)*

IMR level 2

IMR level 3

10.5 (7.5 – 23.0)*

9.4 (7.1 – 16.9)*

9.3 (6.2 – 12.3)*

5.9 (4.8 – 7.5)*

5.1 (4.0 – 6.0)*

4.4 (3.4 – 5.0)*

3.5 (2.9 – 4.4)

CNR

10.6 (7.4 – 15.2)*

8.3 (6.7 – 9.9)*

5.1 (4.6 – 5.9)*

4.1 (3.8 – 4.7)

3.3 (3.0 – 3.7)

2.6 (2.2 – 3.0)*

CNR

7.7 (6.8 – 10.0)* 13.5 (7.6 – 19.0)*

5.0 (4.1 – 5.7)*

3.5 (2.9 – 4.1)*

1.7 (1.4 – 2.0)*

1.3 (1.1 – 1.6)

1.1 (0.8 – 1.2)

0.8 (0.6 – 1.0)*

SNR

45% reduced mAs

6.5 (5.3 – 8.1)*

4.3 (3.7 – 5.0)*

3.1 (2.6 – 3.5)*

1.5 (1.3 – 1.7)*

1.2 (1.0 – 1.3)*

0.9 (0.8 – 1.1)*

0.7 (0.5 – 0.8)*

SNR

13.4 (9.9 – 21.8)*

10.6 (8.2 – 14.2)*

8.5 (6.3 – 10.8)*

4.9 (4.3 – 5.5)*

4.0 (3.5 – 4.4)

3.2 (2.8 – 3.6)*

2.4 (1.8 – 2.9)*

CNR

60% reduced mAs

5.0 (4.1 – 6.0)*

3.5 (3.0 – 4.0)*

2.6 (2.1 – 2.9)*

1.2 (1.0 – 1.4)

1.0 (0.8 – 1.1)*

0.8 (0.7 – 0.9)*

0.5 (0.4 – 0.6)*

SNR

9.4 (6.2 – 14.3)*

8.4 (6.3 – 11.0)*

6.5 (5.1 – 8.5)*

3.9 (3.5 – 4.8)

3.2 (2.9 – 3.8)

2.7 (2.4 – 3.1)*

1.6 (1.4 – 2.1)*

CNR

75% reduced mAs

*Significant different (p-value below 0.007) compared to FBP at routine dose. SNR signal-to-noise ratio CNR contrast-to-noise ratio

4.1 (3.4 – 4.7)*

5.8 (5.0 – 6.6)*

IMR level 1

4

1.1 (0.9 – 1.5)

1.4 (1.1 – 1.7)*

FBP

SNR

Routine dose

Table 5 – Objective image quality. Values are presented as median (interquartile range).
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Discussion
The main finding of this study is that pulmonary nodule volumetry can be
accurately performed in >83% of relatively small pulmonary nodules at a
submillisievert dose with FBP and hybrid IR. Furthermore, hybrid IR and
especially model-based IR leads to a significant improvement in objective image
quality. Based on these findings it seems reasonable to conclude that radiation
dose levels for pulmonary nodule follow-up can be reduced substantially and
conversion from FBP to IR will improve image quality while nodule volumetry
remains accurate. This is important because the number of chest CT acquisitions
is expected to increase further due to implementation of lung cancer screening.
The National Lung Screening Trial (NLST) using low dose CT has shown to
reduce mortality [14]. In the United States lung cancer screening is advised in
high risk individuals while recently the European Society of Radiology and the
European Respiratory Society also recommended to implement lung cancer
screening with low dose CT in routine clinical practice [15,16]. In the NLST,
pulmonary nodules (≥4mm) were reported in 24% of the participants at baseline.
This large number of pulmonary nodules requires follow-up, which can lead
to a high cumulative radiation dose [14]. The aim is to reduce radiation dose
while at the same time maintaining image quality and accurate and consistent
pulmonary nodule volumetry.
Pulmonary nodule volume is dependent of several factors such as imageacquisition and reconstruction parameters, software performance for nodule
quantification and nodule characteristics [17]. For instance different software
packages can lead to differences in volume of up to 25% [18]. Twelve studies have
investigated radiation dose reduction for chest CT using IR by making multiple
chest CT acquisitions in the same patient at the same time [19-30]. Four of these
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Objective image quality
CNR and SNR values are listed in Table 5. The Friedman test was significant (p
< 0.05) and post hoc analyses were performed. Measured values were compared
to the reference value derived with FBP at routine dose.
FBP led to a significant decrease in both CNR and SNR at all three reduced
dose levels (Table 5). Objective image quality decreased with iDose4 level 1 at
the lowest two dose levels while iDose4 level 4 and 6 resulted in comparable or
improved CNR and SNR. All IMR levels led to an increase in both CNR and SNR
at all reduced dose levels.
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studies included acquisitions with a radiation dose below 1mSv [19,27,28,30],
but did not investigate the effect on pulmonary nodule volumetry and only
focused on image quality and lesion nodule detection. Those studies found that
pulmonary nodule detection rate was identical for IR at low dose compared to
FBP at routine dose. Several phantom studies have shown that IR can accurately
determine pulmonary nodule volume even at submillisievert dose, but this had
not been confirmed in humans [6-9,31]. A patient study investigating the effect
of hybrid IR on pulmonary nodule volumetry at routine dose levels also found
comparable results between FBP and IR [31]. However, a relatively high effective
dose (3.1mSv) was used.
To our best knowledge this is the first in vivo study investigating the effect of
radiation dose reduction and different types of IR on pulmonary nodule volume
at extremely low dose levels. We found significant differences in pulmonary
nodule volume using model-based IR. When looking at volume differences
compared to FBP at routine dose differences up to 11.3% occurred. This can be
caused by interscan variation because multiple acquisitions were performed.
The effect of interscan variation on volumetry at similar radiation dose levels
can lead to differences up to 24% [32,33]. Based on these studies, a change in
volume of 25% between acquisitions is regarded as nodule growth. The volume
differences found at reduced dose levels in the present study are below this
cut-off and within the normal interscan variation. Model-based IR resulted in
a significant lower pulmonary nodule volume but the differences were below
25% and therefore most likely not clinically relevant. However, caution should
be taken with changing to model-based IR within one patient.
In this study we used multiple imputations to estimate and replace missing
values. Imputation is a well-established theory for handling missing data
and there is substantial support for the validity of multiple imputations in
simulations [13]. The results without multiple imputation, e.g. with complete
case analysis, were in the same effect size as the results presented in this study.
We chose for this approach since with general missing data, bias tends to be
smaller with multiple imputations compared to complete case analysis [34].
The present study has several limitations. The sample size was kept small,
because participants were exposed to increased radiation doses due to multiple
acquisitions. Furthermore, nine patients turned out to have pulmonary nodules
smaller than 3mm or non-solid although we only included patients that
received a follow-up chest CT for known pulmonary nodules. We excluded
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four pulmonary nodules in which lesion segmentation failed in the reference
reconstruction or more than 25% of the reconstructions to allow a fair noduleby-nodule comparison. There were small differences between reconstructions
and dose levels in the number of failed or incorrect lesion segmentations. At
the lowest dose level there was an increase in the number of failed or incorrect
lesion segmentations whereby IMR performed slightly worse. However, the
percentage of failed or incorrect lesion segmentations in our study was relatively
small compared to other studies [18,33]. We used a nodule size threshold of 3mm
in our study. However, recent guidelines of the British Thoracic Society advise
to offer CT surveillance follow-up only for nodules ≥5mm [35] and in lung
cancer screening programs even higher thresholds are considered [36]. The
lesion segmentation was done by one operator. We did not investigate operator
dependency, however, we expect this to be neglectable since the operator only
has to click on the pulmonary nodule to instruct the software to calculate the
volume. Another limitation is that we used IR algorithms from a single vendor.
Future research with IR algorithms from other vendors is recommended and
should focus on submillisievert radiation dose levels. Further radiation dose
reduction can potentially be reached by lowering kVp-values. Despite these
limitations, this study is the first patient study assessing the effect of pulmonary
nodule volumetry at very low dose levels. This study shows that the dose used
in lung cancer screening trials (1.6mSv for men and 2.1mSv for women) can
be further reduced without affecting pulmonary nodule volumetry or image
quality [14], and that it is safe to convert FBP protocols to either hybrid IR and
model-based IR.
In conclusion, pulmonary nodule volumetry was not affected by both FBP
and hybrid IR. Caution should be taken with model-based IR, which resulted
in lower volumes, however differences where within the normal interscan
variation. Dose reduction to submillisievert dose levels is therefore possible
while maintaining accurate pulmonary nodule volumetry and image quality.
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Objective
To evaluate the effect of radiation dose reduction and iterative reconstruction
(IR) on the performance of computer-aided detection (CAD) for pulmonary
nodules.
Methods
In this prospective study twenty-five patients were included who were scanned
for pulmonary nodule follow-up. Image acquisition was performed at routine
dose and three reduced dose levels in a single session by decreasing mAs-values
with 45%, 60% and 75%. Tube voltage was fixed at 120 kVp for patients ≥80 kg
and 100 kVp for patients <80 kg. Data were reconstructed with filtered back
projection (FBP), iDose4 (levels 1,4,6) and IMR (levels 1,2,3). All noncalcified solid
pulmonary nodules ≥4mm identified by two radiologists in consensus served
as the reference standard. Subsequently, nodule volume was measured with
CAD software and compared to the reference consensus. The numbers of truepositives, false-positives and missed pulmonary nodules were evaluated as well
as the sensitivity.
Results
Median effective radiation dose was 2.2 mSv at routine dose and 1.2, 0.9 and 0.6
mSv at respectively 45%, 60% and 75% reduced dose. A total of 28 pulmonary
nodules were included. With FBP at routine dose, 89% (25/28) of the nodules were
correctly identified by CAD. This was similar at reduced dose levels with FBP,
iDose4 and IMR. CAD resulted in a median number of false-positives findings
of 11 per scan with FBP at routine dose (93% of the CAD marks) increasing to 15
per scan with iDose4 (95% of the CAD marks) and 26 per scan (96% of the CAD
marks) with IMR at the lowest dose level.
Conclusion
CAD can identify pulmonary nodules at submillisievert dose levels with FBP,
hybrid and model-based IR. However, the number of false-positive findings
increased using hybrid and especially model-based IR at submillisievert dose
while dose reduction did not affect the number of false-positives with FBP.
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Lung cancer screening in high-risk individuals reduces mortality [1]. Therefore,
both European and American guidelines recommend lung cancer screening
implementation [2,3]. Since 23-53% of patients in lung cancer screening trials
have pulmonary nodules at baseline which require follow-up, this will lead to
an increased workload for radiologists [4,5]. Also in routine practice incidental
pulmonary nodules and pulmonary metastases are a common finding.
Computer-aided detection (CAD) can assist radiologists in the identification
of pulmonary nodules in screening as well as routine care in patients with
and without a known malignancy. Dedicated software tools are available that
automatically identify and annotate potential nodules [6]. CAD combined with
assessment by a radiologist improves the sensitivity for pulmonary nodule
detection compared to assessment by a radiologist alone [6-8]. However, CAD
can also lead to an increased number of false positive findings [9].
Increased awareness of the harmful effects of radiation exposure has led
to technical innovations to reduce the radiation dose associated with CT
examinations [10]. Iterative reconstruction (IR) computationally decreases
image noise compared to the conventional reconstruction technique filtered
back projection (FBP) making radiation dose reduction possible. A phantom
study investigated the effect of application of a hybrid IR technique on CAD and
concluded that IR did not affect CAD performance [6]. However, results may be
different in patients and for more advanced model-based IR techniques because
these are associated with a smoother appearance of anatomical structures in
which details can be missed [11]. It is unknown if the use of these advanced
IR techniques also affects the performance of CAD for pulmonary nodules,
because current CAD is trained with FBP images. Therefore, in this patient
study we investigated the effect of dose reduction and hybrid and model-based
IR on the performance of CAD for pulmonary nodules.

Methods
Our local institutional review board approved this prospective study
(NL46146.041.13). Inclusion criteria were an age of 50 years or older (1) and
scheduled for a follow-up chest CT for known pulmonary nodules (2). Exclusion
criterion was concomitant participation in another study with x-ray exposure.
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Computed tomography
All CT acquisitions were performed on a 256-slice Brilliance iCT system (Philips
Healthcare, Best, The Netherlands). CT data were acquired in full inspiration
and without contrast injection. After a scout image, the routine dose scan was
acquired, followed by three reduced dose scans. Every scan was acquired during
a different breath hold and all scans within a patient were performed with the
same scan length. Exposure settings were 60, 33, 24 and 15 mAs combined with
a tube voltage of 100 kV for patients with a weight below 80 kg and 120 kV for
patients with a weight above 80 kg. Reconstructed slice thickness was 1 mm.
All images were reconstructed with FBP, a hybrid IR algorithm (iDose4, Philips
Healthcare, Best, The Netherlands) and a prototype version of an iterative
model-based algorithm (IMR, Philips Healthcare, Best, The Netherlands). For
iDose4 levels 1, 4 and 6 (kernel filter C) were used and for IMR levels 1, 2 and
3 (kernel filter Body Routine). It is not possible to use kernel filter C for IMR,
therefore we used vendor recommended kernel filter Body Routine.
For each scan the volumetric CT dose index (CTDIvol) and the dose-length
product (DLP) were recorded. Effective dose was determined by multiplying the
DLP with the conversion factor for the chest (0.0145 mSv/(mG×cm) for 120 kV
and 0.0144 mSv/(mG×cm) for 100 kV) [12].
Computer-aided detection
As a reference, solid non-calcified pulmonary nodules with a diameter of 4 mm
or more were identified on routine dose FBP reconstructions by two radiologists
independently. In case of discrepancy the case was discussed to reach
consensus. Commercially available software (IntelliSpace Portal, V6.0.1.20250,
Lung Nodule Assessment, Philips Healthcare, Best, The Netherlands) was used for
CAD of pulmonary nodules. CAD automatically identified pulmonary nodules
with a size of 4 – 30mm. These were subsequently inspected by one observer
and compared with the reference nodules detected by the two radiologists. The
numbers of true-positives, false-positives and missed (false-negative) pulmonary
nodules were determined. Sensitivity was calculated for each reconstruction
technique at each dose level by dividing the total number of true pulmonary
nodules detected by CAD by the total number of true nodules present.
Statistical analysis
SPSS (version 20.0, IBM, New York, United States) was used for statistical analysis.
All measurements were compared to the reference standard namely FBP at
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routine dose. Data were compared using the Friedman test and the Wilcoxon
signed rank test was used for post hoc analyses. A p-value below 0.05 was
considered statistically significant for the Friedman test and a Bonferroni
correction was made for the post hoc Wilcoxon test resulting in a p-value of
0.007. Values are given as medians with interquartile ranges (IQR) unless
otherwise stated.

Twenty-five patients were included. In two patients IMR data were accidentally
deleted before the IMR reconstructions were made and in one patient the lowest
dose scan was not performed. These three patients were excluded from further
analysis. Therefore, data of 22 patients was analyzed.
The median age was 66 (IQR 60 – 72) years and half of the patients were female.
Median BMI was 28.6 (IQR 26.0 – 31.4) kg/m2 and in twelve patients the ≥80
kg protocol was used. Radiation dose characteristics are provided in Table 1.
Effective dose was 2.2 (1.4 – 2.4) mSv at routine dose and 1.2 (0.8 – 1.3), 0.9 (0.5 –
1.0) and 0.6 (0.3 – 0.6) mSv at reduced dose levels respectively.

Table 1 – Radiation dose characteristics. Results are presented as medians (interquartiles).

CTDIvol (mGy)
DLP (mGy×cm)
Effective dose (mSv)

Routine
dose

45% reduced
dose

60% reduced
dose

75% reduced
dose

4.1 (2.4 – 4.1)

2.2 (1.3 – 2.2)

1.6 (1.0 – 1.6)

1.0 (0.6 – 1.0)

60.4 (37.9 – 66.3)

38.1 (23.9 – 42.2)

0.9 (0.5 – 1.0)

0.6 (0.3 – 0.6)

150.2 (95.9 – 168.8) 83.8 (52.9 – 92.9)
2.2 (1.4 – 2.4)

1.2 (0.8 – 1.3)

CTDIvol Volume CT dose index; DLP Dose-length product.

Pulmonary nodules
Nine patients did not have pulmonary nodules. The remaining patients had 1
nodule (5 patients), 2 nodules (5 patients), 3 nodules (1 patient) or 5 nodules (2
patients). In total 28 nodules were included with a median diameter of 7.0 (5.1 –
8.7) mm and median volume of 177 (70 – 346) mm3 as measured on the reference
dose scan reconstructed with FBP.
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Computer-aided detection
The CAD system read and analyzed all datasets successfully. Figure 1 shows the
user interface of the CAD system while Figure 2 shows an example of a nodule
detected at different dose levels with FBP, iDose4 and IMR. The total number
of true-positive, false-negative and false-positive nodules is provided in Table 2.
Sensitivity with FBP at routine dose was 89% (25/28) while 93% (353/381) of the
CAD marks were incorrect. The sensitivity was the same with iDose4 level 1 and
4 and all IMR levels while iDose4 level 6 resulted in a slightly higher sensitivity
of 93% (26/28) at routine dose. At 45% and 60% reduced dose FBP and iDose4
and IMR level 3 yielded the same or increased sensitivity while sensitivity
slightly decreased with IMR level 1 and 2 to 82% (23/28). At the lowest dose level,
sensitivity increased to 93% (26/28) for all reconstructions except iDose4 level 1.

Figure 1 – CAD system output. Each suspected site is marked with a circle.

None of the differences in sensitivity were significant. Six pulmonary nodules
were missed on one or more reconstructions (Figure 3). These nodules had a
median diameter of 7.2 (range 4.5 – 21.0) mm and a volume of 195.2 (range 48.3
– 4874.9) mm3. Three of the missed pulmonary nodules were localized adjacent
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Figure 2 – Example of a pulmonary nodule marked by CAD at routine dose (A – C) and 75% reduced

dose (D – F) with FBP (A, D), iDose4 level 6 (B, E) and IMR level 2 (C, F)

to blood vessels or the pleural wall. Two missed pulmonary nodules were very
small (5 mm) while one missed pulmonary nodule was extremely large (21 mm),
although the CAD software should be able to detect pulmonary nodules up to
30 mm.
The number of false-positive nodules identified with CAD was high: at routine
dose reconstructed with FBP, 93% (353/378) of the CAD marks were incorrect. At
reduced dose levels this remained 93% with FBP, 92 – 95% with iDose4 and 94 –
96% with IMR.
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Table 2 – Performance of CAD. Values represent the total number of true-positives, false-negatives

and false-positives of all patients. The percentage values for the true-positives and false-negatives
were calculated in relation to the total number of 28 true pulmonary nodules. The percentage values
for false positives are calculated in relation to the total number of lesions detected with CAD.
Routine dose

45% reduced
dose

60% reduced
dose

75% reduced
dose

True-positives

25/28 (89%)

27/28 (96%)

27/28 (96%)

26/28 (93%)

False-negatives

3/28 (11%)

1/28 (4%)

1/28 (4%)

2/28 (7%)

False-positives

353/378 (93%)

349/376 (93%)

364/391 (93%)

363/389 (93%)

True-positives

25/28 (89%)

25/28 (89%)

25/28 (89%)

25/28 (89%)

False-negatives

3/28 (11%)

3/28 (11%)

3/28 (11%)

3/28 (11%)

False-positives

355/380 (93%)

340/365 (93%)

395/420 (94%)

390/415 (94%)

True-positives

25/28 (89%)

26/28 (93%)

25/28 (89%)

26/28 (93%)

False-negatives

3/28 (11%)

2/28 (7%)

3/28 (11%)

2/28 (7%)

372/397 (94%)

371/397 (93%)

422/447 (94%)
*p=0.003

442/468 (94%)

True-positives

26/28 (93%)

26/28 (93%)

25/28 (89%)

26/28 (93%)

False-negatives

2/28 (7%)

2/28 (7%)

3/28 (11%)

2/28 (7%)

380/406 (94%)

403/429 (94%)

433/458 (95%)*
p=0.002

472/498 (95%)*
p=0.001

True-positives

25/28 (89%)

23/28 (82%)

25/28 (89%)

26/28 (93%)

False-negatives

3/28 (11%)

5/28 (18%)

3/28 (11%)

2/28 (7%)

418/443 (94%)

493/516 (96%)*
p=0.001

581/606 (96%)*
p<0.001

630/656 (96%)*
p<0.001

True-positives

25/28 (89%)

23/28 (82%)

23/28 (82%)

26/28 (93%)

False-negatives

3/28 (11%)

5/28 (18%)

5/28 (18%)

2/28 (7%)

False-positives

431/456 (95%)

531/554 (96%)*
p<0.001

587/610 (96%)*
p<0.001

684/710 (96%)*
p<0.001

True-positives

25/28 (89%)

25/28 (89%)

25/28 (89%)

26/28 (93%)

False-negatives

3/28 (11%)

3/28 (11%)

3/28 (11%)

2/28 (7%)

False-positives

475/500 (95%)*
p=0.003

579/604(96%)*
p<0.001

598/623 (96%)*
p<0.001

675/701 (96%)*
p<0.001

Part II

FBP

iDose4 level 1

iDose4 level 4

False-positives
iDose4 level 6

False-positives
IMR level 1

False-positives
IMR level 2

IMR level 3

*Statistical significant difference compared to FBP at routine dose. FBP filtered back projection;

IMR iterative model-based reconstruction
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Figure 3 – Overview of the pulmonary nodules that were missed on one or more reconstructions.

Dose reduction and IR had no significant effect on the number of true-positives
and false-negatives. However, the number of false-positive nodules increased
significantly with IMR at all reduced dose levels up to a median of 26 pulmonary
nodules with IMR level 2 at the lowest dose level (Figure 4). Furthermore, iDose4
resulted in a significant increase at 60% reduced dose (iDose4 level 4 and 6) and
75% reduced dose (iDose4 level 6). Most false positive nodules were perihilar or
structures in the mediastinum or intrapulmonary blood vessels.

Figure 4 – Median number of incorrect

CAD marks per scan at different dose
levels. FBP filtered back projection; IMR
iterative model-based reconstruction
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Discussion
CAD is able to identify pulmonary nodules at submillisievert dose levels and the
detection rate does not deteriorate with hybrid and model-based IR. However,
when scanning at reduced dose levels, IR results in an increase in the number of
false-positives findings, especially with model-based IR.
Despite the fact that CAD of pulmonary nodules has been available for over ten
years it is rarely used in clinical practice because it is time consuming [13]. With
the expected rise in the number of chest CT acquisitions due to lung cancer
screening implementation, computer assistance becomes more important [2,3].
It is essential that CAD has a high detection rate with a limited number of false
positive findings to use it efficiently in clinical practice. The performance of
CAD varies highly among studies and is dependent on several factors such as
the type of CAD software, nodule characteristics and acquisition parameters
[14]. A review article by Saba et al. [15] described an overall sensitivity of 79%
for CAD alone, without assessment by a radiologist, which is in line with our
findings. The sensitivity further increased to 92% when radiologists had access
to CAD results [15]. The rate of false-positive findings varies widely with some
studies reporting rates below 5 per patient [9,16-19] while this increased to more
than 10 pulmonary nodules per patient in other studies [15,20,21]. However, low
false-positive rates were often accompanied by a lower sensitivity compared to
the studies reporting higher false-positive rates. Several studies investigated the
effect of dose reduction on CAD. While some studies found similar sensitivity
between normal and low dose scans [20,22,23], other studies found impaired
sensitivity at low dose levels [14,17]. Some studies describe an increase in the
number of false positive marks [22,23] at reduced dose levels while other studies
describe no differences [17] or lower rates of false positives [14,20]. In our study
we found a high sensitivity (89%) with FBP at routine dose compared to the
literature. Furthermore, the sensitivity was not affected by dose reduction. The
number of false-positives however increased at reduced dose levels but was still
similar to previous reported rates [15,20,21].
To our best knowledge, only two studies investigated the effect of IR on CAD.
In a phantom study performed by Wielputz and colleagues [6] both FBP and a
hybrid algorithm (SAFIRE, Siemens, level 1 – 5) were used with CTDIs ranging
from 8.07 to 0.25 mGy. Sensitivity remained the same up till a dose of 0.59 mGy
while at 0.25 mGy a significant decrease was seen for both FBP and IR. The
number of false positives was low (2 – 8 per lung) and tended to be slightly
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higher with IR. The other study was performed by Yanagawa et al. [14] who used
both FBP and hybrid IR (ASIR, GE, 50 and 100%) in 35 patients scanned at two
dose levels. CTDIs were approximately 14.6 mGy at routine dose and decreased
to 3.5 mGy at low dose. IR resulted in improved rate at both normal and reduced
dose. Sensitivity decreased at reduced dose from 70% to 50% with FBP while
IR resulted in a sensitivity of 67% at reduced dose. The number of false positive
findings increased with IR, especially at reduced dose which is comparable to
the findings in our study.
The current study indicates that radiation doses can be reduced to 0.6 mSv (1
mGy) without affecting CAD detection rates. IR did not substantially affect
sensitivity, however, IR resulted in increased numbers of false-positives. This is
in line with the studies of Wielputz [6] and Yanagawa [14] who also reported
an increase in false-positives findings with IR. Current CAD software is trained
on FBP images, however hybrid and especially model-based IR images have a
different image appearance, which can lead to higher rates of false-positive CAD
findings. False positives however are easily differentiated from true pulmonary
nodules by a radiologist and therefore the sensitivity of CAD is more important.
Furthermore, CAD software can be further improved using IR datasets.
This study has several limitations. First, the sample size was kept small because
the included patients were exposed to an increased radiation dose. The small
sample size might have been the reason that no significant differences in
sensitivity were found. Second, we only used one CAD software package, but
this is the system we use in our hospital and represents routine practice. The
purpose of this study was to detect differences between FBP and IR at different
dose levels and not to evaluate software performance. However, future research
should evaluate the performance of different software packages at low dose IR
images. Third, we only used IR algorithms from one vendor. Therefore, our
results may not apply to other IR algorithms. Previous studies investigating IR
algorithms from other vendors found comparable results.
The current study is the first study with an intra-individual comparison of
CAD at four dose levels using IR. Also the effect of model-based IR on CAD
of pulmonary nodules has not been described before. Future research should
determine the effect of other IR algorithms and CAD software programs on
sensitivity and false positive rates.
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In conclusion, sensitivity of CAD does not decrease both with FBP and IR at
submillisievert dose levels. The use of IR did result in an increased number of
false-positive findings at reduced dose levels.
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Objective
To determine the lowest radiation dose and iterative reconstruction (IR) level(s)
at which computed tomography (CT) based quantification of aortic valve
calcification (AVC) and thoracic aortic calcification (TAC) is still feasible.
Methods
Twenty-eight patients underwent a cardiac CT and 20 patients a chest CT at
four different dose levels (routine dose and approximately 40%, 60% and 80%
reduced dose). Data were reconstructed with filtered back projection (FBP),
three iDose4 levels and three iterative model-based reconstruction (IMR) levels.
Two observers scored subjective image quality. AVC and TAC were quantified
using mass and compared to the reference scan (routine dose reconstructed
with FBP).
Results
In cardiac CT at 0.35 mSv (60% reduced) all scans reconstructed with iDose4
(all levels) were diagnostic, calcification detection errors occurred in only 1
patient and there were no significant differences in mass scores compared to
the reference scan. Similar results were found for chest CT at 0.48 mSv (75%
reduced) with iDose4 levels 4 and 6 and IMR levels 1 and 2.
Conclusion
IR enables AVC and TAC quantification on CT at sub-milliSievert dose.
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Thoracic aortic calcification (TAC) and aortic valve calcification (AVC) are
associated with coronary heart disease, stroke and mortality [1-5]. AVC is an
independent predictor of adverse cardiovascular outcomes [6,7]. Furthermore,
quantification of AVC provides prognostic information in patients with aortic
valve stenosis [8]. In addition TAC is recently found to be an independent
predictor for future development of coronary artery calcifications (CAC) [9,10],
which is a strong predictor of adverse cardiovascular outcomes [11,12].
Cardiac and chest computed tomography (CT) are commonly performed
for a wide range of indications, including chest pain, trauma and lung
cancer screening. AVC and TAC can be reliably quantified on ECG-triggered
unenhanced cardiac CT as well as on unenhanced untriggered chest CT [13,14].
However, radiation exposure is thought to be associated with an increased risk
of developing cancer. It is estimated that about 0.4% of all cancers in the United
States of America are caused by CT examinations [15]. Dose optimisation is
therefore important.
When using standard filtered back projection (FBP), dose reduction is associated
with more image noise and thereby reduced image quality. Image quality
and noise are important for the assessment of calcifications. Image noise can
be mistaken for calcifications and can, if severe, even render an examination
non diagnostic [16]. To allow image acquisition at reduced dose levels iterative
reconstruction (IR) techniques have been developed. IR reduces image noise
and thus improves image quality and accuracy of calcium scoring on low dose
CT scans [17]. Some studies suggest that radiation dose can be substantially
reduced to 0.85 millisieverts (mSv) for unenhanced chest CT and 0.37 mSv for
unenhanced cardiac CT while maintaining acceptable image quality [18-21].
However, it is unclear if dose reduction and IR have an effect on AVC and TAC
quantification.
The aim of the current study was to find the optimal dose reduction and IR
level(s) for AVC and TAC quantification on CT.

Materials and Methods
Study population
Our local institutional review board approved this prospective study
(NL46146.041.13). Forty-eight patients were included between January 2014 and
February 2015, written informed consent was obtained from all participants.
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Patients with suspected cardiovascular disease (cardiac CT, n=28) or follow-up
of pulmonary nodule(s) (chest CT, n=20) were eligible for inclusion. To reduce
the risk of carcinogenesis to a minimum only patients of 50 years or older were
included and patients who were pregnant or concomitantly participated in
another study with X-rays were excluded. All participants were informed about
the added radiation risk and provided written informed consent.
Image acquisition
Each patient underwent 4 CT-scans (cardiac or chest) in a single session at four
different dose levels. For the cardiac protocol this consisted of a scan at routine
dose and scans at 40%, 60% and 80% reduced dose. For the chest protocol
this concerned a scan at routine dose and scans at 45%, 60% and 75% reduced
dose. Dose reduction was achieved by lowering the tube current (Table 1). The 4
different scans per patient were performed with the same scan length and same
starting position. Cardiac scans were prospectively ECG-triggered and used a
tube voltage of 120 kV. For patients with a weight ≥80kg, mAs was increased by
20%. Chest scans were untriggered and 100 kV was used for patients <80kg and
120 kV for patients ≥80kg. All CT examinations were performed with the same
256-slice CT scanner (Brilliance iCT, Philips Healthcare, Best, The Netherlands)
and no contrast agent was injected for both cardiac and chest scans. A matrix
size of 512 x 512 pixels and collimation of 128 x 0.625 mm was used. For cardiac
scans both slice thickness and increment were 3 mm, while for chest scans slice
thickness was 1 mm and increment 0.7 mm. Volumetric CT dose index (CTDIvol)
and dose-length product (DLP) were automatically recorded for each scan. The
effective dose was calculated by multiplying the DLP by a conversion coefficient
of 0.0145 mSv/[mGy·cm] for 120 kV acquisitions and 0.0144 mSv/[mGy·cm] for
100 kV acquisitions [22].
Image reconstruction
Routine dose CT scans were reconstructed using standard FBP. Low-dose CT
scans were reconstructed using FBP, three levels (1, 4 and 7 for cardiac CT and
1, 4 and 6 for chest CT) of a hybrid IR technique (iDose4, Philips Healthcare,
Best, The Netherlands) and three levels (1, 2 and 3) of a prototype model-based
IR technique (IMR, Philips Healthcare, Best, The Netherlands). A higher IR
level implies more noise reduction. Filter CB was used for cardiac acquisitions
and filter B for chest acquisitions. IMR uses different filters, therefore vendor
recommended kernels were used, namely “cardiac routine” for cardiac CT and
“body routine” for chest CT.
156

Subjective image quality
The subjective image quality of each reconstruction was rated on a five-point
Likert scale regarding the diagnostic value with respect to calcifications: 1=poor
quality, no distinction can be made between noise and (small) calcification,
non-diagnostic; 2=insufficient quality, little distinction can be made between
noise and (small) calcifications, limited diagnostic value; 3=moderate quality,
small chance of missing small calcifications, just diagnostic; 4=proper quality,
unlikely that calcifications are missed, good diagnostic value; 5=excellent quality,
certainly no calcifications are missed, excellent diagnostic value.
The rating was done by two independent blinded observers and the mean
diagnostic score of each reconstruction was calculated. Reconstructions with a
mean score ≤2 were excluded from further analyses. If >20% of the scans of a
reconstruction level at a certain dose reduction level were non-diagnostic, this
entire reconstruction level was considered non-diagnostic and was therefore
excluded from analysis.
Calcium quantification
The amount of AVC and TAC was quantified using mass score (mg). The
calcification scoring was performed manually by a single observer using
commercially available semi-automatic software (Heartbeat CS, Philips
Healthcare, Best, The Netherlands). All reconstructions per patient were
assessed consecutively in a random order to minimize intra-observer variability.
After clicking on a calcification, the observer instructed the software program
to automatically select the calcification across multiple slices and quantified
the calcification in terms of mass. The observer visually checked and if needed
manually corrected the selection. In case of substantial noise and/or if noise was
connected to the calcification, the selection was manually adjusted per slice to
prevent overestimation of calcification measurements. A standard threshold for
calcification detection was set to 130 HU in scans with a tube voltage of 120 kV.
The threshold was adapted to 147 HU in acquisitions with a tube voltage of 100
kV as previously proposed [23].
If a calcium score of zero was found on the reference scan and a score >0 was
found on a reduced dose reconstruction, this reconstruction was considered
false positive. If a calcium score >0 was found on the reference scan and a
calcium score of zero on a reduced dose reconstruction, this reconstruction was
considered false negative.
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Statistical analysis
The scan at routine dose reconstructed with FBP served as reference standard.
All reconstructions at reduced dose were compared to the reference standard.
Statistical differences of calcium scores and diagnostic image quality scores
were analysed with the Friedman test (P<0.05) and subsequently post hoc
analyses with the Wilcoxon signed rank test. For the post hoc analyses a
Bonferroni corrected P<0.007 (0.05/number of reconstruction levels used) was
considered significant, unless stated otherwise. Values are listed as medians with
interquartiles, unless stated otherwise. Inter-observer agreement was assessed
using quadratic weighted kappa statistics (κ) for the five-point Likert scale[24],
interpreted as: 0=absence of agreement; <0.20=poor agreement; 0.21–0.40=fair
agreement; 0.41–0.60=moderate agreement; 0.61–0.80=good agreement;
>0.80=excellent agreement [14]. Statistical analyses were performed with IBM
SPSS version 20.0.0 (IBM corp., Armonk, New York, USA) and MedCalc version
13.2.2.0 (MedCalc Software, Ostend, Belgium).

Results
Study characteristics
Patient and dose characteristics are listed in Table 1. Forty-eight patients (31
males) were included which had a mean±SD age of 60±8.8 years and a BMI of
28.4±5.1 kg/m2. Twenty-eight patients underwent cardiac CT and twenty patients
underwent chest CT.
Mean effective radiation dose of the cardiac CT-scans were 0.86 (reference dose),
0.51 (40% reduced), 0.35 (60% reduced) and 0.17 (80% reduced) mSv. For the chest
CT-scans the effective dose was 1.93 (reference dose), 1.06 (45% reduced), 0.77
(60% reduced) and 0.48 (75% reduced) mSv.
Subjective Image quality
The results of the diagnostic image quality assessment are provided in Table 2.
Inter-observer agreement for visual grading was good for cardiac scans (weighted
κ-value=0.7) and moderate for chest scans (weighted κ-value=0.5). At reduced
dose image quality decreased significantly in all reconstructions of cardiac and
chest CT, except for chest CT with iDose4 level 6 and IMR level 1 and 2 at 45%
reduced dose and IMR level 1 at 60% reduced dose. At lower dose IR improved
image quality more compared to FBP and with improving image quality, less
scans were rendered non-diagnostic (Table 2, Figure 1). For the cardiac scans at
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<80kg

≥80kg

<80kg

≥80kg

Cardiac

Cardiac

Chest

Chest

11

9

18

10

N

65.4 (8.2)

67.7 (9.5)

54.7 (4.0)

56.8 (7.3)

Age§

6 (55)

4 (45)

14 (78)

7 (70)

Male,
N (%)

32.0 (4.8)

25.3 (3.3)

30.0 (5.2)

24.5 (2.0)

BMI
(kg/m2)§

120

100

120

120

kV

10

80% reduced

0.96 (0.01)
0.60 (0.01)
33
24
15

45% reduced
60% reduced
75% reduced

1.02 (0.00)

1.61 (0.02)

2.22 (0.02)

15

75% reduced

4.06 (0.00)

24

60% reduced

1.33 (0.01)

2.43 (0.01)

0.98 (0.02)

1.96 (0.04)

2.93 (0.06)

4.89 (0.09)

0.81 (0.28)

1.64 (0.06)

2.45 (0.09)

4.17 (0.14)

41.45 (2.28)

65.79 (3.63)

90.75 (4.90)

164.97 (9.63)

23.77 (1.37)

38.00 (2.12)

52.51 (3.45)

95.57 (6.13)

12.53 (0.75)

25.16 (1.45)

37.62 (2.20)

62.67 (3.42)

10.83 (0.85)

21.65 (1.69)

32.42 (2.56)

53.85 (4.24)

CTDIvol (mGy)§ DLP (mGy·cm)§

60

33

Standard

60

80% reduced
Standard

12

60% reduced

45% reduced

36
24

40% reduced

60

20

60% reduced
Standard

50
30

Standard

mAs

40% reduced

Dose level

0.60 (0.03)

0.95 (0.05)

1.32 (0.07)

2.39 (0.14)

0.34 (0.02)

0.55 (0.03)

0.75 (0.05)

1.37 (0.09)

0.18 (0.01)

0.36 (0.02)

0.55 (0.03)

0.91 (0.05)

0.16 (0.01)

0.31 (0.02)

0.47 (0.04)

0.78 (0.06)

ED (mSv)§

§
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Data depicted as mean (standard deviation). BMI=body mass index; CTDIvol=CT volume dose index; DLP=dose-length product; ED=effective radiation
dose, estimated as DLP·k (k=0.0144 for 100 kV and k=0.0145 for 120 kV); N=number of patients

Weight
protocol

Group

Table 1. Patient and study characteristics
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Cardiac

28
28
28
28
28
28
28
28
25
28
28
28
28
28
27
15
27
27
25
28
26
19

4.5 (3.5-4.6)*
4.5 (4.0-4.6)*
4.5 (4.0-4.5)*
4.0 (4.0-4.0)*
4.0 (4.0-4.0)*
4.0 (4.0-4.0)*
3.5 (3.0-3.5)*
3.5 (3.0-4.1)*
4.0 (3.8-4.5)*
4.0 (4.0-4.5)*
4.0 (3.5-4.0)*
4.0 (4.0-4.0)*
4.0 (3.5-4.1)*
3.0 (3.0-3.5)*
2.5 (2.0-3.0)*
3.5 (3.0-4.0)*
3.5 (3.0-4.0)*
3.5 (3.0-3.6)*
3.5 (3.0-4.0)*
3.0 (3.0-3.5)*
3.0 (2.5-3.0)*

N. Diagnostic

5.0 (4.5-5.0)

Image quality
(N=28)

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

FP

1
0
0
2
1
1
1

0
0
0
1
0
0
1

0
0
0
0
1
1
1

FN

AVC

9
5
7
5
8
9
7

4
1
0
0
9
9
8

3
0
0
0
8
8
9

FP

0
0
0
1
2
2
2

0
0
1
1
1
2
2

0
0
0
1
0
0
0

FN

TAC

2.0 (1.9-2.1)*
2.5 (2.5-3.0)*
3.0 (3.0-3.5)*
3.0 (3.0-3.5)*
3.5 (3.0-4.0)*
3.0 (3.0-3.5)*
3.0 (2.5-3.0)*

3.0 (2.5-3.0)*
3.5 (3.0-3.5)*
3.5 (3.5-3.6)*
3.5 (3.5-4.0)*
4.0 (3.5-4.0)
3.5 (3.5-4.0)*
3.0 (3.0-3.0)*

3.5 (3.0-3.5)*
3.5 (3.5-3.6)*
3.5 (3.5-4.0)*
4.0 (4.0-4.0)
4.0 (4.0-4.0)
4.0 (4.0-4.0)
3.5 (3.4-3.5)*

4.0 (3.9-4.0)

Image quality
(N=20)

Chest

2
18
20
20
20
20
18

13
20
20
20
20
20
20

20
20
20
20
20
20
20

20

N. Diagnostic

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

FP

0
1
1
1
1
1
1

1
1
1
1
1
2
2

1
0
0
0
1
1
1

FN

AVC

1
1
1
1
0
0
0

1
0
0
0
1
1
1

1
0
0
0
0
0
1

FP

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

FN

TAC

*= significant difference compared to FBP at routine dose (Bonferroni P<0.007). AVC= Aortic valve calcification, FN= False negative, FP= False positive, l=
level, N. Diagnostic= number of patients with a diagnostic scan (diagnostic score ≥2 or agreed after discussion when one observer scored 2 and the other
3), TAC= Thoracic aortic calcification

Routine dose
FBP
40% / 45% reduced dose
FBP
iDose4 l1
iDose4 l4
iDose4 l7/6
IMR l1
IMR l2
IMR l3
60% / 60% reduced dose
FBP
iDose4 l1
iDose4 l4
iDose4 l7/6
IMR l1
IMR l2
IMR l3
80% / 75% reduced dose
FBP
iDose4 l1
iDose4 l4
iDose4 l7/6
IMR l1
IMR l2
IMR l3

Recon-struction

Table 2. Image quality and diagnostic value. Image quality is depicted as median (IQ). FP and FN values are defined for diagnostic scans only
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Figure 1 – Chest CT at 75% reduced

corner as mean of the two observers.
FBP= Filtered back projection,
IMR= iterative model reconstruction,
l= level
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dose of one single patient with TAC
(white arrow). All images are taken at
the same slice position. In the right
series values >130HU are highlighted
pink, indicating the effect of different
iterative reconstruction levels on
image noise. Diagnostic score of these
scans are depicted in the left upper
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80% reduced dose FBP and IMR level 3 were in more than 20% of the patients
of insufficient quality and hence rated as non-diagnostic. For chest scans with
FBP the same was found at 45% and 75% reduced dose, while IR reconstructions
resulted in sufficient image quality in >80% of the patients at all dose levels.
Calcium quantification - Cardiac CT
Six patients (21%) had AVC and ten patients (36%) TAC scores higher than zero on
the reference scan (routine dose reconstructed with FBP). A high false positive
(FP) rate (3-9 patients) for TAC was observed for FBP and all IMR reconstruction
levels at all dose reduction levels. A high FP rate for TAC was also seen for all
iDose4 levels at maximum reduced dose, while at 40% and 60% reduced dose a
maximum of one FP or false negative (FN) was observed for iDose4 (Table 2). No
FP for AVC was found at any reduced dose level. Overall the FN rate of TAC and
AVC were low with a maximum of two.
Calcification mass of patients with a calcium score higher than zero are listed in
Table 3. When compared to FBP at routine dose, AVC and TAC mass scores did
not change significantly at reduced dose with application of IR (Table 3).
Absolute differences in TAC mass were overall lower with iDose4 than with IMR
(Figure 2). Absolute differences in AVC mass declined with increasing IMR levels
and increased with increasing iDose4 levels.
Calcium quantification - Chest CT
Eight patients (40%) had AVC and seventeen patients (85%) TAC scores higher
than zero on the reference scan. A maximum of one FP and zero FN for TAC
and zero FP and two FN for AVC were found for all reconstructions at all dose
reduction levels (Table 2).
Post hoc analyses showed no significant difference for AVC mass scores at any
reduced dose level when compared to FBP at routine dose (Table 3). However, a
significant difference for TAC mass was found with FBP at 45% reduced dose,
iDose4 level 1 at 75% reduced dose and iDose4 level 6 at 45% and 60% reduced
dose (Table 3). No significant differences were found with IMR (all levels) at any
reduced dose level.
Absolute differences of TAC mass were overall lower with IMR than with iDose4
reconstructions (Figure 2). Absolute differences of AVC mass remained the same
with increasing IMR levels and increased with increasing iDose4 levels.
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10.8(1.1-18.8)
9.8(0.8-20.3)
11.2(1.2-21.0)

2.6 (1.4-17.1)
2.7(0.9-16.0)
4.3(2.1-14.7)

15.4(2.0-42.8)
14.2(3.5-45.5)
12.9(5.1-44.8)

11.4(0.9-18.7)
10.8(1.2-22.4)
12.6(2.3-23.3)

3.0(1.9-19.4)
2.8(1.7-16.2)
5.8(2.6-21.6)

18.2(2.5-44.4)
17.5(4.8-47.0)
19.1(6.0-47.1)

15.3(0.9-41.5)
11.1(2.6-42.7)
10.6(3.6-44.0)

2.1(1.3-17.6)
2.1(0.6-15.9)
2.4(0.7-19.6)+

10.4(0.8-17.5)
8.4 (0.6-18.2)
5.6(0.0-21.8)+

iDose4 l6/7

14.8(0.5-46.8)
12.1(0.5-46.2)
8.2(2.1-44.5)

4.6(3.0-17.4)
4.2(1.8-18.9)
5.8(1.2-15.3)

14.2(1.5-28.7)
10.9(2.6-27.6)
9.6(1.6-26.2)

IMR l1

15.8(0.4-47.1)
12.1(0.4-45.9)
8.8(1.6-44.0)

4.2(2.6-18.0)
5.7(1.3-18.3)
5.1(0.4-19.2)+

13.8(1.6-28.1)
10.6(2.4-26.2)
7.9(0.8-24.4)

IMR l2

14.5(0.3-47.1)
11.1(0.2-45.4)
10.9(1.0-47.1)+

5.5(2.2-17.9)
4.7(1.2-18.1)
ND

13.6(1.6-27.6)
10.3(2.0-25.6)
ND

IMR l3

538.7(176.6-2222.2)+* 487.1(132.7-1867.8) 462.8(129.6-1797.0) 478.6(127.5-1836.7) 476.6(129.4-1837.7) 575.8(160.9-2362.6)++
P=0.003

ND

451.3(123.5-1783.8) 438.5(120.9-1717.5)* 454.2(126.9-1811.3) 453.0(124.5-1813.9) 453.4(123.7-1801.0)
P=0.006

472.8(125.7-1835.6)

ND

499.1(146.6-1875.4)* 478.7(129.5-1823.8) 453.4(131.2-1778.0) 440.7(123.6-1748.6)* 466.8(129.9-1850.8) 464.6(123.0-1864.1) 464.8(129.0-1855.0)
P=0.001
P<0.001

iDose4 l4

iDose4 l1

+
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= Total number of diagnostic scans is one less due to one non-interpretable reconstruction, ++= total number of diagnostic scans is two less duo to two
non-interpretable reconstruction, *= significant difference compared to FBP at routine dose, °= Bonferroni correction of (0.05/7=) P<0.007 was considered
significant, °°= Bonferroni correction of (0.05/6=) P<0.008 was considered significant, °°°= Bonferroni correction of (0.05/5=) P<0.01 was considered significant.
AVC= aortic valve calcification, FBP= filtered back projection, IMR= iterative model reconstruction, l= level, N= number of patients, ND= non-diagnostic
(>20% of the scans were of insufficient quality), TAC= thoracic aortic calcification

75% reduced°°

60% reduced°°

45% reduced°

FBP
AVC in cardiac group (N=6)
Routine
12.0(1.4-24.0)
40% reduced°
11.6(2.2-21.1)
60% reduced°
9.6(1.3-30.7)+
80% reduced°°°
ND
TAC in cardiac group (N=10)
Routine
2.7(1.1-15.8)
40% reduced°
3.9(1.5-42.3)
60% reduced°
5.2(3.5-29.7)
80% reduced°°°
ND
AVC in chest group (N=8)
Routine
17.0(4.9-50.2)
45% reduced°
22.8(4.2-46.8)
60% reduced°°
ND
75% reduced°°
ND
TAC in chest group (N=17)
Routine
455.6(132.6-1796.9)

Table 3. Calcification mass scores of patients with non-zero scores, depicted as median with interquartiles.
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Figure 2 – Absolute difference in mass between reconstruction methods in patients with non-zero

calcification. Differences are depicted as median absolute difference compared to the reference
scan (FBP at routine dose). Error bars indicate interquartiles. AVC= aortic valve calcification, CT=
computed tomography, FBP= filtered back projection, iDose1= iDose level 1 (etc.), IMR1= IMR level 1
(etc.), IMR= iterative model reconstruction, TAC= thoracic aortic calcification
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In this study we found that when reducing radiation dose, down to an effective
radiation dose of 0.35 mSv for cardiac CT and 0.48 mSv for chest CT, IR allows
for AVC and TAC scoring on CT scans acquired for coronary calcium scoring
and pulmonary nodule volumetry. We also found that at lower dose rating of
TAC on cardiac scans becomes more problematic in terms of false positives.
We evaluated several aspects of the images to reach our conclusion. Firstly, the
number of diagnostic scans was investigated, because if image quality is too
low, no conclusions can be made on the presence or severity of calcifications.
Secondly, false positives and negatives were deemed relevant as this can cause
over- or under prediction and possibly influence treatment. Thirdly, calcium
scores were compared to routine dose scores because deviating calcium scores
could also affect predictive value. The same holds true for our fourth parameter,
the absolute difference in calcium score. A weighted assessment of these aspects
would enable us to identify the optimal dose and IR level.
For cardiac CT, we have observed the lower limit of what is possible with our
system and current IR techniques. In our 80% dose reduction protocol many nondiagnostic scans were found as well as a high false positive rate for calcifications
that were not visible on the routine dose scan. We think that, with application of
iDose4 levels 1, 4 or 7, 60% reduced dose (0.35 mSv) is the lowest dose achievable
for AVC and TAC scoring on unenhanced ECG-triggered cardiac CT. At this dose
level only these IR levels showed a low acceptable FP and FN rate, we did not
have to excluded scans and we did not observe significant differences in mass
scores. For unenhanced untriggered chest CT, we think that the optimal dose
is 0.48 mSv (our 75% dose reduction protocol) if reconstructed with IMR levels 1
and 2 or iDose4 levels 4 and 6. For these IR levels FP and FN rates were low and
mass scores were of insignificant difference compared to FBP at routine dose.
Since 0.48 mSv was the lowest dose we tested maybe even more dose reduction
could be achieved for AVC and TAC scoring.
Multiple studies on subjective and objective image quality have suggested the
feasibility of dose reduction with IR in unenhanced cardiac and chest CT [1821,25,26]. In line with these studies we found that the application of IR at low dose
scans improved image quality compared to FBP at the same dose level. However,
improved image quality does not necessarily mean good diagnostic value. The
optimal dose reduction and IR level is therefore in particular determined by
diagnostic value. It can be assumed that low dose CT with IR can safely replace
the standard dose CT if the diagnostic value is equal or better.
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Previous work by colleagues den Harder et al. [25,27,28] and Willemink et al.[29]
showed the feasibility of pulmonary nodule volumetry and CAC scoring on low
dose unenhanced chest and cardiac CT scans using IR. However, the feasibility
of dose reduction and IR for other indications, such as infections, interstitial
lung disease and skeletal assessment is currently uncertain. Den Harder et
al.[27,28] showed that for the detection of pulmonary nodules, unenhanced
chest CT can be reduced to submillisievert dose when using IR. Willemink et
al.[29] evaluated CAC on low dose unenhanced cardiac CT using IR. CAC is the
main indication for unenhanced cardiac CT and is the most widely used calcium
scoring in clinical use. Willemink et al.[29] showed that with the use of IR at
80% reduced dose (0.15-0.18 mSv) CAC scoring is possible with reclassification
rates below 15%. However, no AVC and/or TAC was taken into account. Since
AVC and TAC are associated with coronary heart disease, stroke and mortality
[1-5] and are found to be independent predictors for adverse cardiovascular
outcomes [6,7,9,10], we seek to find the optimal dose reduction and IR level(s) for
AVC and TAC quantification on CT. To our best knowledge this is the first study
that aimed to find the optimal dose reduction and IR level for quantifying AVC
and TAC separately in patients who underwent CT for cardiac and pulmonary
indications.
Previously, Hecht et al.[18] investigated the accuracy of scoring coronary
artery calcification and in addition TAC combined with AVC (called “aortic
calcification”) in 102 patients at two dose levels using hybrid IR. Images acquired
with iDose4 level 7 at low dose ECG-triggered cardiac CT (0.37±0.16 mSv) were
compared to standard dose (0.76±0.34 mSv) images reconstructed with iDose4
level 3. Dose reduction was achieved by lowering mAs with 50%. For “aortic
calcification” they found no significant difference in Agatston or mass scores
between these dose levels. However, they found a significant difference (p=0.03)
for volume with a mean of 88.8±204.0 mm3 at low dose (iDose4 level 7) and
93.7±207.3 mm3 at standard dose (iDose4 level 3). The dose reductions investigated
are comparable to cardiac CT routine dose and 60% reduced dose in our study.
In contrast to this study we did not find a significant difference in mass score for
AVC and TAC, neither separately nor combined, with the application IR.
In the current study, the amount of calcium was quantified using mass.
Although the Agatston score is more widely used, mass is suggested to be a more
robust quantification method than Agatston score [30] and was found to be less
influenced by IR at low dose scans [25,31]. In addition previous studies have
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shown that mass is less influenced by tube voltage and is better reproducible
than Agatston [32,33].
Findings of the current study indicate that clinical implementation of AVC and
TAC scoring on low dose CT using IR could possibly be achievable in low dose
lung and cardiac scans with a range of indications, such as lung cancer screening
CT. Previous research already showed an excellent inter-scan and inter-observer
agreement for AVC scoring in unenhanced untriggered lung cancer screening
chest CT (<0.9 mSv for <80kg and <1.6 mSv for ≥80kg) [14]. In the current study,
at the same amount of effective radiation dose and even lower dose down to 0.35
mSv for cardiac CT and 0.48 mSv for chest CT, we found reliable AVC and TAC
scoring when using IR. This implies that AVC and TAC could be quantified at
unenhanced untriggered lung cancer screening chest CT.
The strength of our study is the fact that we not only evaluated image quality
but primarily investigated diagnostic value to find the optimal dose reduction
and IR level for measuring aortic and aortic valve calcifications. In addition
we compared four different dose levels per patient, three levels of a hybrid
and three levels of a model based IR algorithm, which enabled us to make a
good comparison and a stronger recommendation. Our study also has some
limitations. For ethical reasons the sample size was kept low. Since calcifications
were not present in every patient, the sample size of our subgroups was even
smaller. Nevertheless we think the power is sufficient since our study has a
within-patient analysis of four scans and twenty-two reconstructions per patient.
A larger-scale study with two dose levels may be required to confirm our findings.
Another limitation is the consecutive scoring of all twenty-two reconstructions
per patients by one observer. This could introduce recall bias of the location of
calcifications for lower dose scans. However, the advantage is that intra-observer
variation is hereby kept low. Finally, application of our recommendations may
be limited to the vendor used in our study since all vendors developed their own
IR techniques.
In conclusion this study shows that IR allows for reliable AVC and TAC scoring
when reducing dose down to 0.35 mSv on unenhanced ECG-triggered cardiac
CT and down to 0.48 mSv on unenhanced untriggered chest CT. At these dose
reduction levels, iDose4 levels 1, 4 and 7 for cardiac CT and iDose4 levels 4 and
6 and IMR levels 1 and 2 for chest CT could be considered the optimal iterative
reconstruction level.
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Objectives
To assess the performance of hybrid (HIR) and model-based iterative
reconstruction (MIR) in patients with urolithiasis at reduced dose computed
tomography (CT).
Methods
Twenty patients scheduled for unenhanced abdominal CT for follow-up of
urolithiasis were prospectively included. Routine dose acquisition was followed
by three low dose acquisitions at 40%, 60% and 80% reduced doses. All
images were reconstructed with filtered back projection (FBP), HIR and MIR.
Urolithiasis detection rates, gall bladder, appendix and rectosigmoid evaluation
and overall subjective image quality were evaluated by two observers.
Results
In total 74 stones were present in 17 patients. Half of the stones were not detected
on FBP at the lowest dose level, but this improved with MIR to a sensitivity of
100%. HIR resulted in a slight decrease in sensitivity at the lowest dose to 72%,
but outperformed FBP. Evaluation of other structures with HIR at 40% and with
MIR at 60% dose reductions was comparable to FBP at routine dose, but 80%
dose reduction resulted in non-evaluable images.
Conclusions
The CT radiation dose for urolithiasis detection can be safely reduced with 40%
(HIR) to 60% (MIR) without affecting assessment of urolithiasis, possible extraurinary tract pathology or overall image quality.
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The most frequent cause of acute flank pain is urolithiasis, which affects 3-5% of
the population [1]. The risk of recurrence of urolithiasis is high with 50% after 5
years and more than 72% after 20 years [2]. In the USA, the total estimated annual
cost for stone disease was over US$ 10.3 billion in 2006, an almost five-fold
increase in six years [3]. This rise is still present today. Unenhanced computed
tomography (CT) is often used for the diagnosis of urolithiasis. Compared to
ultrasonography CT offers the possibility to detect extra-urinary causes of
flank pain [1], and has a higher specificity and sensitivity. The guidelines of
the European Association of Urology [4] as well as the American College of
Radiology [5] advise to use low dose CT in patients with acute disease and
suspicion of urolithiasis, while the American Urological Association provides
no clear recommendation [6]. However, CT suffers from several disadvantages
such as higher costs compared to ultrasonography, limited availability in
developing countries and the associated exposure to ionizing radiation.
Technical advancements like iterative reconstruction (IR) algorithms have
resulted in substantial radiation dose reductions. IR results in reduced noise,
allowing to acquire images at reduced radiation dose levels without intrinsically
hampering image quality. Several studies have investigated the potential of IR
for unenhanced abdominal CT, with most studies focusing on urinary stone
detection and image quality [7-10]. The purpose of this study was to assess the
performance of hybrid IR (HIR) and model-based IR (MIR) in patients with
urolithiasis at reduced dose CT.

Materials and methods
This prospective study was approved by our local institutional review board
(NL46146.041.13). Inclusion criteria were: patient age of ≥40 years and a
scheduled unenhanced abdominal CT for follow-up of urolithiasis. Patients
with concomitant participation in another study with x-ray exposure were
excluded. All patients were informed about the additional radiation exposure
and provided written informed consent. Gender, age, height and weight of all
patients were recorded. Twenty patients were included between April 2014 and
October 2015.
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CT acquisition
All acquisitions were performed on a 256-slice CT system (Brilliance iCT,
Philips Healthcare, Best, The Netherlands). The routine dose acquisition was
followed by three low dose acquisitions with the same scan length during the
same session. A tube voltage of 120 kVp was used for all acquisitions. To create
different dose levels, the tube current was lowered. All patients were imaged
with automatic exposure control using a reference of 100 mAs (routine dose)
and 60, 40 and 20 mAs (reduced dose levels), respectively. The pitch was 0.915
with a rotation time of 0.4 seconds. Slices were reconstructed with a thickness
of 0.9 mm and increment of 0.7 mm for all measurements. All acquisitions were
reconstructed with filtered back projection (FBP), HIR (iDose4 level 4, Philips
Healthcare, Best, The Netherlands) and MIR (IMR level 2, Philips Healthcare,
Best, The Netherlands). The routinely used kernel B was used for FBP and iDose4
reconstructions. IMR has three groups of kernels, namely Body Soft Tissue,
Body Routine and Body SharpPlus [11]. Both Body Soft Tissue and Body Routine
are recommended by the vendor for soft tissue evaluation, and were therefore
both used. Dose length product (DLP) and volumetric CT dose index (CTDIvol)
were recorded for each scan. The effective dose was calculated by multiplying
the DLP with the conversion factor for 120 kV abdominal acquisitions (0.0153
mSv/(mGy×cm)) [12].
Image Evaluation
All FBP acquisitions at routine dose were assessed to set the reference for the
number and location of the stones. Urolithiasis was classified as stones (both
kidney, ureter or bladder), papillary calcifications or parenchymal calcifications.
The reference evaluation was done by a certified board radiologist with over 10
years of experience in abdominal radiology. This radiologist was not an observer
in the current study. The maximal size of all stones was measured in three
planes (transversal, coronal and sagittal) using the routine dose acquisition
reconstructed with FBP and the average maximal diameter was calculated [13].
Subsequently, two observers (FW and PD) with more than 5 years of experience
in abdominal radiology assessed the number of stones on all acquisitions and
reconstructions.
Subjective image quality was assessed by the same two observers who were
blinded for patient characteristics, acquisition and reconstruction information
and images were evaluated in randomized order. Overall image quality was
scored using a 4-point Likert scale:
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A score of 1-2 was considered unacceptable. One patient was used as a test case
and used for training in a consensus meeting. Because it is important to be able
to diagnose extra-urinary tract pathology, several other aspects were scored as
well. Observers were asked to assess if there was a prior cholecystectomy, or, in
case the gall bladder was still present, it was assessed for the presence of stones
or wall thickening, or whether these could have been visualized if present. The
maximal infrarenal diameter of the aorta was assessed in the anterior-posterior
direction for abdominal aneurysm evaluation. The sigmoid and appendix were
evaluated to see if there were signs of diverticulitis or appendicitis, or whether
these could have been visualized if present. The maximal width of the body
of the adrenal gland was assessed on the transversal plane, and the average
Hounsfield unit (HU) was derived by drawing a circular region of interest (ROI)
as large as possible.
Objective image quality was measured by drawing a circular ROI in the renal
cortex (both left and right), aorta, retroperitoneal fat and air in the bowel. Noise
was defined as the standard deviation (SD) of the HU measurement in the ROI.
Statistical analysis
Statistical analyses were performed using SPSS (version 20.0, IBM, New York,
United States). The test case was excluded from further analysis. FBP at routine
dose was used as a reference standard, and all data were compared to the
reference standard. To assess the subjective overall image quality the scores of
the two observers were averaged. Also, the number of unacceptable scans (score
1 or 2) was calculated per observer. Sensitivity for the detection of stones was
calculated by dividing the number of correctly identified stones by the total
number of stones and multiplying this number with 100%. The sensitivity as
well as the number of false positives was calculated both on a patient level and
overall. In the per patient level analysis, the number of false positives and the
sensitivity was calculated for each patient separately. Therefore, missing a stone
in a patient with only 1 stone will weights more heavy than missing a stone in
a patient with multiple stones. In the overall analysis the total number of false
positives for all patients combined was calculated per observer, as well as the
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Score 1: poor image quality—not diagnostically acceptable for interpretation;
Score 2: suboptimal image quality—partially non-diagnostic;
Score 3: acceptable image quality—diagnostic interpretation possible;
Score 4: excellent image quality.
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overall sensitivity. In this analysis, each stone has an equal weight.
Data were compared using the Friedman test and post hoc analyses were
performed using the Wilcoxon signed rank test. A p-value below 0.05 was
considered significant. For the post hoc tests a Bonferroni corrected p-value
of 0.0125 was used. Values are presented as medians (interquartile range, IQR)
unless stated otherwise.
Inter-observer agreement was measured using Cohen’s kappa coefficient and the
percentage of agreement for categorical variables. The kappa was interpreted
as poor (0.00 ≤ k ≤ 0.20), fair (0.21 ≤ k ≤ 0.40), moderate (0.41 ≤ k ≤ 0.60), good
(0.61 ≤ k ≤ 0.80) or excellent (0.81 ≤ k ≤ 1.00). For categorical variables with more
than two categories a weighted kappa was used. A two-way random intraclass
correlation coefficient (ICC) was used for continuous parameters, as well as the
difference (in mm or HU).

Results
A total of 20 patients were included, of which 1 patient was used as a test case
for the consensus meeting. Therefore, ultimately 19 patients were investigated:
sixteen males (16/19, 84%) and three females (3/19, 16%). The median age was 61
(IQR 52 – 67) years. Mean height was 181 (172 – 189) cm with a weight of 86 (75 –
100) kg resulting in a body mass index of 25.6 (25.0 – 32.4) kg/m2.
Effective dose was 4.8 (4.1 – 7.8) mSv at routine dose and 2.8 (2.5 – 4.7), 1.9 (1.6 – 3.1)
and 0.9 (0.8 – 1.5) mSv at reduced dose levels, respectively. CTDIvol was 6.6 (5.5 –
10.5), 3.9 (3.3 – 6.3), 2.6 (2.2 – 4.2) and 1.3 (1.1 – 2.1) mGy, respectively while the DLP
was 312 (270 – 508) mGy*cm at routine dose and 184 (162 – 304), 123 (106 – 204) and
60 (51 – 99) mGy*cm at reduced dose levels, respectively.
Diagnostic performance for stones and calcifications
In total 74 stones were present in 17 patients, including 63 stones, 7 papillary
calcifications and 4 parenchymal calcifications (Table 1). Of the 63 stones, 62 were
in the kidney and 1 in the ureter. The size of the stones was smaller than 3 mm
(19/74, 26%), 3-5 mm (26/74, 35%), 5-10 mm (21/74, 28%) or larger than 10 mm (8/74,
11%).
The accuracy of stone detection is shown in Table 2. The sensitivity at routine
dose was 94% with FBP, because some stones were missed by a single observer.
The sensitivity at routine dose with IR was 100%. At reduced dose, the sensitivity
with FBP decreased to 89%, 88% and 50% respectively. While with HIR the
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16
2
1
19

Stone

Papillary calcification

Parenchymal calcification

Total

n

481

333 (257 – 333)

307 (251 – 371)

<3 mm
Density (HU)

Table 1 – Stone and calcification characteristics.

26

2

1

23

n

312 (258 – 312)

335

365 (323 – 531)

21

1

4

16

Diameter
3 – 5 mm
Density (HU)
n
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837 (645 – 1237)

720 (541 – 897)

5 – 10 mm
Density (HU)

8

0

0

8

n

NA

NA

822 (665 - 982)

>10 mm
Density (HU)

74

4

7

63

Total
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100.0 (92.9 – 100.0)

100.0 (80.0 – 100.0)

94.4 (80.0 – 100.0)

0 [0]

100.0 (92.9 – 100.0)

MIR (ST)

0 [0]

100.0 (80.0 – 100.0)

MIR (ST)

72.2 (62.5 – 100.0)

100.0 (68.8 – 100.0)

78.6 (50.0 – 100.0)

HIR

MIR (BR)

MIR (ST)

1 [5]

0 [0]

0 [0]

0 [0]
0 [0]

0 [0]

0 [0]

3 [15]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

1 [5]

2 [11]

4 [21]

14 [74]

1 [5]

1 [5]

1 [5]

2 [11]

1 [5]

1 [5]

1 [5]

1 [5]

1 [5]

0 [0]

1 [5]

1 [5]

Obs. 1

1 [5]

3 [16]

6 [32]

14 [74]

1 [5]

1 [5]

2 [11]

5 [26]

1 [5]

1 [5]

1 [5]

2 [11]

1 [5]

1 [5]

1 [5]

1 [5]

Obs. 2

Gall bladder
stones

4 [21]

4 [21]

11 [58]

18 [95]

3 [16]

2 [11]

5 [26]

7 [37]

1 [5]

1 [5]

4 [21]

4 [21]

1 [5]

0 [0]

2 [11]

1 [5]

Obs. 1

11 [58]

9 [47]

18 [95]

10 [100]

4 [21]

8 [42]

13 [68]

19 [100]

5 [26]

4 [21]

8 [42]

16 [84]

2 [11]

3 [16]

2 [11]

8 [42]

Obs. 2

Gall bladder
wall thickening

0 [0]

1 [5]

1 [5]

17 [90]

1 [5]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

Obs. 1

0 [0]

0 [0]

0 [0]

8 [42]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]

Obs. 2

Sigmoid
diverticulitis

0 [0]

1 [5]

6 [32]

16 [84]

1 [5]

0 [0]

1 [5]

2 [11]

1 [5]

0 [0]

1 [5]

0 [0]

2 [11]

1 [5]

0 [0]

0 [0]

Obs. 1

2 [11]

1 [5]

3 [16]

16 [84]

1 [5]

1 [5]

1 [5]

4 [21]

0 [0]

1 [5]

1 [5]

2 [11]

1 [5]

1 [5]

1 [5]

1 [5]

Obs. 2

Appendix
visible

2 [11]

1 [5]

4 [21]

18 [95]

1 [5]

0 [0]

0 [0]

4 [21]

2 [5]

0 [0]

1 [5]

0 [0]

1 [5]

1 [5]

0 [0]

0 [0]

Obs. 1

2 [11]

4 [21]

6 [32]

16 [84]

1 [5]

1 [5]

5 [26]

5 [26]

2 [11]

2 [11]

2 [11]

3 [16]

2 [11]

1 [5]

1 [5]

2 [11]

Obs. 2

Appendicitis

FBP Filtered Back Projection, HIR Hybrid Iterative Reconstruction, MIR Model-based Iterative Reconstruction, BR Body Routine, ST Soft Tissue, Obs
Observer

50.0 (16.7 – 100.0)

FBP

80% reduced dose

0 [0]

100.0 (81.3 – 100.0)

MIR (BR)

0 [0]

HIR

0 [0]

87.5 (50.0 – 100.0)

88.9 (75.0 – 100.0)

FBP

60% reduced dose

0 [0]

100.0 (92.9 – 100.0)

MIR (BR)

0 [0]

0 [0]

88.9 (50.0 – 100.0)

100.0 (80.0 – 100.0)

HIR

0 [0]

0 [0]

0 [0]

0 [0]

0 [0]
0 [0]

Obs. 2

Obs. 1

Cholecystectomy

FBP

100.0 (77.8 – 100.0)
40% reduced dose

MIR (ST)

MIR (BR)

HIR

Routine dose
FBP

Sensitivity

calcifications were combined. Two patients did not have any stones. The sensitivity is presented as median (interquartiles). For the assessment of extraurinary tract pathology the number [percentage] of not assessable reconstructions is displayed per observer.

Table 2 – Diagnostic performance. The sensitivity for stone detection was calculated on a patient level and stones, papillary calcifications and parenchymal
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sensitivity was 100%, 89% and 72%, respectively. MIR Body Routine resulted in
a sensitivity of 100% at all dose levels while the sensitivity with MIR Soft Tissue
reduced to 79% at the lowest dose level. An example of decreased sensitivity is
provided in Figure 1. All missed stones concerned stones with a size below 3 mm.
The number of false-positives was low at all dose levels with a median number
between 0 and 1. The overall sensitivity is presented in Table 3.

Figure 1 – Example of decreased sensitivity for stone detection. The reference image at routine dose

reconstructed with FBP (A), FBP reconstruction at the lowest dose level on which the stone was
missed (B) and the IR reconstructions (HIR, MIR Body Routine and MIR Soft Tissue) at the same
dose level on which the stone is clearly visible

Extra-urinary tract pathology
Results of the assessment of extra-urinary tract pathology are displayed in Table 2.
At routine dose reconstructed with FBP, the assessment of prior cholecystectomy
and sigmoid diverticulitis was possible in all patients. Gall bladder assessment
for stones and for wall thickening was hampered in 1 patient (5%) and 1 or 8
patients (5 or 42%), respectively, depending on the observer. One observer also
scored the appendix as not assessable (1 patient, 5%) or as inflammatory signs
not assessable (2 patients, 11%). The assessment of prior cholecystectomy and
sigmoid diverticulitis was possible up to 60% reduced dose with FBP, while
with HIR and MIR the dose could be decreased with 80%. Gall bladder stones
were still assessable at 60% reduced dose with both MIR kernels, and at 80%
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Table 3 – Overall sensitivity for stone detection and the number of false positives. The sensitivity

was calculated per observer and stones, papillary calcifications and parenchymal calcifications
were combined.
Sensitivity

False positives

Obs. 1

Obs. 2

Obs. 1

Obs. 2

FBP

89%

86%

18

8

HIR

88%

86%

10

26

MIR BR

95%

95%

25

32

MIR ST

92%

89%

23

23

FBP

86%

76%

6

15

HIR

91%

85%

6

23

MIR BR

91%

92%

17

40

MIR ST

91%

93%

15

15

76%

64%

19

6

HIR

83%

80%

11

12

MIR BR

88%

88%

19

27

MIR ST

89%

88%

6

19

FBP

42%

46%

5

5

HIR

70%

73%

5

9

MIR BR

78%

76%

5

15

MIR ST

73%

81%

4

7
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Routine dose

40% reduced dose

60% reduced dose
FBP

80% reduced dose

FBP Filtered Back Projection, HIR Hybrid Iterative Reconstruction, MIR Model-based Iterative

Reconstruction, BR Body Routine, ST Soft Tissue, Obs Observer

dose using MIR Soft Tissue. The assessment of gall bladder wall thickening was
similar to the reference at 40% reduced dose using MIR (both kernels). While for the
assessment of the appendix the dose could be reduced with 40% for HIR and with
60% using MIR (both kernels). Overall, 40% dose reduction with HIR and 60% dose
reduction with MIR yielded similar results as the reference (routine dose with FBP).
The aorta and adrenal gland measurements did not show any significant differences
at reduced dose (Table 4). However, with FBP the adrenal glands were not always
assessable at all reduced dose levels, while at 60% dose reduced dose HIR resulted
in not assessable reconstructions as well. At the lowest dose level, the adrenal gland
was not assessable in several patients on all reconstruction methods (Table 4).
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21.3 [20.1 – 24.7]

21.6 [20.0 – 25.0]

21.1 [19.6 – 25.8]

HIR

MIR (BR)

MIR (ST)

21.1 [20.2 – 25.6]

21.4 [20.3 – 25.4]

HIR

MIR (BR)

MIR (ST)

21.2 [20.5 – 25.0]

21.4 [20.4 – 24.5]

HIR

MIR (BR)

MIR (ST)

22.0 [19.7 – 24.7]

6.3 [5.7 – 6.9] 1 NA

6.2 [5.7 – 7.1] 1 NA

7.0 [6.1 – 7.8] 7 NA

19 NA

6.4 [5.7 – 6.9]

6.6 [5.7 – 7.4]

6.6 [6.0 – 7.7] 1 NA

7.2 [6.7 – 7.9] 13 NA

6.7 [5.5 – 7.0]

5.8 [5.1 – 7.6]

6.8 [5.8 – 7.1]

6.2 [5.6 – 6.9] 3 NA

6.1 [5.4 – 7.4]

6.5 [5.4 – 8.3]

7.1 [4.8 – 7.8]

6.9 [5.7 – 8.1]

Left adrenal gland –
size (mm)

22.1 [15.6 – 32.3] 1 NA

20.4 [8.7 – 30.6] 1 NA

29.1 [18.2 – 52.6] 7 NA

19 NA

19.9 [14.0 – 32.8]

24.2 [11.8 – 32.2]

21.1 [9.8 – 37.2] 1 NA

23.5 [17.6 -41.9] 13 NA

18.9 [14.3 – 29.7]

27.3 [18.2 – 34.7]

20.6 [14.8 – 26.1]

23.8 [15.9 – 33.9] 3 NA

22.2 [16.3 – 31.0]

25.1 [21.3 – 30,1]

28.7 [11.9 – 37.2]

17.0 [6.5 – 26.8]

Left adrenal gland –
density (HU)

5.8 [4.8 – 6.3] 3 NA

5.6 [5.1 – 6.3] 3 NA

5.7 [5.5 – 6.4] 10 NA

19 NA

5.6 [5.2 – 6.3]

5.7 [5.2 – 6.8]

5.7 [5.3 – 6.2] 1 NA

6.3 [6.2 – 6.8] 14 NA

5.9 [5.2-6.5]

5.6 [4.8-6.6]

5.6 [5.4-6.4]

5.5 [5.2-5.9] 3 NA

5.8 [5.3 – 6.7]

5.5 [5.0 – 6.3]

6.2 [4.9 – 6.9] 1 NA

5.9 [5.3 – 6.8]

Right adrenal gland –
size (mm)

27.2 [14.9 – 37.6] 3 NA

30.7 [22.9 – 42.7] 3 NA

46.5 [23.7 – 48.2] 10 NA

19 NA

25.4 [13.0 – 31.2]

25.4 [17.5 – 34.8]

23.2 [14.2 – 37.9] 1 NA

27.5 [25.0 – 38.1] 14 NA

21.1 [10.0 – 25.2]

22.2 [20.4 – 30.8]

29.9 [12.0 – 34.3]

29.8 [16.4 – 47.6] 3 NA

24.3 [15.8 – 32.4]

25.8 [16.6 – 37.5]

27.8 [17.6 – 33.4] 1 NA

25.8 [8.0 – 30.7]

Right adrenal gland –
density (HU)
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FBP Filtered Back Projection, HIR Hybrid Iterative Reconstruction, MIR Model-based Iterative Reconstruction, BR Body Routine, ST Soft Tissue, NA Not
Assessable

22.0 [20.5 – 24.3] 1 NA

MIR (ST)

22.6 [20.3 – 24.9]

HIR

MIR (BR)

21.3 [19.8 – 24.8] 2 NA

FBP

80% reduced dose

21.6 [19.7 – 25.1]

21.7 [20.1 – 25.2]

FBP

60% reduced dose

21.5 [19.7 – 25.1]

22.0 [20.2 – 25.7]

FBP

40% reduced dose

22.0 [20.7 – 25.0]

FBP

Routine dose

Aorta diameter

reconstructions were not assessable due to excessive noise.

Table 4 – Aorta and adrenal gland measurements. The average value of both observers is used. There were no significant differences, however several
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Observer agreement for subjective parameters was moderate to excellent, except
for gallbladder wall thickening with a kappa of 0.31. The ICC was excellent for
measuring the diameter of the aorta (ICC 0.95), and poor to fair for the adrenal
gland measurements. Differences between observers were low with a mean
difference of 1.2 and 0.2 mm and 3.9 and 7.5 HU for the left and right adrenal
gland respectively. Results are also shown in the Table 5.

Part II

Table 5 - Agreement between observers for subjective measurements.

Kappa

Total agreement (%)

0.59*

46.7

Prior cholecystectomy

0.91

99.0

Gall bladder stones

0.87

94.4

Gall bladder wall thickening

0.31

64.1

Sigmoid diverticulitis

0.53

95.7

Appendix visible

0.66

79.9

Appendicitis

0.44

85.9

Subjective image quality

ICC

Difference

Aorta diameter

0.95

-0.42

Left adrenal gland – size (mm)

0.18

-1.23

Left adrenal gland – density (HU)

0.00

3.91

Right adrenal gland – size (mm)

0.27

-0.18

Right adrenal gland – density (HU)

0.39

7.53

*A weighted kappa was used for the subjective image quality score

Image Quality
An example of the different subjective image quality scores is provided in
Figures 2 and 3. The image quality scores are provided in Table 6. The median
image quality score at routine dose reconstructed with FBP was 3 (acceptable
image quality). One observer scored all scans at routine dose as acceptable
image quality, while the other observer scored 9 patients (47%) as unacceptable
image quality. Both HIR, MIR Body Routine and MIR Soft Tissue resulted in
significantly higher subjective image quality scores of 4 [4 – 4] routine dose. In
addition, the number of patients with unacceptable image quality decreased to
1 (5%) with HIR and to zero with both MIR kernels. With FBP the image quality
significantly decreased at the two lowest dose levels. At the lowest dose level,
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Figure 2 – Example of the subjective image quality score. From left to right the different scores: score

1 with FBP at 80% reduced dose, score 2 with HIR at 80% reduced dose, score 3 with MIR Soft Tissue
at 60% reduced dose and score 4 with HIR at the routine dose level. Note that the kidney stone can be
seen in all images. Score 1 was mainly because of excessive noise. Score 2 was also due to substantial
noise. Score 3 was given because of smoothening by IR. Score 4 contains some noise, but radiologists
are used to some noise and tend to prefer this to extensive smoothening and noise reduction.

Figure 3 – Additional example of the subjective image quality score. From left to right the different

scores: score 1 with FBP at 80% reduced dose, score 2 with MIR Soft Tissue at 80% reduced dose,
score 3 with HIR at 60% reduced dose and score 4 with MIR Body Routine at the routine dose level.
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4 [4 – 4]*

4 [4 – 4]*

MIR (BR)

MIR (ST)

4 [3 – 4]*

4 [3 – 4]*

MIR (BR)

MIR (ST)

4 [3 – 4]

3 [3 – 4]*

MIR (BR)

MIR level 2 (ST)

3 [3 – 3]*

3 [2 – 3]*

MIR (BR)

MIR (ST)

2 [11]

4 [21]

8 [42]

15 [79]

0 [0]

0 [0]

1 [5]

9 [47]

Obs. 2

2 [5]

7 [37]

6 [32]
10.1 (8.3 – 12.0)*

13.7 (11.2 – 15.6)*

40.6 (38.9 – 45.1)*

97.5 (84.1 – 106.7)*

8.4 (7.3 – 9.8)*

12.4 (10.2 – 12.8)*

37.8 (34.6 – 39.7)*

70.0 (62.8 – 83.5)*

7.2 (6.2 – 8.2)*

10.2 (9.5 – 11.6)*

53.3 (48.6 – 61.2)
Reference
32.2 (29.0 – 37.1)*

9.2 (8.6 – 10.7)*

12.9 (10.8 – 14.6)*

39.3 (35.8 – 48.1)*

88.7 (77.4 – 120.8)*

9.3 (7.3 – 10.7)*

11.6 (9.8 – 14.4)*

38.0 (34.2 – 42.4)*

72.2 (63.5 – 79.3)*

7.5 (7.0 – 8.0)*

11.5 (10.0 – 12.3)*

51.8 (42.8 – 60.0)
Reference
32.4 (28.5 – 36.1)*

Renal cortex
(left)

11.6 (10.1 – 13.3)*

15.2 (13.1 – 17.4)*

46.2 (40.2 – 52.5)*

103.1 (89.8 – 115.0)*

10.2 (9.4 – 11.3)*

13.6 (11.4 – 15.7)*

44.0 (37.7 – 45.7)*

77.3 (69.6 – 97.0)*

7.7 (6.0 – 9.5)*

11.7 (10.0 – 13.6)*

56.5 (50.3 – 68.8)
Reference
37.4 (30.8 – 42.0)*

Aorta

10.2 (9.2 – 12.3)*

14.2 (12.5 – 16.4)*

45.6 (38.3 – 49.5)*

103.7 (85.6 – 111.1)*

10.5 (8.9 – 14.3)*

13.5 (11.2 – 17.6)*

39.4 (36.2 – 44.2)*

74.8 (55.6 – 83.8)*

9.1 (7.6 – 10.9)*

13.0 (11.4 – 14.8)*

54.7 (45.7 – 61.4)
Reference
35.6 (29.6 – 37.3)*

Retroperitoneal
fat

6 [32]

4 [21]

11 [58]
13 [69]

14 [74]

17 [90]
12.4 (9.9 – 13.9)*

15.9 (12.9 – 17.2)*

47.4 (45.3 – 64.7)

11.8 (10.3 – 14.7)*

14.6 (12.3 – 17.8)*

51.0 (45.4 – 59.0)

14.4 (11.8 – 16.0)*

17.1 (15.6 – 19.4)*

50.6 (44.3 – 63.6)

12.5 (10.5 – 15.7)*

15.2 (13.9 – 19.1)*

51.8 (48.0 – 64.7)

19 [100] 19 [100] 160.9 (136.0 – 187.6)* 168.7 (131.0 – 192.9)* 184.7 (152.8 – 203.3)* 165.6 (146.9 – 187.5)*

0 [0]

1 [5]

0 [0]

13 [68] 19 [100]

0 [0]

0 [0]

0 [0]

3 [16]

0 [0]

0 [0]

0 [0]

0 [0]

Obs. 1

Renal cortex
(right)

9.2 (6.4 – 15.1)*

9.8 (8.8 – 15.4)*

33.4 (26.8 – 41.7)*

57.2 (36.8 – 63.2)*

7.2 (5.3 – 10.5)*

8.5 (7.3 – 11.7)*

27.4 (24.5 – 37.2)*

42.2 (33.0 – 49.8)*

5.6 (4.9 – 7.9)*

7.5 (5.9 – 8.6)*

23.6 (20.0 – 28.6)

31.7 (25.9 – 37.7)*

4.2 (4.0 – 7.3)*

6.6 (5.7 – 7.3)*

23.5 (22.4 – 26.3)
Reference
17.7 (16.9 – 17.7)*

Air

Subjective image quality and noise per reconstruction method and per dose level. Image quality is presented as median [interquartiles]. Also, the number
of examinations [%] with unacceptable image quality (score 1 or 2) is shown per observer. The noise is presented as medians (interquartiles).

2 [2 – 3]*

HIR

80% reduced dose
FBP
1 [1 – 1]*

3 [3 – 3]

HIR

60% reduced dose
FBP
2 [2 – 3]*

3 [3 – 4]

HIR

3 [3 – 3]

4 [4 – 4]*

HIR

40% reduced dose
FBP

3 [3 – 3]

FBP

Routine dose

Subjective
Unacceptable
image quality image quality

used. Those data are presented as mean [SD]. Also, the number of examinations [%] with unacceptable image quality (score 1 or 2) is shown per observer.
The noise is presented as medians (interquartiles).

Table 6 – Subjective image quality and noise per reconstruction method and per dose level. For the image quality, the average score of the two observers was
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the image quality was unacceptable in all patients with FBP. At 40% and 60%
reduced dose, IR resulted in similar or improved image quality compared to
the reference acquisition (FBP at routine dose). While at the lowest dose level,
the image quality significantly decreased with all reconstruction techniques,
however the image quality was still better with HIR (2) and MIR (3) compared
to FBP (1).
Overall agreement for subjective image quality was moderate with a weighted
kappa of 0.59. The percentage of total agreement was 47%. In 4.3% of comparisons
there was more than one point difference in the subjective image quality score
between observers.
Noise and attenuation are presented in Table 6 and 7. At routine dose, both HIR
and MIR resulted in a reduction in noise. Reducing the radiation dose led to
a significant increase in noise with FBP, while MIR resulted in a decrease in
noise compared to FBP at routine dose, even at 80% reduced dose. With a 40%
or 60% reduction in dose, HIR resulted in less noise compared to FBP at routine
dose, while at 80% reduced dose the amount of noise was comparable to FBP at
routine dose.
Mean densities were not affected by dose reduction, except for the lowest dose
level and the density of air. This resulted in a slightly higher attenuation.
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35.9 (33.5 – 39.6)
36.2 (33.3 – 39.3)
37.6 (34.7 – 40.4)

HIR

MIR (BR)

MIR (ST)

36.9 (34.6 – 40.6)

37.3 (33.6 – 40.9)

MIR (BR)

36.5 (29.5 – 39.8)
37.8 (32.5 – 38.9)
39.2 (33.7 – 40.1)

HIR

MIR (BR)

MIR (ST)

39.6 (32.6 – 45.2)
39.9 (32.7 – 42.3)
41.1 (34.4 – 43.2)*

HIR

MIR (BR)

MIR (ST)

39.4 (35.9 – 42.1)

39.0 (35.4 – 42.9)

38.0 (34.2 – 41.6)

36.7 (33.7 – 44.0)

46.9 (42.0 – 54.1)*

39.2 (35.8 – 41.7)

37.8 (34.7 – 40.9)

34.5 (30.3 – 39.9)

54.9 (48.7 – 59.1)

52.9 (47.1 – 58.3)

47.0 (40.6 – 55.5)

63.6 (54.1 – 78.5)*

50.5 (46.2 – 56.6)

49.6 (45.5 – 55.8)

49.6 (42.9 – 51.9)

52.9 (43.5 – 56.8)

54.2 (50.4 – 56.8)

53.2 (49.8 – 56.3)

50.8 (47.6 – 55.1)

52.5 (48.7 – 55.7)

54.1 (48.0 – 56.4)

53.1 (46.0 – 56.6)

50.1 (47.9 – 54.6)

50.7 (48.4 – 55.3)
Reference

Aorta

-102.0 (-104.4 – -97.0)

-102.6 (-105.6 – -97.8)

-104.6 (-110.8 – -95.3)

-101.4 (-109.7 – -89.6)

-105.4 (-108.9 – -95.7)

-105.7 (-109.7 – -96.8)

-107.0 (-110.2 – -95.0)

-104.5 (-108.4 – -96.0)

-105.4 (-108.2 – -96.8)

-105.9 (-108.7 – -97.6)

-106.3 (-110.6 – -99.0)

-105.8 (-112.8 – -100.7)

-103.2 (-107.0 – -97.1)

-103.3 (-107.9 – -95.7)

-105.4 (-109.5 – -99.8)

-105.0 (-109.9 – -99.3)
Reference

Retroperitoneal
fat

-988.1 (-994.4 – -982.0)*

-984.9 (-990.1 – -979.0)*

-992.1 (-996.4 – -985.7)

-984.5 (-996.3 – -979.6)*

-988.1 (-993.2 – -984.2)*

-983.0 (-988.4 – -977.3)*

-994.3 (-996.1 – -981.7)

-998.4 (-993.4 – -982.3)*

-991.0 (-994.0 – -987.5)*

-987.7 (-994.0 – -983.1)*

-993.6 (-996.8 – -992.3)

-991.9 (-994.5 – -989.3)

-995.9 (-997.3 – -993.0)

-991.6 (-993.9 – -990.5)*

-997.5 (-1000.9 – -992.5)

-996.3 (-998.1 – -994.4)
Reference

Air

FBP filtered back projection, HIR Hybrid Iterative Reconstruction, MIR Model-based Iterative Reconstruction, BR Body Routine, ST Soft Tissue

49.2 (40.1 – 57.0)*

FBP

80% reduced dose

40.7 (34.4 – 48.6)*

FBP

60% reduced dose

MIR (ST)

35.4 (33.3 – 39.3)

36.1 (31.2 – 39.7)
36.8 (32.3 – 40.3)

HIR

33.6 (32.4 – 37.8)

37.3 (33.7 – 41.1)

36.3 (33.4 – 39.9)

37.1 (34.7 – 38.9)

36.0 (33.0 – 37.1)

36.3 (33.9 – 38.3)

35.7 (32.1 – 39.0)
Reference

Renal cortex
(left)

FBP

40% reduced dose

36.3 (33.0 – 40.3)
Reference

FBP

Routine dose

Renal cortex
(right)

Table 7 – Organ attenuation as a function of reconstruction method and dose level. Variables are presented as medians (interquartiles). *Significant
difference compared to the reference (p<0.0125)
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This prospective within-patient study showed that radiation dose can be reduced
with 40% (to median 3.8 mGy) using HIR and with 60% (to median 2.6 mGy) using
MIR in CT scans for urolithiasis evaluation in patients with a median weight of
86 kg and a range in BMI from 20 to 39 kg/m2. Sensitivity for stones remained
excellent at 60% reduced dose with IR while sensitivity decreased with low dose
FBP. At these low dose levels, extra-urinary tract pathology was still assessable
with IR, while objective and subjective image quality improved compared to
FBP at routine dose. Further dose reduction hampered the diagnosis of extraurinary tract pathology and is therefore not advised with current reconstruction
methods.
Current guidelines recommend the use of low dose CT in patients suspected of
urolithiasis [4,6]. The definition of low dose is not unambiguous, but a dose below
3 mSv is usually considered low dose for native abdominal CT for follow-up of
urolithiasis [14]. A large survey study performed in 93 hospitals in the United
States between 2011-2013 including 49,903 renal colic CT examinations reported
a mean radiation dose of 11.2 mSv (14.3 mGy) in clinical practice [15]. Only two
percent of those examinations was performed at a low dose (<3 mSv) and 0.2%
at a dose below 2 mSv. The high contrast between stones and the surrounding
soft tissue should make it possible to substantially reduce the radiation dose
without affecting diagnostic accuracy, and various studies have shown that the
radiation dose for urinary stone CT acquisitions can be safely reduced below 3
mSv without affecting the diagnostic accuracy of stone detection [16]. One of the
largest studies (201 patients) was performed by Moore and colleagues [8]. Patients
suspected of ureteral stones received both a routine and low dose CT acquisition
with a radiation dose of 12.7 mSv and 1.6 mSv, respectively. The sensitivity at low
dose was 90% with a specificity of 99%. There were 102 stones present, of which
75% was smaller than 5 mm. No IR was used. Fontarensky et al. [9] compared
routine dose acquisitions with hybrid IR (ASIR, GE Healthcare) to low dose
acquisitions with model based IR (MBIR, GE Healthcare) at a radiation dose
level of 8.8 mSv (10.9 mGy) and 1.4 mSv (1.7 mGy), respectively. Both acquisitions
were made successively in the same patients. The diagnostic accuracy at low dose
was excellent and objective and subjective image quality were comparable. Also
the detection of alternative diagnoses was not hampered at reduced dose. To
our best knowledge, only two studies investigated ultra-low dose acquisitions at
submillisievert dose levels [10,17]. In a study by Glazer et al.[10] a split-dose design
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was used in which 52 patients received both a 80% dose scan and a 20% dose
scan. Radiation dose was 3.9 mSv (4.8 mGy) and 1.0 mSv (1.2 mGy) respectively,
and MBIR was used for reconstruction. Subjective and objective image quality
were significantly lower at reduced dose, and the diagnostic accuracy decreased
to a sensitivity of 74% and a specificity of 77% for stones smaller than 3 mm. In
a similar study by McLaughlin and colleagues [17] patients received a routine
dose (4.4 mSv) and low dose (0.5 mSv) acquisition. The sensitivity decreased to
72% at low dose, which was mainly caused by missed small stones. In addition,
several extra-urinary findings like gall stones and appendicitis were missed at
low dose. The current study corroborates those results and underscores that
excessive radiation dose reduction to submillisievert dose levels is not feasible in
an average adult due to a decrease in diagnostic accuracy. This study also found
that the decrease in sensitivity is caused by small stones (<3 mm) that are missed,
while larger stones remain visible.
One of the disadvantages of IR often mentioned, is the longer reconstruction
time compared to FBP [18]. This is mainly a problem of MIR algorithms, while
HIR results in less than a minute delay compared to FBP [19]. The MIR algorithm
used in the current study, IMR, takes less than 5 minutes for the majority of
the protocols according to the vendor [20]. A more recent study by Yuki et al.
investigating chest CT reported a reconstruction time within 3 minutes for
all cases [21]. This delay is clinically acceptable for CT scans for urolithiasis.
However longer reconstruction times up to an hour have been reported for
other MIR algorithms [22-24].
The main strength of the current study is the within-patient design using four
different dose levels to investigate the achievable radiation dose reduction. Not
only the accuracy for stone detection was researched, but also the possibility to
diagnose extra-urinary tract pathology which is important in clinical practice.
Furthermore, both hybrid and more advanced model-based IR was investigated
and, to our best knowledge, this is the first study using IMR for this purpose.
This study has several limitations. First, a relatively small sample size was used
because the study participants were exposed to 4 CT scans. However, compared
to other studies a large number of stones was present. Second, the IR algorithms
of only one vendor were investigated. Lastly, the effect of dose reduction and IR
on the stone size was not investigated. A previous study showed that MIR might
overestimate the stone density and size compared to HIR [25]. It was however not
clear if this was truly an overestimation, or if HIR underestimated the stone size.
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Future studies using a phantom with stones with known density and size should
be performed to demonstrate this.
In conclusion, the radiation dose for the assessment of urolithiasis can be
reduced with 40% (HIR) to 60% (MIR) without affecting diagnostic performance
or image quality. Further dose reduction leads to decreased sensitivity for small
stones and hampers the assessment of extra-urinary tract pathology.
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Abstract

Part III

Radiation exposure in children should be reduced to a minimum. Iterative
reconstruction is a method to reduce image noise that can be used to improve
CT image quality, thereby allowing for radiation dose reduction. This article
reviews the use of iterative reconstruction in pediatric CT. After completion, the
reader should be familiar with the possibilities, advantages and disadvantages
of iterative reconstruction in pediatric CT and the importance of radiation dose
reduction for CT in children.

196

Part III | Pediatric

The number of computed tomography (CT) examinations is increasing rapidly.
This has raised concerns about the possible risk of carcinogenesis after low
radiation exposure in the context of medical imaging. Approximately 6% to 11%
of all CT examinations in the United States are performed in children [1]. This
number is worrisome since children are ten times more sensitive to the effects
of ionizing radiation compared to middle-aged adults due to the radiosensitivity
of rapidly dividing cells [1,2]. Children also have a longer expected lifetime to
develop harmful radiation effects [3].
Awareness that CT scans may induce cancer in children has increased over the
past decade [4-6]. This awareness stimulated the development of guidelines for
pediatric CT examinations, which resulted in a slightly decreased number of
CT scans performed in children over the last years [7]. Nevertheless, due to its
strong diagnostic performance CT remains a commonly used technique and
therefore dose optimisation is important. Simply reducing tube voltage and tube
current can often decrease radiation dose. However, excessive dose reduction
substantially affects image quality and diagnostic value.
The concept of iterative reconstruction (IR) was first described in the early 1970s
[8]. However, at that time IR was not used for clinical CT imaging due to limited
computational power of CT reconstruction workstations [9]. In clinical practice
a fast and simple computational reconstruction technique called filtered back
projection (FBP) was used instead. The downside of FBP is increased image
noise when images are acquired at low radiation dose. Therefore, FBP is not
well suited for low radiation dose CT imaging. Noise reducing reconstruction
algorithms such as IR can ameliorate this problem. Advances in computing
hardware performance have enabled the commercial introduction of IR for
clinical CT imaging. IR algorithms reduce noise and improve image quality
[10] and have been introduced by all major CT vendors. Therefore, IR allows
for either improving image quality at routine radiation dose levels, or for a
reduction in radiation dose without compromising image quality [10]. The
latter is especially important for pediatric CT imaging. Another advantage of
model-based IR is a reduction of artifacts [11]. Here we provide an overview of
the literature and describe our experiences with hybrid and model-based IR in
pediatric CT.
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Iterative reconstruction
IR algorithms reduce image noise, which results in the possibility to lower CT
radiation dose without affecting image quality. Full IR works with both forward
and backward projection steps. With backward projection steps images are
created based on the projection data [12]. Conversely, with forward projection
steps, projection data are created based on image data. With forward projection
an assumption is made about the attenuation distribution in the scanned area,
based on characteristics of the CT system. The assumed attenuation distribution
is then compared to the measured attenuation distribution and based on this
comparison a more accurate assumption is made. The forward and backward
projections are repeated until they do not change in subsequent iterations or the
maximum number of iterations is reached. Subsequently a final optimised image
is reconstructed. Due to these iterations, IR is a computationally demanding
technique, which results in longer reconstruction times. However, this does not
result in a clinically significant delay [13].
All major CT vendors have developed their own IR techniques. Most
commercially available IR algorithms are not fully iterative but use a combination
of IR and FBP (also known as ‘hybrid’ reconstruction techniques) [14,15].
Currently available hybrid iterative reconstruction techniques are Adaptive
Statistical Iterative Reconstruction (ASIR, GE Healthcare), Adaptive Iterative
Dose Reduction 3D (AIDR 3D, Toshiba Medical Systems), Iterative Reconstruction
in Image Space (IRIS, Siemens Healthcare), Sinogram-Affirmed Iterative
Reconstruction (SAFIRE, Siemens Healthcare), Advanced Modeled Iterative
Reconstruction (ADMIRE, Siemens Healthcare) and iDose4 (Philips Healthcare).
Three vendors developed more advanced model-based IR (MBIR) algorithms
that approach true IR, Veo (MBIR-Veo, GE Healthcare) and Iterative Model-based
Reconstruction (IMR, Philips Healthcare). Hybrid IR algorithms mostly use only
one backward projection step, whereas model-based IR techniques are based on
both forward and backward projection steps [14]. The exact number of iterations
for each vendor is unknown, proprietary information.
The examples shown in this article were reconstructed with a hybrid IR algorithm
(iDose4, Philips Healthcare, Best, The Netherlands) and a prototype version of a
model-based IR algorithm (IMR, Philips Healthcare, Best, The Netherlands) and
data were acquired with a 256-slice CT scanner (Brilliance iCT, Philips Healthcare,
Best, The Netherlands) [16].
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Table 1 – Overview of published studies investigating iterative reconstruction in pediatrics.

Kilic [22]

2013

305

ASIR (30%)

+

+

+

+

+

+

+

Vorona [23]

2013

24

ASIR (20%)*

+

-

-

+

+

+

+

Ho [24]
Lee [29]
Lee [30]
Mieville [31]

2013
2012
2012
2013

In vivo
In vivo +
ex vivo
In vivo
In vivo
In vivo
In vivo

44
26
43
22

+
+
+
+

-

+
+

+
+
+
+

+
+
-

+
+
-

+
+
-

Mieville [26]

2011

In vivo +
ex vivo

10

iDose (1-4)
ASIR (50%)
iDose4 (1-7)
MBIR (VEO)
ASIR (20%, 30%,
40%, 50%, 60%,
80%, 100%)

-

-

-

+

-

-

-

Han [43]

2012

In vivo

74

SAFIRE

+

+

+

+

+

+

-

Tricarico [44]

2013

In vivo

40

IRIS & SAFIRE

+

+

+

+

-

+

+

Nie [45]

2014
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28

SAFIRE

+

+

+

+

-

+

-

Singh [33]
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+

-

-

+

+

+

+
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+

-

-

-

-
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-

-

-

-
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-
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+

+

+

-

+

Brady [27]
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2014

In vivo

17
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-
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Objective
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In vivo
11
ASIR (40%)
+ - - + +
+
CT
+ Reported, −not reported, NA not available, NP not provided, CNR contrast-to-noise ratio, CTDI Computed
tomography dose index, DLP dose length product, SNR signal-to-noise ratio, CCTA coronary computed tomographic
angiography, IRIS Iterative Reconstruction in Image Space, Siemens Medical Solutions, ASIR Adaptive Statistical
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32%

28.95

20.16

466.48

329.21

2.16

1.47

24%

28.8

22.4

444.5

338.4

NP

NP

NA
60%
NA
92%

28.0
18.73
NA
1.84

NA
7.43
NA
0.14

514.4
307.42
NA
63.5

NA
134.51
NA
4.57

NP
4.12
NA
NP

NA
1.84
NA
NP

38%

6.7

3.7

112

NP

NP

NP

NA

NA

NA

NA

NA

NA

NA

50%

4

NP

63

NP

1.36

0.68

NA

0.47

NA

6.11

NA

0.30

NA

46%

8.1

5.0

327.9

216.8

NP

NP

82%

NP

NP

NP

NP

NP

NP

86%

7.1

0.2

NP

NP

NP

NP

31%

4.2 (chest) / 4.1
(abdominal)

3.1 (chest) / 3.05
(abdominal)

141 (chest) / 193
(abdominal)

93 (chest) / 112
(abdominal)

NP

NP

72%

19.9 (chest) / 21.2
(abdominal)

5.2 (chest) / 18.8
(abdominal)

NP

NP

NP

NP

NA

3.05

NA

67.18

NA

NP

NP

NA

NP

NP

NP

NP

NP

NP

46%

5.6

3.1

NP

NP

NP

NP

37%

6.75

4.25

275.79

185.04

NP

NP
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Maximal dose
reduction (%)

Iterative Reconstruction, GE Healthcare, iDose4 Philips Healthcare, SAFIRE Sinogram-Affirmed Iterative
Reconstruction, Siemens Medical Solutions, MBIR (Veo) Model-Based Iterative Reconstruction, GE Healthcare
*in vivo while in the phantom study ASIR 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100% was used.
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Neuroimaging
The use of IR in pediatric head CT has been previously studied. Kilic et al [22]
investigated a blend of 30% adaptive statistical iterative reconstruction (ASIR,
GE Healthcare) in pediatric head CT and found that a dose reduction of 29%
was possible while maintaining diagnostic acceptability. ASIR is one of the first
IR techniques that became commercially available. Therefore ASIR is the most
widely investigated IR technique in pediatric CT. With ASIR it is possible to
adjust the amount of blending between ASIR and FBP.
Vorona et al [23] evaluated the use of ASIR in pediatric head phantoms. In this
phantom study similar noise was found at normal dose FBP images compared
to 20% dose reduced images with a blend of 20% ASIR. After the phantom study
was performed, pediatric head CT scans were made with 20% dose reduction
and reconstructed with ASIR 20%. These head CT scans were compared to
previous head CT examinations in the same patients. This study demonstrated
that diagnostic acceptability and noise were comparable between 20% reduced
dose ASIR images and normal dose FBP images.
Ho et al [24] investigated the use of different iDose4 levels in pediatric head CT
in 44 children at normal dose levels. Improved image quality and a reduction in
noise were found.
A head CT from an 8-year old boy is shown in Figure 1. This figure shows that
model-based IR allows for more detailed images and better discrimination
between gray and white matter. These findings are supported by the study of Ho
et al [24] who described a subjective improvement in gray-white discrimination
with IR compared to FBP. With most IR algorithms different noise reduction
levels can be selected. Higher IR levels result in lower noise levels.
One of the disadvantages of IR is the smoother appearance of images, in
which details sometimes have a blurred appearance. This is especially the
case with higher IR levels [25,26]. An example of a head CT in an 8-year old
boy is shown in Figure 2. To reduce IMR image blurring, different kernels can
be selected. Analogous to FBP, different kernels can be selected with FBP to
make images appear less blurred. It is important to note that different tissues
may necessitate the use of different reconstruction filters for optimal evaluation.
For instance, with the sharpest filter bony structures are better visualized,
whereas for assessment of soft tissues a softer kernel might be more appropriate.
Therefore it is important to select the right combination of kernel and IR level
to achieve optimal diagnostic acceptability. Despite the noise reduction of IR
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Figure 1 – Head CT in an 8-year old boy reconstructed with FBP (a), IMR level 1 (b), IMR level 2

(c) and IMR level 3 (d). Model-based IR allows for more detailed images and better discrimination
between gray and white matter.
120 kVp, 198 mAs, CTDIvol 27.0 mGy, DLP: 528.7 mGy*cm, ED: 1.4 mSv
Noise 7.7 (a) – 3.2 (b) – 2.8 (c) – 2.4 (d); CNR 0.3 (a) – 3.4 (b) – 3.9 (c) – 4.5 (d)

algorithms, Figure 3 demonstrates that the optimal combination of IR level and
a sharp reconstruction kernel results in low noise images with sharper edges
as compared to FBP. The reduction of noise with IR leads to a sharper image
compared to FBP.
Kilic et al [22], Vorona et al [23] and Ho et al [24] all found acceptable diagnostic
image quality using IR at reduced dose levels. Since only ASIR and iDose4
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Figure 2 – Head CT in an 8-year old boy reconstructed with different kernels: FBP (a), IMR level 3

Head Routine (b), IMR level 3 Head Sharp Routine (c), IMR level 3 Head Sharp Plus (d). With the
sharpest filter (d) bones are better visualized.
80 kVp, 73 mAs, CTDIvol 2.8 mGy, DLP 56.1 mGy*cm, ED 0.1 mSv
Noise 7.9 (a) – 4.6 (b) – 5.3 (c) – 13.4 (d); CNR 6.1 (a) – 10.0 (b) – 8.6 (c) – 3.4 (d)

have been investigated in pediatric head CT, other IR techniques should be
investigated as well, and corroboration of the findings with ASIR and iDose4
remain to be established for other CT vendors.
Chest Imaging
The chest is the most widely investigated body part for pediatric IR. Although
different IR algorithms were used and different dose reductions were achieved,
all studies concluded that IR allowed for dose reduction with improved image
quality [27-37].
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B

level 1 (b) with the same reconstruction kernel. Details of the skull fracture in this 15-year old boy are
sharper with IMR compared to FBP.
120 kVp, 149 mAs, CTDIvol 10.1, DLP: 316.0 mGy*cm, ED: 0.6 mSv
Noise 10.6 (a) – 7.3 (b) ; CNR 5.0 (a) – 7.8 (b); SNR 0.1 (a) – 0.3 (b)

The achieved dose reductions varied from 31% with ASIR up to 92% with the
model-based iterative reconstruction technique Veo (MBIR-Veo, GE Healthcare)
[26,31].
Figure 4 shows a chest CT during inspiration in an 11-year old boy with lung
nodules and lung consolidation due to a pulmonary aspergillus infection.
Model-based IR resulted in a substantial decrease in image noise.
With IMR the extent of air trapping and visibility of small lung structures is
better visualized compared to FBP. Furthermore, sharpness of lung structures
also improves with the right IMR kernel. This is shown in Figure 5, which
demonstrates a chest CT in a 7-year old boy with an immunodeficiency.
The smoothing effect of IR can potentially result in vanishing of small structures.
However, by choosing the right kernel our experience is that small structures
can be visualized adequately. Two other studies using MBIR-Veo reported that
model-based IR improved visualization of small structures like lung fissures and
small vessels [31,36]. However, more studies are necessary to evaluate the effect
of model-based IR on visibility of small structures.
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Figure 4 – Chest CT during inspiration in an 11-year old boy with lung nodules and lung consolidation

due to pulmonary aspergillus infection reconstructed with FBP (upper row), hybrid IR (iDose4
level 4; middle row) and MBIR (IMR level 3; bottom row). Note the virtual disappearance of streak
artefacts in the shoulder area with IR.
80 kVp, 70 mAs, CTDIvol 1.3 mGy, DLP 38.4 mGy*cm, ED 0.4 mSv
Noise 113.7 (a+b) – 79.4 (c+d) – 15.3 (e+f ); CNR 0.6 (a+b) – 0.7 (c+d) – 3.0 (e+f )
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Figure 5 – Chest CT of a 7-year old boy during

expiration reconstructed with FBP (a) and IMR
level 2 (b) and during inspiration reconstructed
with FBP (c), iDose4 level 4 (d) and IMR level
2 (e). Expiration CT shows that the extent
of airtrapping is better visualized with IMR
compared to FBP.
A-B: 80 kVp, 20 mAs, CTDIvol 0.4 mGy, DLP
9.6 mGy*cm, ED 0.1 mSv. Noise 81.5 (a) – 20.3 (b);
CNR 1.5 (a) – 2.9 (b).
C-E: 80 kVp, 55 mAs, CTDIvol 1.0 mGy, DLP 29.7
mGy*cm, ED 0.3mSv. Noise 25.0 (c) – 14.8 (d) –
12.5 (e); CNR 1.1 (c) – 2.2 (d) – 2.7 (e)

Abdomen
A feasibility study by Vorona et al [38] found that radiation dose can be decreased
with 33% in contrast-enhanced pediatric abdominal CT with the use of ASIR
40% while maintaining diagnostic acceptability and image quality. Other studies
also found that the radiation dose could be decreased in pediatric abdominal
CT with IR [27,28,32-38]. However, the percentage of dose reduction is dependent
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on the reference protocol and the CTDIvol of the reference dose varied largely
from 4.1 – 21.2 mGy.
An example of an abdominal CT reconstructed with FBP and IR is shown in
Figure 6. This figure shows that IMR results in decreased streak artifacts and
noise.

a

b

Part III

Figure 6 – Abdominal CT in a 3-year old boy

c

with splenic rupture reconstructed with FBP (a),
iDose4 level 4 (b) and IMR level 3 (c). In the FBP
image, delineation of the spleen is hampered by
streak artifacts and noise, whereas this is not the
case in the images reconstructed with IMR.
80 kVp, 97 mAs, CTDIvol 1.9 mGy, DLP 124.0, ED
2.0 mSv. Noise 24.6 (a) – 14.0 (b) – 4.2 (c); CNR 2.5
(a) – 4.4 (b) – 14.8 (c)

Spine
There are no prior studies that evaluated the use of IR in pediatric spinal CT but
in adults the use of IR in spinal CT has been investigated. At approximately 40%
dose reduction the IR technique sinogram-affirmed iterative reconstruction
(SAFIRE, Siemens Healthcare) provided better image quality for intervertebral
discs, neural foramina and ligaments but the image quality for non-spinal soft
tissues and vertebrae declined compared to FBP at normal dose [39]. Omoumi
et al [40] also found that the image quality of soft tissue and trabecular bone
decreased with SAFIRE. However, Geyer et al [41] found that the radiation dose
could be reduced to a dose comparable to plain radiography with ASIR without
loss of subjective image quality.
Whether the achieved dose reductions with IR in adult spinal CT also holds for
pediatric spinal CT, remains to be investigated.
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Radiation dose reduction for CT imaging is especially important in children. IR
is a highly promising technique that has recently become available for clinical
use and has the potential to vastly reduce the radiation dose for pediatric CT
imaging. All major CT vendors have developed hybrid IR algorithms and some
vendors introduced more advanced model-based IR algorithms recently [16,31].
Since the introduction of IR, substantial and clinically relevant dose reductions
were reported for different pediatric CT protocols using IR [22,29,33,38]. Reported
maximal dose reductions ranged from 32-92%, depending on the scanned body
area and the IR algorithm. However, maximal dose reduction is dependent
on the reference dose. Large differences between reference doses were found
between studies (Table 1). This is partly due to different diagnostic aims between
studies, and a reflection of the wide variety of imaging equipment as well as
imaging protocols. Therefore it is important to interpret percentages of dose
reduction with caution and to assess protocols by looking at dose in terms of
CTDIvol, DLP and/or effective dose.
All major vendors developed their own IR algorithms that are all slightly
different from each other. Therefore, the findings with the IR algorithm of a
vendor may not be applicable to IR algorithms of other vendors.
The two most mentioned disadvantages of IR are prolonged reconstruction
times and a blotchier image appearance. IR leads to longer reconstruction
because more computational power is required, however this does not result
in a clinically significant delay [13]. Although a blotchy pixelated appearance
have been reported in with IR in adults, this was not reported in pediatric CT
studies with IR [42]. An explanation could be that relatively few articles on IR
in pediatric CT have been compared to adult CT. Furthermore, Sing et al [33]
suggest that pediatric radiologists may have a higher acceptance of image noise
and artifacts compared to adult radiologists, since it is more important to have a
low radiation dose in children compared to adults.
Most studies investigating IR used hybrid IR techniques because model-based
IR techniques became only recently available. Model-based IR techniques
are more advanced and therefore expected to reduce the radiation dose even
further. However, because only two studies used model-based IR in pediatrics,
some effects remain unclear, for example the visibility of small structures as
mentioned earlier [31,36].
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In conclusion, in our experience IR is a promising and potentially highly
valuable technique that can be used to substantially reduce the amount of
radiation in pediatric imaging. Future research should determine the maximum
achievable radiation dose reduction in pediatric CT that is possible without loss
of diagnostic image quality.
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Abstract
Background
To study dose reduction using iterative reconstruction (IR) for pediatric great
vessel stent computed tomography (CT).
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Methods
Five different great vessel stents were separately placed in a gel-containing
plastic holder within an anthropomorphic chest phantom. The stent lumen was
filled with diluted contrast gel. CT acquisitions were performed at routine dose,
52% and 81% reduced dose and reconstructed with filtered back projection (FBP)
and IR. Objective image quality in terms of noise, signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) as well as subjective image quality were evaluated.
Results
Noise, SNR and CNR were improved with IR at routine and 52% reduced dose,
compared to FBP at routine dose. The lowest dose level resulted in decreased
objective image quality with both FBP and IR. Subjective image quality was
excellent at all dose levels.
Conclusion
IR resulted in improved objective image quality at routine dose and 52% reduced
dose, while objective image quality deteriorated at 81% reduced dose. Subjective
image quality was not affected by dose reduction.
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Coarctation of the aorta is a common congenital heart disease. The most frequent
treatment for coarctation of the aorta is stent implantation [1]. After implantation,
imaging follow-up is needed to detect complications like in-stent stenosis and
aneurysm formation [2-4]. Guidelines propose to perform regular follow-up
with CT angiography or magnetic resonance imaging at intervals of less than five
years [4]. CT angiography is often the modality of first choice, because it is fast,
widely available, non-invasive, associated with less metal artefacts compared to
magnetic resonance imaging and this part of the aorta is difficult to visualize
with ultrasound [5]. A large multi-institutional study showed that CT is used
more than five times as often as MRI for follow-up after stent implantation [1].
However, concerns about the harmful effect of radiation have led to an increased
focus on radiation dose reduction. Especially since aortic coarctation stents
are predominantly implanted in children [1], who are more radiosensitive and
have a longer expected lifetime to develop stochastic effects [6]. Furthermore,
the regular CT follow-up in those patients can lead to a substantial cumulative
dose. A substantial radiation dose reduction can be achieved by optimizing
acquisition parameters and using iterative reconstruction (IR) [7]. A recent study
showed that IR allows for a 25 – 41% radiation dose reduction in pediatric CT
angiography [7], while studies in adults reported radiation dose reductions of
up to 48% with IR for coronary CT [8]. Two phantom studies investigating the
use of IR for prosthetic heart valve imaging reported a radiation dose reduction
of 50 – 75% without a decrease in objective image quality [9,10]. In the current
study we investigated the achievable radiation dose reduction with IR for CT
angiography of aortic coarctation stents. To assess whether substantial radiation
dose reduction for pediatric CT angiography is feasible, we performed an in
vitro study. We evaluated the effect of dose reduction on objective and subjective
image quality of commonly used stents to treat coarctation aortae.

Materials and Methods
Phantom
Five different stents were studied: (1) Advanta V12 covered stent made of
stainless steel (Atrium Medica, length 25mm), (2) AndraStent 30-XL stent
made of cobalt-chromium (Andramed, length 39mm), (3) Cheatham-Platinum
stent made of 0.013” platinum / iridium wire (NuMED), (4) IntraStent Max LD
made of stainless steel (EV3, length 36mm) and (5) Formula 535 stent made of
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316L stainless steel (Cook Medical). An Atlas balloon (Bard BV) was used to
inflate stent 1-4 to a diameter of 20 mm. Stent 5 (a premounted Formula 535
stent) was dilated to a diameter of 10 mm because this is the maximal vendor
recommended size. To simulate a contrast-enhanced vessel, a balloon filled with
diluted contrast-gel (20 times diluted) was placed inside every stent. The stents
were placed at an angle of approximately 30 degrees in a plastic holder. The
plastic holder was filled with gel without contrast and placed in a commercially
available anthropomorphic chest phantom (D100, QRM GmbH, Moehrendorf,
Germany) which simulates the radiation absorption of a small person [11]. The
posterior-anterior distance is 200 mm and the distance from left to right is 300
mm. Images of the phantom setup are provided in Figure 1.

Figure 1 - Phantom set-up. A plastic holder containing a stent with inside a balloon (left image) was

placed into an anthropomorphic chest phantom (middle and right image) [2].

CT acquisition protocol
A 256-slice CT scanner (Brilliance iCT, Philips Healthcare, Best, The Netherlands)
was used for image acquisition. The following parameters were used: collimation
128 x 0.625 mm, slice thickness 0.9 mm, rotation time 0.27 seconds and a matrix
size of 512 x 512 pixels. A standard sequential cardiac CT protocol was used for
all protocols with an ECG generator to simulate a heart rate of 60 beats/min.
The tube voltage was 100 kV for the routine dose protocol and 80 kV for the
low dose protocols. The tube current-time product was 195 mAs for the routine
dose protocol and 195 mAs and 80 mAs respectively for the low dose protocols.
Each stent was scanned eight times per protocol with small translations of the
phantom to take interscan variation into account, resulting in a total of 120
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was defined as the SD of the ROI and the SNR as the ratio between the mean HU
calculated for the ROI in the contrast within the stent. The CNR was computed using the fo
and the SD. The SNR was calculated for the ROI in the contrast within the stent.
The CNR was computed using the following equation:
equation:
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the percentage difference compared to FBP at routine dose (reference standard).
difference compared to FBP at routine dose (reference standard).
Subjective image quality was assessed at the center and at the outlets of the stent
by two radiologists using a 4-point scale and standardized scoring forms:

1.
2.
3.
4.

Poor, non-diagnostic image quality, in stent lumen not delineated due to
severe artifacts or excessive noise
Moderate, limited diagnostic value, stent lumen is assessable but partially
obscured due to moderate artifacts or noise
Good, diagnostic image quality, stent skeleton and lumen delineated with
minor artifacts or noise
Excellent, excellent image quality with clear delineation of stent and lumen
without artifacts or noise.
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Subjective image quality was evaluated by two observers using one acquisition
of each CT protocol and observers were blinded for stent type and acquisition
protocol. One observer was a radiologist with 6 years’ experience, the second
observer was a pediatric cardiologist with 6 years’ experience in cardiovascular
CT.
Statistical analysis
SPSS Statistics version 20.0 for Windows was used for statistical analysis. Data
were compared using the Friedman test and post-hoc analyses were performed
with the Wilcoxon signed-rank test to test for significant differences compared
with the reference standard namely the routine dose CT protocol reconstructed
with FBP. A p-value <0.05 was considered statistically significant for the
Friedman test and a Bonferroni correction was made for the post hoc Wilcoxon
signed-rank test with a p-level set at 0.01. Inter-observer reproducibility for
subjective image quality was assessed with the Cohen kappa coefficient and
percentage of agreement. The kappa was interpreted as poor (k = 0.00–0.20),
fair (k = 0.21–0.40), moderate (k = 0.41–0.60), good (k = 0.61–0.80) or excellent (k
= 0.81–1.00). Statistical significant differences in subjective image quality were
tested using the Wilcoxon signed-rank test with a p-level set at 0.05.

Results
An example of the stent images with different protocols is provided in Figure 2.
The CTDIvol of the routine dose protocol (100 kV, 195 mAs) was 7.7 mGy while
the low dose protocols were 3.7 mGy and 1.5 mGy respectively. This resulted in a
relative dose reduction of 52% and 81% respectively. The DLP was 51.2 mGy*cm,
23.6 mGy*cm and 9.7 mGy*cm respectively. The average attenuation of the
balloon, simulating the contrast-enhanced vessel, was 875 HU and the average
attenuation of the gel surrounding the balloon was 10 HU.
Objective image quality
Results of the comparison with regard to objective image quality are shown in
Figures 3 – 5 and Table 1. At each radiation dose level, IR resulted in improved
objective image quality compared to FBP. Noise was lower at routine dose with
IR (-21.6%, p<0.0005), but increased at both reduced dose levels with 49.6%
and 143.9% (FBP) and with 17.5% and 86.6% (IR). The SNR and the CNR were
improved both at routine dose and at 52% reduced dose with IR, while FBP and
the lowest dose level resulted in a decrease in SNR and CNR (p<0.0005). Full
data are provided online [13].
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Figure 2 – Example of the stents acquired with different protocols: routine dose (195 mAs, 100kV), low

dose (195 mAs, 80kV), low dose (80mAs, 80kV).
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Figure 3 – Noise per dose level for FBP and IR. The white boxes represent the noise with FBP, while

the gray boxes represent the noise with IR. IR resulted in a decrease in noise compared to FBP at the
same dose level. FBP Filtered Back Projection, IR Iterative Reconstruction

Figure 4 – SNR per dose level for FBP and IR. The white boxes represent the SNR with FBP, while

the gray boxes represent the SNR with IR. IR resulted in an increase in SNR compared to FBP at
the same dose level. FBP Filtered Back Projection, IR Iterative Reconstruction, SNR Signal-to-noise ratio
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the gray boxes represent the CNR with IR. IR resulted in an increase in CNR compared to FBP at
the same dose level. CNR Contrast-to-noise ratio, FBP Filtered Back Projection, IR Iterative Reconstruction

Table 1 – Objective image quality. Values are presented as median [interquartile range].
FBP

Relative
change

IR

Relative
change
-21.6%

Noise
Routine

34.9 [33.2 – 36.7]

NA

27.5 [26.0 – 28.8]*

Low dose§

53.0 [48.0 – 55.5]*

49.6%

41.3 [37.4 – 43.1]*

17.5%

Low dose#

87.7 [82.0 – 89.3]*

143.9%

66.9 [62.9 – 68.3]*

86.6%
30.8%

SNR
Routine

16.48 [12.89 – 18.18]*

NA

21.52 [17.18 – 23.58]*

Low dose§

13.75 [11.48 – 15.46]*

-13.8%

17.84 [14.99 – 19.84]*

10.6%

Low dose#

8.23 [7.30 – 9.53]*

-31.0%

10.86 [9.69 – 12.89]*

-46.5%
29.3%

CNR
Routine

16.9 [13.7 – 18.4]*

NA

22.3 [17.7 – 24.0]*

Low dose§

14.7 [12.5 – 15.9]*

-12.1%

18.8 [16.4 – 20.6]*

11.9%

Low dose#

9.0 [8.3 – 10.1]*

-44.6%

12.1 [11 – 13.4]*

-28.7%

The relative difference is the percentage difference compared to FBP at routine dose (reference

standard). The value represents the median relative change of the eight acquisitions.
NA not applicable, * p<0.01, § (80 kV, 195 mAs), # (80 kV, 80 mAs).
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Subjective image quality
Inter-observer reliability for qualitative image quality scores was excellent (k
= 0.81). The percentage inter-observer agreement was 93%. Subjective image
quality scores are displayed in Table 2. Overall, the image quality was excellent
(median 4.0) with no differences between the routine and low dose protocols or
between FBP and IR (all p-values >0.05). Full data are provided online [13].

Table 2 – Subjective image quality scores. Scores are displayed as median [interquartile range].
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FBP

IR

Center

Outlets

Center

Outlets

Routine dose
(100 kV, 195 mAs)

4.0 [3.0 – 4.0]

4.0 [3.0 – 4.0]

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

Low dose
(80 kV, 195 mAs)

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

Low dose
(80 kV, 80 mAs)

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

4.0 [3.8 – 4.0]

No significant differences compared to FBP at routine dose were observed. 1 poor, non-diagnostic
image quality, 2 moderate, limited diagnostic value, 3 good, diagnostic image quality, 4 excellent, excellent
image quality

Discussion
This in-vitro study showed that for pediatric great vessel stent CT imaging a
radiation dose reduction of more than 81% is feasible without affecting subjective
image quality. Although the objective image quality decreased with both FBP
and IR at this dose level, the subjective image quality remained excellent and
the use of IR resulted in improved objective image quality compared with FBP.
The results of this study are relevant since risk estimates suggest that pediatric
CT results in an increased radiation risk over adult CT [14]. This is worrisome,
since the use of CT in pediatrics increased in the past decades [15]. To reduce
the radiation dose burden, it is essential to increase awareness and decrease
unnecessary CT examinations [16] as well as applying the As Low As Reasonably
Achievable (ALARA) concept [17]. One of the strategies to achieve radiation
dose reduction is applying IR techniques [8,18]. IR has also shown to allow for
reduction of metal blooming artifacts, which is especially beneficial for the
evaluation of stents [19]. Several studies have investigated the use of IR for stent
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evaluation, but mainly in coronary artery stents [20-25]. Ebersberger et al.[26]
investigated 37 implanted coronary artery stents at full and half radiation dose
and found improved objective image quality and comparable subjective image
quality at reduced radiation dose using IR. However, a relatively high radiation
dose was used of 4.3 mSv at half radiation dose. A study performed by Wuest
and colleagues [23] in 73 implanted coronary stents at a radiation dose of 0.3
mSv (DLP 22.6 mGy*cm) found improved objective and subjective image quality
with IR. Only one radiation dose level was used. To our best knowledge only one
study investigated the effect of radiation dose reduction for great vessel stent
imaging [27]. Two dose levels were used, namely 1.8 mSv (120 kVp, 80 mAs) and
0.6 mSv (80 kVp, 80 mAs) and results were compared to digital angiography.
Both groups were comparable in body weight, age and stent size. There was
good correlation with digital angiography at both dose levels. Subjective image
quality was the same at the two dose levels, which is comparable to our study
results.
In this study the dose was reduced with 52% and 81% compared to routine dose.
However, routine dose levels may vary between hospitals. The current guidelines
for aortic disease state that the estimated radiation dose of aortic CT is 10-15 mSv
which is very high compared to current literature [28]. The American Association
of Physicists in Medicine is currently working on reference protocols for CT, but
there are no protocols for pediatric cardiac CT available yet. Our routine dose is
however comparable to a previous study by Eichhorn et al. [27].
In our study the objective image quality decreased at low dose levels both with
FBP and IR. A hybrid IR algorithm was used. Conventionally, FBP is used for
image reconstruction, which creates images using projection data (backward
projection). With true IR, both backward and forward projection steps are used,
in which projection data are created using imaging data [29]. Hybrid iterative
reconstruction is a blend of FBP and IR, and iterates in the projection data
domain and image data domain. It reduces image noise because statistical
properties of the acquisition are included in the reconstruction process.
While model-based IR algorithms are more advanced and use both forward
and backward projection steps between the projection domain and the image
domain, thereby approaching true IR [6]. Further improvement in objective
image quality can possibly be achieved with model-based IR algorithms which
have shown to improve objective image quality further [6]. Another promising
method to improve image quality further is the use of dual-energy CT which
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enables the acquisition of mono-energetic images at different keV levels. Using
a high keV-level blooming artifacts can be almost completely suppressed,
however at the cost of reduced stent visibility [21]. First results show improved
stent lumen visualization in coronary stents, however this effect might be less
pronounced for large vessels stents but is currently unknown [21].
To our best knowledge, this study is the first to systematically assess the potential
of IR for great vessel stent imaging. Radiation dose can be drastically reduced
without affecting subjective image quality, and IR can be used to improve
objective image quality at low dose levels. Since aortic coarctation is a congenital
disease, stents are mainly implanted at young age and multiple follow-up
examinations are often required. Therefore, radiation dose reduction for this
indication is very important for daily practice. The current study contributes
to a further reduction in radiation dose of CT angiography examinations in
children after stent implantation. This study has however several limitations.
It concerns an in vitro study, therefore the effect of motion artifacts is unknown.
However, because of the in vitro set up we were able to repeat acquisitions and
investigate multiple dose levels using the same phantom. Because we were
only interested in the image quality of the stent, a short scan length was used
which is not representative for the clinical situation where a larger scan length
is used to depict the surrounding anatomical structures. This will result in a
lower effective dose than feasible in clinical practice, therefore the CTDIvol
was presented. Furthermore, future research should determine the diagnostic
accuracy for pathology, since in our study no abnormalities like in-stent stenosis
were present. Finally, only one hybrid IR algorithm was used, and results may
be different with other hybrid and model-based IR algorithms. However, the
overall results could be generalizable to other vendors and algorithms as we
found substantial dose reduction to be feasible with routine FBP using subjective
image quality was used as endpoint.
In conclusion, this study showed that in an in vitro setting, substantial CT
radiation dose reduction can be achieved for pediatric great vessel stent imaging
without affecting the subjective image quality. Using IR techniques is helpful as
a significant improvement of the objective image quality was achieved by noise
reduction, which resulted in an increase of SNR and CNR . Future research
should determine the diagnostic accuracy with reduced dose acquisitions in an
in-patient setting.
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Abstract
Objective
Preoperative chest radiograph screening is widely used prior to cardiac surgery.
The objective of this study was to investigate the frequency of abnormal findings
on a routine chest radiograph before cardiac surgery.
Methods
In this retrospective cohort study 1,136 patients were included. Patients were
scheduled for cardiac surgery and underwent a preoperative chest radiograph.
The primary outcome was the frequency of abnormalities on the chest
radiograph. Secondary outcome was the effect of those abnormalities on surgery.

Part IV

Results
Half of the patients (570/1,136; 50%) had one or more abnormalities on the chest
radiograph. Most frequent abnormalities were cardiomegaly, aortic elongation,
signs of chronic obstructive pulmonary disease, vertebral fractures or height
loss, possible pulmonary or mediastinal mass, pleural effusion and atelectasis.
In two patients (2/1,136; 0.2%), the chest radiograph led to postponement of
surgery, while in none of the patients the surgery was cancelled. In 1 patient
(1/1,136; 0.1%) the surgical approach was altered and in 15 patients (15/1,136; 1.3%)
further analysis was performed without having an impact on the planned
surgical approach.
Conclusions
Although abnormalities are frequently found on preoperative chest radiographs
prior to cardiac surgery, change in clinical management with regard to planned
surgery or surgical approach occurs infrequently.
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More than 30 billion dollars are spent annually on preoperative testing in the
United States [1]. A conventional chest radiograph is performed before both
cardiac and non-cardiac surgery in many hospitals as part of the routine workup. Although the cost of a chest radiograph is relatively low (estimated at $31 [2])
and the associated radiation risks are small, there are doubts about the efficacy of
routinely performing preoperative chest radiographs. For non-cardiac surgery,
several studies have demonstrated that a routine preoperative chest radiograph
does not decrease morbidity or mortality [3]. The frequency of abnormal
findings on a routine preoperative chest radiograph before non-cardiac surgery
is 10%, but in only 0.1% this causes a modification of clinical management [4].
Therefore, it is recommended to only perform a preoperative chest radiograph if
the results are expected to change perioperative management [5]. Despite these
recommendations, routine chest radiographs are still performed frequently
before non-cardiac surgery [6].
In cardiac surgery, however, the frequency of abnormal findings on routine
preoperative chest radiography is unknown. Cardiac surgery guidelines do
not give recommendations whether a routine chest radiograph should be
performed before cardiac surgery [7-10]. Since cardiac surgery is associated with
higher risks, routine chest radiography can possibly contribute to improved
preoperative risk assessment.
To the best of our knowledge, there are no published studies that have
investigated the frequency of abnormalities on routinely performed preoperative
chest radiography in patients undergoing cardiac surgery. In the current study,
we retrospectively investigated the frequency and types of abnormalities found
on routinely performed chest radiographs in patients scheduled to undergo
cardiac surgery, as well as the effect of the preoperative chest radiograph on
planned surgery.

Methods
A retrospective cohort study was performed at the University Medical Center
Utrecht (UMCU). The UMCU is a tertiary referral center and one of sixteen
hospitals in the Netherlands that performs cardiac surgery. The local institutional
review board waived the need for informed consent (protocol number 15-359/C),
because the study only involves retrospective analysis of recorded data.
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Chest radiography
A chest radiograph is part of the routine preoperative work-up at the UMCU.
A chest radiograph in the lateral and posterior-anterior direction was made
using a digital flat panel detector system with a tube potential of 125 kV (Philips
Healthcare, Best, The Netherlands). The mAs-value was optimized per patient
using automated exposure control. All radiographs were assessed and reported
by a radiologist or radiology resident in the routine clinical care setting. No
structured reporting was used. The reporting radiologist had access to previous
imaging examinations as well as the electronic patient file.
Data collection and analysis
A random selection of all chest radiographs ordered by the department of
cardiothoracic surgery between May 2011 and August 2015 were automatically
extracted from the Picture Archiving and Communication System (PACS). The
chest radiograph reports were assessed by one observer (AH) and postoperative
chest radiographs were excluded. Only preoperative chest radiographs of patients
that underwent cardiac surgery were included, and therefore preoperative chest
radiographs of patients scheduled to undergo thoracic surgery or minimally
invasive procedures (e.g. video-assisted thoracoscopic surgery, lobectomy,
mediastinoscopy, implantable cardioverter-defibrillator (ICD) replacement
and procedures involving solely removal of sternal wires) were excluded.
Subsequently, the report was assessed to see if any abnormalities were described.
Abnormalities were divided in the following categories: pulmonary or mediastinal
mass, consolidation, pleural effusion, cardiomegaly (cardiothoracic ratio ≥50%),
aortic elongation, aortic calcifications, signs of cardiac decompensation, vertebral
fractures or height loss, atelectasis, signs of chronic obstructive pulmonary disease
(COPD) or a diaphragmatic herniation.
Also the date of the most recent chest x-ray prior to the routine preoperative chest
x-ray and/or chest computed tomography (CT) was recorded. Both non contrastenhanced and contrast-enhanced cardiac and chest CT examinations were
included as well as PET-CT examinations. If a previous imaging examination was
mentioned in the referral letter without the exact date of the examination and the
examination was not available in the PACS, the date of the referral letter was used.
The electronic patient file of the cardiothoracic surgery department was used
to determine if the chest radiograph results impacted the planned surgery. This
was categorized as postponement of surgery, cancellation of surgery, change
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in surgical approach or further diagnostic testing and analysis was needed. A
direction relation between the abnormality described on the chest radiograph
and the effect on surgery had to be mentioned.
For each patient baseline patient characteristics, type of surgery and
postoperative complications were derived from the nationwide complication
registry of the Dutch Association for Thoracic Surgery. This registry is based
on the complication registry from the Society of Thoracic Surgeons (STS) and
is mandatory for each patient undergoing cardiac surgery in the Netherlands.
Completeness and accuracy of the nationwide complication registry is excellent
(99% of the data are complete) [11].
Analysis was performed using SPSS version 20.0.0 (SPSS, International
Business Machines, Armonk, NY, United States of America). Data are presented
as mean ± SD unless otherwise stated. Frequencies are provided as count and
percentage. Data are presented using descriptive analysis.

Patient selection and baseline characteristics
The chest radiograph reports of a total of 1,293 patients were screened. Overall,
157 patients were excluded because they underwent either thoracic surgery
(n=119) or minimally invasive surgery (n=38; ICD replacements and procedures
involving solely the removal of sternal wires). Ultimately, 1,136 patients were
included. Baseline patient characteristics are provided in Table 1. Mean age was
65 ± 13 years and 30% was female. Details regarding the surgical procedure are
provided in Table 2. Most surgeries were elective (772/1,136; 70.2%) or within the
same hospitalization for cardiac symptoms (324/1,136; 29.5%) while 0.4% (4/1,136)
concerned emergency surgery. Seven percent of patients (76/1,136) underwent a
reoperation. Isolated CABG (547/1,136; 48.2%), isolated valve surgery (270/1,136;
23.8%) and CABG combined with valve surgery (151/1,136; 13.3%) were the most
common types of surgery. In seven patients (7/1,136; 0.6%) no surgery was
performed because the surgery was considered too high risk (n=3), the patient
denied surgery which was not related to the chest radiograph (n=1), the patient
died before surgery (n=1) or because after further analysis it was decided the
disease and symptoms were not severe enough to perform surgery (n=2).
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Table 1 – Baseline characteristics

Variable

Participants (n=1,136)

Age yr (mean±SD)

65 ± 13

Gender (female/male)

345/791

EuroScore (mean±SD)

5.43 ± 5.48

Length m (mean±SD)

1.73 ± 0.09

Weight kg (mean±SD)

81 ± 16

BMI kg/m2 (mean±SD)

27.1 ± 4.4

Medical history

% (n)

Hypertension

56.1% (637)

Diabetes

20.0% (227)

COPD

10.1% (115)

Poor mobility

1.7% (19)

CVA

5.7% (65)

Endocarditis

1.1% (12)

Angina pectoris

6.0% (67)

Recent myocardial infarction (<90 days)

13.1% (146)

Atrial fibrillation

14.1% (160)

Table 2 – Treatment characteristics

Part IV

Variable

% (n)

Elective surgery

70.2% (772)

Within same hospitalization

29.5% (324)

Emergency surgery

0.4% (4)

Reoperation

6.8% (76)

Type of surgery

% (n)

Isolated CABG

48.2% (547)

Isolated valve surgery

23.8% (270)

Isolated aortic surgery
CABG combined with valve surgery

0.4% (5)
13.3% (151)

Double- or triple-valve surgery

3.2% (36)

Aortic surgery combined with CABG and/or valve surgery

3.8% (43)

Other*

7.4% (84)

*Including 7 patients without surgery
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Previous imaging
The routine preoperative chest x-ray was made 9 ± 11 days before surgery. Fiftynine percent (669/1,136) of patients had undergone an additional chest x-ray in
the year before surgery, on average 58 ± 58 days before surgery. Twelve percent
(138/1,136) of patients underwent a cardiac, chest and/or PET-CT in the year
before surgery. Most patients who received a preoperative CT also underwent
additional chest x-rays, therefore in total 63% (726/1,136) of patients had a recent
chest x-ray and/or CT at the moment they received the routine preoperative
chest x-ray.
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Abnormalities found on chest radiography
Overall, 50% of the patients (570/1,136) had an abnormality on chest radiography.
The frequency of abnormalities was as follows: a possible pulmonary or
mediastinal mass (42/1,136; 3.7%), consolidation (19/1,136; 1.7%), pleural effusion
(42/1,136; 3.7%), cardiomegaly (cardiothoracic ratio ≥50%, 336/1,136; 29.6%), aortic
elongation (114/1,136; 10.0%), aortic calcifications (3/1,136; 0.3%), signs of cardiac
decompensation (15/1,136; 1.3%), vertebral fractures or height loss (72/1,126;
6.3%), atelectasis (31/1,136; 2.7%), signs of COPD (90/1,136; 7.9%) and sliding
diaphragmatic herniation (12/1,136; 1.1%).
In two patients (2/1,136; 0.2%), the chest radiograph led to postponement of
surgery, in none of the patients the surgery was cancelled. In 1 patient (1/1,136;
0.1%) the surgical approach was altered and in 15 patients (15/1,136; 1.3%) further
diagnostic testing and analysis was performed without affecting surgery.
Postponement of surgery was caused by a suspicion of pulmonary infection
in one patient, and due to additional tests in the other patient. In this patient,
right-sided pleural effusion was seen for which a chest CT and thoracocentesis
was performed. The change in surgical approach was caused by extensive
calcifications in the ascending aorta in a patient scheduled for conventional
aortic valve replacement (Figure 1). Aortic cannulation and placement of an
aortic crossclamp was not deemed possible in an area free of calcifications. This
finding, combined with an impaired pulmonary function and decreased exercise
tolerance, led to the decision to change the surgical approach to a transcatheter
aortic valve implantation.
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Figure 1 – Chest radiograph of a 81-year old women in whom the surgical approach was altered due

to extensive aortic calcifications.

Discussion
This retrospective study provides insight into the frequency of abnormal
findings on routine preoperative chest radiography in patients scheduled to
undergo cardiac surgery. Although the vast majority of abnormal findings did
not have a direct effect on the surgery, the information provided by routine
preoperative screening chest radiography can substantially alter the surgical
approach in selected cases.
The frequency of abnormal findings on routine preoperative chest radiography
has been investigated extensively in non-cardiac surgery. A systematic review
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and a meta-analysis [3,4], with considerably overlap in included studies,
reported abnormal findings in 10% of the patients. Most common findings were
associated with chronic disease, namely cardiomegaly and COPD, which is
similar to the results in the current study. The frequency of abnormal findings
in the current study was considerably higher. It is likely that some abnormalities
are more common in patients undergoing cardiac surgery compared to noncardiac surgery, such as cardiomegaly and elongation of the aorta. Furthermore,
most studies in non-cardiac surgery were performed in the ‘70s and ‘80s, and
advancements in chest radiography have improved the image quality which
might have led to an increase in the frequency of abnormal findings [12]. Also,
the definition of “abnormality” varies between studies and was relatively broad
in the current study.
Even though cardiac surgery guidelines give no recommendations on the use
of routine preoperative chest radiography, the National Collaborating Centre
for Acute Care in the UK advises to perform preoperative chest radiography in
all cardiac surgery patients based on consensus [13]. The costs associated with
preoperative chest radiography are low, and if a preoperative chest radiograph
could prevent one unnecessary surgery or prolonged hospitalization annually,
those costs are easily compensated. Cost-effectiveness was not studied in the
current study, but we showed that the frequency of abnormal findings is high.
Although most abnormalities did not have an immediate impact on the surgery,
in two cases the surgery was postponed and in one case the surgical approach
was altered. Furthermore, a preoperative chest radiograph could also serve as a
comparison for postoperative chest radiographs. However, in the current study
most patients had recent previous imaging available which could also serve as
comparison for postoperative chest radiographs.
An alternative would be to replace the preoperative chest radiograph by a
preoperative chest CT. This offers the opportunity to improve visualization
of pulmonary abnormalities and aortic atherosclerosis. The presence of
atherosclerotic disease in the ascending aorta is associated with a five-fold
increased risk of postoperative stroke [14], which is possibly caused by manipulation
of the aorta during surgery causing embolization of atherothrombotic material.
A recent review showed that a preoperative CT results in a change in surgical
approach leading to decreased postoperative mortality and stroke in up to 17%
of patients undergoing primary surgery [15]. Furthermore, the sensitivity of a
chest CT for pulmonary nodules is high compared to a chest radiograph [16].
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Finally, CT findings of for example emphysema may be able to more accurately
predict problems in the intensive care unit postoperatively. Evidence for a
routine preoperative CT is still weak, although an ongoing randomized clinical
trial might provide more insight [17,18].
The current study has several limitations. First, it concerns a retrospective study.
However, to the best of our knowledge, this is the first study investigating the
frequency of abnormal findings on routine preoperative chest radiography in
a population undergoing cardiac surgery. Second, we used the routine clinical
care chest radiograph reports that were not reported in a structured format.
Therefore, information provided in the (unstructured) report was dependent
on the reporting radiologist, although this does reflect routine care. Also, the
radiologist did have access to previous imaging.
In conclusion, this study shows that the incidence of abnormal findings on
routine preoperative chest radiography in cardiac surgery is considerably higher
compared to non-cardiac surgery. Although most abnormal findings were to
be expected (e.g. cardiomegaly) and did not have a direct effect on the surgery,
some findings can substantially alter the surgical approach in some cases.
Future research should determine if it is cost-effective to replace the routine
chest radiograph before cardiac surgery by a CT, which is expected to have a
larger impact on the surgery.
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Abstract
Objectives
To determine whether mild stage chronic obstructive pulmonary disease
(COPD) can be detected on chest radiography without substantial overdiagnosis.
Methods
A retrospective nested case-control study (case:control, 1:1) was performed in 783
patients scheduled for cardiothoracic surgery who underwent both spirometry
and a chest radiograph preoperative. Diagnostic accuracy of chest radiography
for diagnosing mild COPD was investigated using objective measurements and
overall appearance specific for COPD on chest radiography. Inter-observer
variability was investigated and variables with a kappa >0.40 as well as baseline
characteristics were used to make a diagnostic model which was aimed at
achieving a high positive predictive value (PPV).
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Results
Twenty percent (155/783) had COPD. The PPV of overall appearance specific for
COPD alone was low (37-55%). Factors in the diagnostic model were age, type of
surgery, gender, distance of the right diaphragm apex to the first rib, retrosternal
space, sternodiaphragmatic angle, maximum height right diaphragm (lateral
view) and subjective impression of COPD (using both views). The model
resulted in a PPV of 100%, negative predictive value (NPV) of 82%, sensitivity of
10% and specificity of 100% with an area under the curve of 0.811.
Conclusions
Detection of mild COPD without substantial overdiagnosis was not feasible on
chest radiographs in our cohort.
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Chronic obstructive pulmonary disease (COPD) is a leading cause of chronic
morbidity and mortality worldwide. Most patients have stage I or II COPD, as
defined by the Global initiative for chronic Obstructive Lung Disease (GOLD)
classification [1]. COPD is usually diagnosed and classified by spirometry. In
patients with respiratory symptoms, a chest radiograph is generally the first test
performed. Important signs of COPD are pulmonary emphysema and chronic
bronchitis. Pulmonary emphysema is regularly suggested on chest radiography
by the presence of bullae and the indirect signs of hyperinflation and vascular
alterations [2]. However, sensitivity and specificity are low for the diagnosis of mild
emphysema and there is considerable observer variation in the interpretation of
these findings [3,4]. Radiographic signs of chronic bronchitis are bronchial wall
thickening and increased lung markings [2]. The sensitivity of a chest radiograph
for chronic bronchitis is also low, and the findings are non-specific since they
are also often present, even in healthy non-smokers. Nevertheless, suspicion of
COPD is often mentioned in chest radiography reports.
Since it is estimated that 60% of the individuals with COPD in the United States
are undiagnosed, it is important to investigate if routine chest radiography could
aid in the detection of undiagnosed COPD [5]. Recently the US preventive Services
Task Force investigated if screening for COPD by using questionnaires or officebased pulmonary function testing is warranted to reduce undiagnosed COPD [6].
No benefit of COPD screening for all-cause mortality was found, but the annual
rate of exacerbations was decreased due to improved pharmacologic treatment.
The final recommendation was against screening in asymptomatic adults, since
benefits did not outweigh potential harm [6]. However, this recommendation
did not apply to symptomatic adults with respiratory symptoms, who frequently
receive a chest radiograph. Clinicians were also encouraged to actively search
for COPD in patients with risk factors like smoking. The objective of this study
was to investigate the possibility to diagnose mild COPD based on a chest
radiograph without substantial overdiagnosis using routine preoperative chest
radiographs.

Material and methods
This study was approved by our local institutional review board (protocol
number 15/359). The IRB waived the requirement for informed consent
because the study involved retrospective collection of recorded medical data.
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The Standards for the Reporting of Diagnostic Accuracy Studies STARD
guidelines for diagnostic studies were used [7].
In our hospital, patients scheduled for cardiothoracic surgery routinely receive
a preoperative chest radiograph which is often combined with spirometry on
the same day. From a database containing information about 1,295 randomly
selected patients scheduled to undergo cardiothoracic surgery at the University
Medical Center Utrecht between May 2011 and August 2015, patients with both
a preoperative chest radiograph and spirometry were identified. A nested casecontrol design was used [8]. All cases along with a random sample of controls
(case:control ratio 1:1) from the full cohort were analyzed.
Date of birth and smoking status (defined as never smoked, stopped, current
or unknown) were extracted from the electronic patient record system. Type of
surgery (cardiac or pulmonary), age, gender, length, weight and New York Heart
Association (NYHA) functional classification of heart failure were derived from
the nationwide complication registry of the Dutch Association for Thoracic
Surgery. This registry is based on the complication registry from the Society
of Thoracic Surgeons (STS). This registry has been shown to be complete and
highly accurate [9].
Spirometry
Pulmonary function tests were carried out by experienced technicians according
to current European Respiratory Society and American Thoracic Society
guidelines [10] including forced expiratory volume in 1 second (FEV1), forced
vital capacity (FVC) and FEV1/FVC ratio. All pulmonary function tests were
performed in our center. Reversibility of air flow limitation was not assessed.
COPD was defined using the GOLD classification. All patients with a FEV1/FVC
below 0.70 were categorized using the following categories for severity: FEV1
≥80% as stage I, FEV1 50-79% as stage II, FEV1 30-49% as stage III and FEV1<30%
as stage IV. Patients with stage III and stage IV were excluded from further
analysis since clinical symptoms are usually present in these patients.
Chest radiography
A digital flat panel detector system was used with a tube potential of 125 kV
while the mAs-value was determined using automated exposure control. Both
posterior-anterior (PA) and a lateral chest radiograph were acquired. All chest
radiographs were obtained in our center.
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Statistical analysis
Analysis was performed using SPSS version 20.0.0 (International Business
Machines, Armonk, United States of America) and R software version 3.2.4
(R Foundation for Statistical Computing, Vienna, Austria). Inter-observer
reproducibility was assessed using Krippendorff’s alpha (10,000 bootstrap
samples for inference) for discrete data. For continuous data the two-way
random intraclass correlation coefficient (ICC, consistency, single measures)
was used. Krippendorff’s alpha and the ICC were interpreted as poor (0.00–
0.20), fair (0.21–0.40), moderate (0.41–0.60), good (0.61–0.80) or excellent (0.81–
1.00). Objective and subjective measurements with poor or fair inter-observer
reproducibility were excluded from further analysis.
A simulated full cohort was used for further analysis by inflating the controls
to achieve the original cohort size [8]. Univariate analysis was performed by
building receiver operating characteristic (ROC) curves for continuous variables.
The optimal cut-off point based on a predictive value of at least 80% was defined.
If a PPV of 80% was not achieved, the cut-off value resulting in the highest
PPV was chosen. Both these cut-off values and the cut-off values described by
Webb and Higgins [11] were used to calculate positive predictive value (PPV),
negative predictive value (NPV), sensitivity and specificity. The Chi2-test was
used to determine if a cut-off value was preferred over continuous variables for
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Measurements
To assess if COPD was present, both objective and subjective measurements
were used. Objective measurements assessed on the chest radiographs were
based on the criteria described by Webb and Higgins [11] namely: distance from
the apex of the right hemidiaphragm to the tubercle of the first rib, anterior rib
level of the right hemidiaphragm, maximal height of the right hemidiaphragm
(PA), maximal height of the right hemidiaphragm (lateral), retrosternal space
and sternodiaphragmatic angle. Subjective criteria were: decreased vessel size
(yes/no) and overall appearance of the chest radiograph specific for COPD (yes/
no). Two senior radiology residents (AS, MG) and one board certified chest
radiologist with over 10 years of experience in chest radiology (PJ) assessed if
COPD signs were present on the chest radiograph. Observers were blinded for
COPD status and did not have access to clinical information. To assess interobserver variability, 30 randomly selected patients were scored by all three
observers. Overall appearance of the chest radiograph specific for COPD were
scored in all patients by all observers.
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inclusion in the final model. Statistical significance was defined as p<0.05.
Binary logistic regression with backward step-wise elimination with a p-value
of 0.20 for removal was used to make the final model. Objective and subjective
measurements as well as age, gender and type of surgery were used. For overall
appearance of the chest radiograph specific for COPD, only the score of the
board certified radiologist was included. To develop a binary logistic model
with sufficient power, at least 10 events per variable should be included [12]. A
maximum number of 11 variables were included in the final model, depending
on inter-observer reproducibility. Thus, at least 110 cases were included.

Results

Part IV

A flow diagram of the study is provided in Figure 1. In 61% (790/1,295) of all patients
both a chest radiograph and spirometry were available. Twenty-one percent of
patients (162/790) had COPD according to their spirometric assessment, namely
GOLD stage I (86), stage II (69) and stage III (7), respectively. Since only patients
with stage I and II COPD were included, ultimately 155 cases remained. The
controls consisted of a random sample of 155 patients without COPD. In Table 1
baseline characteristics of cases and controls are provided. Mean age was 67
years (cases) and 62 years (controls), respectively. Cases were more often male
(81% versus 59%) and current smoker (27% versus 13%). Most patients underwent
cardiac surgery (cases 58%, controls 87%).
Inter-observer reproducibility
Results of inter-observer reproducibility are provided in Table 2. Distance of
the right diaphragm to the first rib showed excellent observer agreement (ICC
0.834), while interobserver agreement for the sternodiaphragmatic angle and
maximal height of the right diaphragm on the lateral view was good (0.625 and
0.643, respectively). Retrosternal space and overall appearance of the chest
radiograph specific for COPD showed moderate agreement (0.532 and 0.484,
respectively). Rib level of the right hemidiaphragm (0.345), maximal height of
right diaphragm on PA (0.373) and decreased vessel size (0.286) scored fair and
were therefore excluded from further analysis. The measurements included for
further analysis are shown in Figure 2.
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Eligible patients
n=1,295
512 excluded patients
GOLD III/IV (n=7)
No spirometry (n=505)
Final model
n=783
Normal result
n=768

Abnormal result
n=15

COPD present
n=15

COPD absent
n=0

COPD present
n=140

COPD absent
n=628

Figure 1: Flow diagram of the study. An abnormal or normal test result is based on the final model

as provided in Figure 4.

Table 1 – Baseline characteristics of mild COPD cases and controls.

Cases (n=155)

Controls (n=155)

37 (23.9%)
61 (39.4%)
41 (26.5%)
16 (10.3%)

71 (45.8%)
45 (29.0%)
20 (12.9%)
19 (12.3%)

22 (14.2%)
58 (37.4%)
25 (16.1%)
2 (1.3%)
48 (31.0%)

25 (16.1%)
63 (40.6%)
22 (14.2%)
2 (1.3%)
43 (27.7%)

90 (58.1%)
65 (41.9%)

134 (86.5%)
21 (13.5%)

126 (81.3%)
66.5 ± 11.1
1.75 ± 0.09
79.3 ± 15.0

91 (58.7%)
62.4 ± 13.9
1.72 ± 0.10
79.9 ± 14.8
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Gender (male)
Age (mean ± SD)
Length (m, mean ± SD)
Weight (kg, mean ± SD)
Smoking status
Never smoked
Stopped
Current
Unknown
NYHA classification
1
2
3
4
unknown
Type of surgery
Cardiac
Pulmonary
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Table 2 – Inter-observer reproducibility of 30 patients scored by all three observers.

Variable

Outcome

Interpretation

Distance right diaphragm to first rib+

0.834

Excellent

Maximal height right diaphragm (lateral)+

0.643

Good

Sternodiaphragmatic angle+

0.625

Good

Retrosternal space+

0.532

Moderate

Overall appearance of the chest radiograph specific for COPD *

0.484

Moderate

Maximal height right diaphragm (PA)+

0.373

Fair

Anterior rib level right hemidiaphragm*

0.345

Fair

Decreased vessel size*

0.286

Fair

Overall appearance of the chest radiograph specific for COPD was scored in all 310 patients.
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Objective and subjective measurements with poor or fair inter-observer reproducibility were
excluded from further analysis. +Intraclass correlation coefficient *Krippendorff’s alpha

Figure 2: Measurements included for further analysis on posterior-anterior (left) and lateral (right)

views.

Univariate analysis
Results of univariate analysis are provided in Table 3 and Figure 3. The area
under the curve (AUC) was highest for increased distance of the apex of the
right hemidiaphragm to the tubercle of the first rib (0.689). The maximal height
of the right diaphragm (lateral) showed an AUC below 0.5 because an increase
in height was associated with no COPD.
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Table 3 – Univariate analysis for continuous variables. The Chi2-test was used to determine if a cut-

off value was preferred over continuous outcomes.

p-value (Chi2)
continous

Optimal
cut-off value

p-value (Chi2)
with cut-off

0.001 (11.1)

>83 years

0.002 (9.8)

<0.001 (59.6)

>31.8cm

0.011 (6.5)

Age
Distance right diaphragm to first rib
Retrosternal space

<0.001 (22.1)

>4.2cm

<0.001 (16.3)

Sternodiaphragmatic angle

<0.001 (12.4)

>87 degrees

<0.001 (22.9)

Maximal height right diaphragm
(lateral)

<0.001 (23.4)

<2.8cm

<0.001 (12.2)

The optimal cut-off point based on a predictive value of at least 80% was defined. If a PPV of 80%

was not achieved, the cut-off value resulting in the highest PPV was chosen.

1,0
Age (AUC 0.586)
Distance right
diaphragm to fir
(AUC 0.689)
Retrosternal spa
(AUC 0.618)
Sternodiaphragma
angle (AUC 0.578
Maximal height r
diaphragm (AUC
0.383)

0,9

Sensitivity

0,8
0,7
0,6
0,5
0,4
0,3

Part IV

0,2
0,1
0,0
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

1 - Specificity
Figure 3 – Univariate analysis. ROC-curves of continuous variables.

Age >83 years, a distance of >31.8 cm of the apex of the right diaphragm to the
first rib, a retrosternal space >4.2 cm, a sternodiaphragmatic angle of more
than 87 degrees and a decreased maximal height of the right diaphragm on the
lateral view of less than 2.8 cm were the optimal cut-off values for predicting
COPD. The Chi2-test was used to determine if a cut-off value was preferred over
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continuous outcomes. The Chi2-test was significant for all variables for both
the cut-off values and the continuous outcomes. The continuous variables were
more significant, except for the sternodiaphragmatic angle for which a cut-off
value was preferred.
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Diagnostic accuracy
In Table 4 the diagnostic accuracy for all variables is provided. Because the
optimal cut-off value for calculating the diagnostic accuracy was determined
based on the optimal PPV as described in the methods, the PPV and specificity
were high, which resulted in a low sensitivity. The diagnostic accuracy of overall
appearance of the chest radiograph specific for COPD was poor. For the board
certified radiologist, the PPV for overall appearance of the chest radiograph
specific for COPD was 55%, NPV 84%, sensitivity 27% and specificity 95%. Only
26% (41/155) of the COPD cases were detected, while a similar proportion of 22%
(34/155) of the patients without COPD were wrongly classified as having COPD.
The results for the senior residents were similar, with a low PPV and sensitivity
(Table 4).
The difference between the cut-off values provided by Webb and Higgins and
the cut-off values determined by univariate analysis were small, with a slightly
improved diagnostic accuracy for the cut-off values determined by univariate
analysis in this study.
Multivariate analysis
The results of the multivariate analysis are shown in Figure 4. All variables were
included in the final model (age, type of surgery, gender, distance of the right
diaphragm to the first rib, width of retrosternal space, sternodiaphragmatic
angle, maximal height of the right diaphragm on the lateral view and overall
appearance of the chest radiograph specific for COPD based on the score of the
board certified radiologist). The model calculates for each patient the predicted
probability of having COPD, based on the variables in the model. To calculate
the diagnostic accuracy of the final model, a cut-off value of the predicted
probability should be chosen to determine which patients are classified as
having COPD. As illustrated in Figure 4, choosing a low cut-off value will result
in a high NPV and sensitivity, however at the cost of a low PPV and specificity.
In routine clinical practice we think it is important in diagnosing COPD as an
incidental finding to reach a high PPV to prevent substantial overdiagnosis.
This can be achieved when only patients with a predicted probability of 0.97 or
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present

Overall appearance of the chest radiograph
specific for COPD (resident 1)

Overall appearance of the chest radiograph
specific for COPD (resident 2)

<2.7cm
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PPV positive predictive value, NPV negative predictive value

Maximal height right diaphragm (lateral)

≥90 degrees

>4.4cm

Retrosternal space

Sternodiaphragmatic angle

≥29.9cm

Distance right diaphragm to first rib

Webb and Higgins criteria

predicted
probability
≥0.97

present

Overall appearance of the chest radiograph
specific for COPD (board certified radiologist)

Optimal cut-off final model

<2.8cm
present

Maximal height right diaphragm (lateral)

>87 degrees

>4.2cm

Sternodiaphragmatic angle

>31.8cm

Retrosternal space

Pulmonary

Male

>83 years

43

2

4

12

15

61

41

41

48

7

5

2

65

126

3

112

153

151

143

140

94

114

114

107

148

150

153

90

29

152

101

0

0

17

0

103

37

34

112

0

0

0

84

376

0

527

628

628

611

628

525

591

594

516

628

628

628

554

252

628

29.9

100.0

100.0

41.4

100.0

37.2

52.6

54.7

30.0

100.0

100.0

100.0

43.7

25.1

100.0

Variable positive COPD+, COPD+, COPD-, COPD-, PPV
variable+ variable- variable+ variable- (%)

Distance right diaphragm to first rib

Type of surgery

Gender

Age

Variables

Table 4 – Diagnostic accuracy of objective and subjective measurements.

82.5

80.4

80.6

91.0

81.8

84.8

83.8

83.9

82.8

80.9

80.7

80.4

86.0

89.7

80.5

NPV
(%)

27.7

1.3

2.6

7.7

9.7

39.4

26.5

26.5

31.0

4.5

3.2

1.3

41.9

81.3

1.9

Sensitivity
(%)

83.9

100.0

100.0

97.3

100.0

83.6

94.1

94.6

82.1

100.0

100.0

100.0

86.8

40.1

100.0

Specificity
(%)
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Figure 4 – Multivariate analysis. The PPV, NPV, sensitivity and specificity are displayed as a function
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of the predicted probability of the model. The model calculates for each patient the predicted
probability of having COPD, based on the variables in the model. The optimal model is achieved
when only patients with a predicted probability of 0.97 (dotted x-axis reference line) or higher are
classified as having COPD. This will result in a PPV of 100%, NPV of 82%, sensitivity of 10% and a
specificity of 100%

higher are classified as having COPD. This will result in a PPV of 100%, NPV of
82%, sensitivity of 10% and a specificity of 100% (Table 4). Hence it is possible to
detect 10% of patients with mild-COPD without any false-positives. However,
as soon as more COPD patients are detected by also classifying patients with a
lower predicted probability as having COPD, this results in a disproportionally
large increase in the number of false-positives because the PPV rapidly declines
with smaller predicted probabilities. The ROC curve of the shown model had an
area under the curve of 0.811.
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This study showed that, even when an extensive diagnostic model is used, the
performance of chest radiography for diagnosing mild COPD is limited. Only
a small proportion of 10% of proven COPD cases could be detected without
additional diagnostic measurements. Scoring only a subjective impression of
COPD on chest radiography resulted in more COPD patients (n=41, 26%), but 34
(22%) patients without COPD were wrongly classified as having COPD.
COPD is a large health problem and is one of the leading causes of morbidity
and mortality worldwide [13]. Annually 133,575 deaths in the United States are
caused by COPD [14]. The medical costs attributable to COPD were $32 billion
in the United States in 2010, and are expected to increase to $49 billion in 2020
[15]. It is estimated that more than 100 million chest radiographs are performed
in the United States annually [16]. If chest radiography would have diagnostic
value for detecting COPD, this could potentially lead to a large reduction in
the number of patients with undiagnosed COPD [5]. Radiologists often report
features associated with COPD in chest radiography reports, thereby implying
for referring clinicians that it is possible to detect or diagnose COPD from
chest radiographs. On the other hand, because of the large number of chest
radiographs, there is a substantial risk for overdiagnosis of COPD if the accuracy
of chest radiography is limited. The current study was motivated by a paucity
of data on the diagnostic accuracy of chest radiography for the detection of
mild-stage, clinically undetected COPD [11]. The most important finding is that
there is no role for chest radiography in the diagnosis of mild COPD, because
the diagnostic accuracy is low. We found that chest radiography was unable to
diagnose a reasonable proportion of mild COPD with high PPV.
This is the first large patient study investigating the diagnostic value of a two
view chest radiography using modern equipment in mild COPD. In the ‘60s
several small studies investigated the accuracy of a chest radiograph compared to
pathology for the diagnosis of emphysema. Reid et al.[17] investigated 40 patients,
including 19 patients without emphysema. All patients with emphysema did
have radiographic findings of emphysema (specificity 100%), however patients
without emphysema were often diagnosed as having emphysema leading to a
sensitivity of 58%. Nicklaus et al.[4] studied 73 patients with no (n=20), moderate
(n=22) and severe (n=31) emphysema. Only 26% of the patients with moderate
emphysema were correctly diagnosed based on the subjective opinion of the
radiologist, which increased to 32% based on objective signs. However, those
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studies did not use pulmonary function tests as a reference standard, which is
currently the golden standard to diagnose COPD. In a large study (n=1,000) by
Reich and colleagues [18] the use of objective chest radiography measurements
for the diagnosis of COPD was investigated. Two measurements correlated with
the presence of COPD, namely decreased height of the right diaphragm (≤2.6
cm) and increased height of the right lung (≥29.9cm). This identified 68% and
70% of patients with an abnormal pulmonary function test respectively. The
same criteria were used in the current study, and although those signs are very
specific for COPD, the sensitivity and positive predictive values for diagnosing
mild COPD are low leading to substantial overdiagnosis. Partly based on
this study, Webb and Higgins described several objective measurements for
diagnosing COPD on a chest radiograph [11]. Because in clinical routine, most
chest radiography reports are made by experienced residents, in our study
the objective and subjective measurements were performed by both a board
certified radiologist and two senior residents. This study proves that it is very
difficult to diagnose mild COPD based on a chest radiograph, and based on
these findings we suggest this should not be mentioned anymore in the report.
Signs like a saber-sheath trachea [19,20] and a decreased cardiac size [21] are
mainly present in patients with severe COPD, and were therefore not assessed
in the current study. Therefore, the diagnostic accuracy of a chest radiograph for
severe COPD might be higher. Severe COPD was not investigated in this study,
but undiagnosed COPD is less of a problem in these patients since they usually
have evident clinical symptoms.
Based on the findings of this study, specialists and general practitioners should
be aware of the limited diagnostic value of chest radiographs for COPD.
This should be discussed with patients to prevent unnecessary anxiety and
confirmation with spirometry should be obtained when COPD is mentioned
in chest radiography reports. We discourage radiologists to mention suspicion
of COPD in chest radiograph reports. It is possible to detect COPD patients
in some extent, however this will result in substantial overdiagnosis which is
associated with a waste of resources on unnecessary care [22].
This study has several limitations. First of all, not all radiographs were scored
but a nested case-control approach was adopted. In a nested case-control study,
cases and controls are derived from a well-defined source cohort. Therefore, the
sampling fraction is known and it is possible to calculate diagnostic accuracy
measures, in contrast to case-control studies. Studies comparing the nested
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case-control design to a cohort design have found that this is a valid and
efficient study design [8,23,24]. Second, only preoperative chest radiographs
before cardiothoracic surgery were studied because in this patient population
spirometry is routinely performed. We did not validate externally since the
model was not clinically useful due to the limited number of COPD cases that can
be detected. Third, in only 61% of patients with a chest radiograph, spirometry
was performed. In nearly all patients undergoing cardiothoracic surgery
chest radiographs are obtained, but spirometry is often omitted in emergency
surgery and in patients who are operated within the same hospitalization for
cardiac symptoms. Therefore, patients in whom spirometry data is missing are
not a random sample but represent a patient group with more severe disease.
However, it is unlikely that this bias affects the ability to diagnose mild COPD
using routine pre-operative chest radiography. Fourth, the subjective score
included in the final model was based on the score of one observer namely the
board certified radiologist. We decided not to include the average subjective
score, since this is not representative to clinical practice where a report is usually
made by one radiologist. The subjective score of the most experienced observer
was included in the final model in order to achieve an optimal diagnostic model.
Fifth, the reversibility of the airflow limitation was not investigated, which is
used to differentiate between COPD and asthma. Therefore, it is possible that
patients with asthma were misclassified as having COPD and that COPD is
overdiagnosed. Nevertheless, the conclusion remains that chest radiography
has insufficient accuracy for the diagnosis mild COPD.
In conclusion this is the first large study investigating the diagnostic utility
of two-view chest radiography with modern equipment for diagnosing mild
COPD. Using an extensive diagnostic model, the diagnostic accuracy improved
compared to a radiologists subjective impression only, however, the role for
chest radiography in diagnosing mild COPD is very limited because only a small
proportion of COPD cases could be detected. Increasing the number of detected
COPD cases leads to a clinically unacceptable increase in false-positives. Our
findings discourage diagnosing mild stage COPD on chest radiographs by
radiologists where moderate and severe COPD is usually clinically already
known. Hence in our view there is no added diagnostic value of chest radiography
for moderate and severe COPD, although this cannot be concluded from the
present study. If COPD is mentioned in chest radiography, this should trigger
clinicians and general practitioners to seek confirmation with spirometry.
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Abstract
Objective
To investigate whether preoperative chest computed tomography (CT) decreases
postoperative mortality and stroke rate in cardiac surgery by detection of
calcifications and visualization of postoperative anatomy in redo cardiac surgery
which can be used to optimize the surgical approach.

Part IV

Methods
The PubMed, EMBASE and Cochrane databases were searched and articles
concerning preoperative CT in cardiac surgery were included. Articles not
reporting mortality, stroke rate or change in surgical approach were excluded.
Studies concerning primary cardiac surgery as well as articles concerning redo
cardiac surgery were both included.
Results
Eighteen studies were included (n=4,057 patients) in which 2,584 patients
received a preoperative CT. Seven articles (n=1,754 patients) concerned primary
surgery and eleven articles (n=2,303 patients) concerned redo cardiac surgery.
None of the studies was randomized but 8 studies provided a comparison to a
control group. Stroke rate decreased with 77–96% (primary surgery) and 18-100%
(redo surgery) in patients receiving a preoperative CT. Mortality decreased up
to 66% in studies investigating primary surgery while the effect on mortality in
redo surgery varied widely. Change in surgical approach based on CT-findings
consisted of choosing a different cannulation site, opting for off-pump surgery
and cancellation of surgery.
Conclusions
Current evidence suggests that preoperative CT imaging may lead to decreased
stroke and mortality rate in patients undergoing primary cardiac surgery by
optimizing surgical approach. In patients undergoing redo cardiac surgery
stroke rate is also decreased but the effect on mortality is unclear. However,
evidence is weak and included studies were of moderate quality.
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One of the most devastating complications of cardiac surgery is a postoperative
stroke. The reported incidence of postoperative stroke after cardiac surgery
varies between 1.4–9.7% and strongly depends on the surgical procedure [14]. The majority of postoperative strokes are embolic in nature and aortic
calcifications are the most important risk factor [2,5]. The risk of a postoperative
stroke is up to fourfold higher in patients with aortic atherosclerosis [2,6].
This is explained by the need to clamp and manipulate the ascending aorta
during cardiac surgery, thereby releasing material from aortic plaques and
calcifications that may embolize to the brain [7]. This is an important problem
since approximately 14% of cardiac surgery patients have significant ascending
aorta calcifications [8]. Furthermore, stroke is a significant health burden and
associated with high costs. The average costs in the United States for the first
year after a stroke are estimated to be $11,145 mainly due to rehabilitation costs
[9]. Preoperative knowledge of the presence and extent of aortic calcifications
may be used to optimize or even adapt surgical strategy to avoid manipulation
of the calcified aorta with the aim of preventing stroke. Redo cardiac surgery
is associated with increased mortality and morbidity due to previously altered
anatomic relationships [10]. Preoperative visualization of this altered anatomy
can identify structures at risk of injury [11,12].
Standard preoperative work-up prior to cardiac surgery includes imaging by
chest x-ray, angiography and/or echocardiography [13-15]. Aortic calcifications
are often not accurately detected on a chest x-ray due to inherent limitations
imposed by the 2D superposition of structures [16,17]. Intraoperative epiaortic
ultrasound has been described as a valuable intraoperative tool to assess wall
characteristics of the ascending aorta and determine the presence of aortic wall
calcifications and soft plaque. However, major drawbacks are the restriction
to intraoperative use, limited anatomical coverage and the requirement for
additional operating time.
An alternative technique that can be used to precisely assess cardiac and aortic
anatomy is computed tomography (CT) of the chest. This modality offers excellent
preoperative visualization of the location and extent of aortic calcifications
allowing improved preoperative planning with adaptation of cardiac surgical
strategy in case of severe calcifications. Furthermore, a preoperative CT can
identify the altered anatomy in redo cardiac surgery.
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The objective of this study is to systematically review the available literature
with regard to the effect of preoperative CT on optimizing surgical strategy, and
subsequent stroke rate and mortality.

Part IV

Materials and Methods
PubMed, EMBASE and Cochrane electronic databases were searched for
relevant articles on January 20, 2015. No time restrictions were applied.
Synonyms of preoperative, CT and cardiac surgery were combined. The search
syntax is provided in Table 1. Duplicates were removed and articles were screened
by one person using predefined in- and exclusion criteria. Inclusion criteria
were articles concerning preoperative CT for cardiac surgery and reporting
surgical modification based on CT findings, postoperative mortality or stroke
rate. Exclusion criteria were case and congress reports, non-English language,
articles concerning pediatric populations and articles concerning transcatheter
aortic valve implantation. The reference lists of included articles were screened
for additional articles.
The quality of included studies was assessed by one person using a modified
Quality Assessment of Diagnostic Accuracy Studies (QUADAS) tool [18]. Since
the QUADAS tool is designed for quality assessment of studies concerning
diagnostic accuracy, not all items were applicable. Non-applicable items were
left out. Two items concerning study design were added (prospective versus
retrospective design and single center versus multicenter study design). In
addition, two items concerning outcome were added, namely whether a
definition of the primary outcome stroke was provided and the time interval
over which the secondary outcome mortality was measured namely in-hospital
mortality or 30-day mortality (Table 2).
Data concerning author, title, publication date, journal, patient characteristics,
CT acquisition, type of surgery, stroke rate and mortality were extracted to a
standardized data sheet. Subgroup analysis was performed for studies investigating
primary cardiac operation and studies investigating redo cardiac surgery.
We performed a systematic review of the published literature on the effect of
preoperative CT on surgical strategy and postoperative mortality and stroke rate
in patients undergoing primary and redo cardiac surgery. Preoperative CT can
provide previously unrecognized information about aortic calcifications that
has the potential to change surgical strategy, and, possibly, reduce the incidence
of postoperative stroke and mortality.
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Table 1 – Search syntax. Date of search: January 20th 2015

Databases searched:
PubMed
In title and abstract
EMBASE
In title and abstract
Cochrane
In title and abstract

Search terms entered into databases:
preoperat* OR
(pre AND operat*) OR
prior OR
planning OR
before OR
presurgical
AND
CT OR
(computed AND tomograph*)
AND
(cardiac AND (surgery OR operat*)) OR
(cardiothora* AND (surgery OR operat*)) OR
(heart AND (surgery OR operat*)) OR
CABG OR
(bypass AND (surgery OR operat*)) OR
(valve AND replacement) OR
(valve AND (surgery OR operat*))

The search resulted in 4,371 unique articles. A flowchart is provided in Figure
1. Articles were excluded because they did not concern preoperative chest CT
or did not report on the outcomes of surgical modification, mortality or stroke
rate (n=4,343), non-English language (n=2), concerned a case report (n=3),
was a congress report (n=1) or concerned children (n=1). A total of 19 articles
were included. Two of the remaining articles [12,19] described the same study
population. Only the most recent publication was included [12] therefore 18
unique articles were included.
Results of the critical appraisal are provided in Table 2. All studies clearly
described their inclusion criteria. However, only four studies of the studies had a
prospective study design and none of the studies was multicenter. Less than half
of the studies (7 studies) described the CT acquisition in sufficient detail to permit
its replication by not reporting if it was a contrast-enhanced CT and/or the used
CT system and parameters. Four out of 13 studies investigating postoperative
stroke provided a definition of stroke. All but one study investigating mortality
defined if this was in-hospital or 30-day mortality.
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Was the study multicenter?

Were patients randomized?

Was the execution of the CT-scan
described in sufficient detail to permit its
replication?

Was a definition of stroke provided?

Was the time interval of mortality
provided?

NA not applicable

Was the study prospective?

Primary operation
Fukuda et al.[26]
Knollman et al.[21]
Lee et al.[20]
Nishi et al.[44]
Park et al.[25]
Russo et al. [27]
Takami et al. [28]
Redo operation
Aviram et al.[10]
Aviram et al.[45]
Gasparovic et al.[46]
Goldstein et al. [12]
Imran Hamid et al.[22]
Kamdar et al.[29]
LaPar et al. [23]
Luciani et al.[47]
Morishita et al.[24]
Nikolaou et al.[30]
Yamashiro et al. [48]

Were selection criteria clearly described?

Part IV

Table 2 – Quality assessment.

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
No
Yes
No
No
No

No
No
No
No
No
No
No

No
No
No
No
No
No
No

No
No
No
No
Yes
Yes
No

No
No
Yes
No
No
NA
Yes

Yes
NA
No
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
No
No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No
No
No

Yes
Yes
Yes
No
Yes
Yes
No
No
No
Yes
No

No
NA
No
Yes
NA
NA
No
Yes
No
NA
No

Yes
NA
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

None of the studies was randomized, leading to different patient populations.
For the studies investigating primary cardiac operation, two studies with a
control group only performed a CT-scan in high-risk patients with extensive
atherosclerosis, history of cerebrovascular accident or transient ischemic
attack, peripheral vascular disease or renal disease [20,21] while one study did
not perform a CT-scan before emergency operations, if the CT-scanner was
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not available and in patients with renal failure or previous contrast reaction.
For redo cardiac operation, in three retrospective studies a CT-scan was not
performed routinely resulting in a control group of patients who did not receive
a CT-scan [12,22,23]. One study only performed a CT-scan in high-risk patients
with extensive atherosclerosis, history of stroke, peripheral vascular disease
or renal disease [24] while emergency surgery, renal failure, previous contrast
reaction or non-availability were reasons for not receiving a CT-scan in the
remaining study [10].
The non-randomized study design led to a large heterogeneity between patients
receiving a CT-scan and control groups. Also the type of surgery varied widely
between studies. Therefore, due to the large clinical and methodological
heterogeneity between studies, data were not pooled.
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Primary operation
Seven articles concerned patients receiving their primary operation. The total
number of included patients was 1,754, of which 1,194 received a CT scan and
560 served as control group. There were no large differences in age, gender and
history of stroke between the two groups. Baseline characteristics are provided
in Table 3. Patients were operated between 1990 and 2008. The most commonly
performed procedure was coronary artery bypass grafting (CABG) followed by
valve replacement and combined CABG and valve replacement. Three studies
used non-contrast enhanced CT while three studies used contrast-enhanced CT
and one study did not report if contrast was administered.
Outcomes are provided in Table 4. The incidence of postoperative stroke ranged
from 0.0 – 2.5 (median 0.7)% in the CT-group. Three studies used a control group,
of which two studies reported the outcomes separately for the control group
[20,25]. Lee et al.[20] and Park et al.[25] found a decrease of 77% (3.0% to 0.7%)
and 96% (9.1% to 0.4%) respectively in stroke rate in favor of the CT group. The
CT-group consisted of high risk patients in the study of Lee et al. [20] while Park et
al.[25] excluded emergency operations and patients with renal failure or previous
contrast reaction. Lee et al.[20] changed the surgical approach mainly by choosing
an axillary artery cannulation site (10.5%) while Park and colleagues [25] mainly
used an off-pump no-touch technique in 9.2% of the patients (Table 4).
Two studies compared 30-day mortality in the CT-group to a control group. Both
Lee et al. [20] and Park et al. [25] found a decrease in mortality of 49% (13.5% to
7.0%) and 66% (5.3% to 1.8%) respectively in favor of the CT group. Main cause of
death was stroke. Fukada et al.[26], Russo et al.[27] and Takami et al.[28] reported
the in-hospital mortality for patients receiving a preoperative CT which was
1.0%, 4.0% and 0.0% respectively. No control group was used.
Redo cardiac surgery
Eleven studies with in total 2,303 patients concerned redo cardiac surgery, often
after primary CABG. Thirteen-hundred-ninety patients received a CT-scan
while the remaining 913 patients served as control group. Included patients
were operated between 1981 and 2011. The study population ranged from 6 –
610 patients. Two studies did not report if the CT-scan was contrast enhanced.
All the remaining studies used contrast-enhanced CT. The most commonly
performed procedure was valve surgery followed by combined CABG and valve
replacement.
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Other (%)

CABG (%)

Other (%)

Aortic surgery (%)

CABG + valve operation (%)

Valve surgery (%)

CABG (%)

Only reoperations

CT with contrastenhancement

Control group (n)

CT group (n)

Total number of patients

Patients operated (year)

Year of publication

Author
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Primary operation
Fukuda et al.[26]
2000
1990-1998
308 308
0
No
No 100
0
0
0
0
NA
Knollman et al.[21]
1998
NR
100
5
95
Yes
No 77* 14* 9*
0
0
77* 14* 9*
0
0
Lee et al.[20]
2007
2002-2005
503
114
389
No
No 58# 24# 16#
0#
3#
62
20
12
0
6
Nishi et al.[44]
2009
2005-2008
300 300
0
No
No
30
60
10
0
0
NA
Park et al.[25]
2010
2006-2008
360 284
76
Yes
No 100
0
0
0
0
100
0
0
0
0
Russo et al. [27]
2007
2004-2005
143
143
0
Yes
No
NR
NA
Takami et al. [28]
2008
1997-2007
40
40
0
NR
No
0
54
41
0
5
NA
Redo operation
Aviram et al.[10]
2009
2003-2006
73
28
45
Yes
Yes
21
32
36
11
0
58
31
9
2
0
Aviram et al.[45]
2005
2003-2004
15
15
0
Yes
Yes
NR
NA
Gasparovic et al.[46]
2005
2003-2004
33
33
0
Yes
Yes
21
48
9
0
21
NA
Goldstein et al. [12]
2013
2004-2008
364
137
227
Yes
Yes 53* 24* 20*
0
3*
53* 24* 20*
0
3*
Imran Hamid et al.[22]
2014
2001-2011
544
162
382
Yes
Yes 15* 48* 14* 4* 19*
15* 48* 14* 4* 19*
Kamdar et al.[29]
2008
2003-2006
167
167
0
Yes
Yes
25
24
49
2
0
NA
LaPar et al. [23]
2011
2002-2009
373
140
233
NR
Yes
14
70
10
0
6
23
56
14
0
7
Luciani et al.[47]
2008
2000-2006
610 610
0 Partly Yes
10
70
0
10
10
NA
Morishita et al.[24]
2003
1981-2000
90
64
26
NR
Yes
0
98
0
2
0
0
100
0
0
0
Nikolaou et al.[30]
2012
2009-2010
28
28
0
Yes
Yes
21
57
18
0
4
NA
Yamashiro et al. [48]
2011
NR
6
6
0
Yes
Yes
0
50
0
50
0
NA
NR not reported; NA not applicable; *Data were not provided separately for the CT-group and the control group. # These numbers represent the ‘post-CT’ group which
also contained 159 patients without a CT

Valve surgery (%)

Control group
CABG + valve operation (%)

CT group

Aortic surgery (%)

Table 3 – Baseline study characteristics.
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Author

2.2
NA
NA
4.4
NR
NA
5.6
NA
8.0
NA
NA

0.0
NR
7.0
3.6
NR
NR
0.0
1.6
5.0
NR
0.0

Postoperative stroke in
CT group (%)
NA
NR
3.0
NA
9.1
NA
NA

Postoperative stroke in
control group (%)

0.7
0.0
0.7#
0.7
0.4
NR
2.5

30-day mortality in CT
group (%)
3.6
NR
NR
10.9
NR
2.5
7.9
3.8
NR
0.0
NR

NR
NR
7.0*#
2.0
1.8
NR
NR

30-day mortality in
control group (%)
8.9
NA
NA
11.0
NR
NA
7.3
NA
NR
NA
NA

NA
NR
13.5*
NA
5.3
NA
NA

In-hospital mortality in
CT group (%)
NR
NR
17.0
NR
11.0
NR
NR
NR
6.0
NR
0.0

1.0
NR
NR
NR
NR
4.0
0.0

In-hospital mortality in
control group (%)
NR
NA
NA
NR
9.0
NA
NR
NA
NR
NA
NA

NA
NR
NR
NA
NR
NA
NA

13.3

10.7

3.5

4.1

7.1

Surgery cancelled (%)
13.3

9.2

3.5

10.5
4.3
2.5

Different cannulation
site (%)
1.6

Off-pump surgery (%)

9.4

No-touch technique (%)
1.4

4.8

14

4.1

Deep hypothermic
circulatory arrest (%)
Not reported

Not reported
Not reported
Not reported

6.7
Not reported
Not reported
Not reported

Not reported
Not reported

Not reported

Myocardial preservation
technique (%)
7.1

8.3

49.7

2.1

2.6

14.2

35.7
20.0

NR not reported; NA not applicable; *Mortality not defined; #These numbers represent the ‘post-CT’ group which also contained 159 patients without a
CT

Primary operation
Fukuda et al.[26]
Knollman et al.[21]
Lee et al.[20]
Nishi et al.[44]
Park et al.[25]
Russo et al. [27]
Takami et al. [28]
Redo operation
Aviram et al.[10]
Aviram et al.[45]
Gasparovic et al.[46]
Goldstein et al. [12]
Imran Hamid et al.[22]
Kamdar et al.[29]
LaPar et al. [23]
Luciani et al.[47]
Morishita et al.[24]
Nikolaou et al.[30]
Yamashiro et al. [48]

Nonmidline incision (%)

Change in surgical approach in patients receiving a preoperative CT
Peripheral arterial and
venous dissection before
incision (%)

Table 4 – Outcomes.

Ascending aorta
replacement (%)
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Other/unkown (%)
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The incidence of stroke ranged from 0.0 – 7.0 (median: 1.6)% for the CT-group.
Four studies [10,12,23,24] used a control group and all studies found a decrease in
stroke rate namely 2.2% to 0.0%[10], 4.4% to 3.6%[12], 5.6% to 0.0% [23] and 8.0%
to 5.0% [24] in patients receiving a CT-scan.
The 30-day mortality decreased in patients receiving a CT-scan with 60% and
1% in the studies of Aviram et al.[10] and Goldstein et al.[12] while LaPar et al.[23]
found a slight increase of 8%. Also Hamid et al.[22] found an increase of the in
hospital mortality from 9.0% to 11.0% in patients receiving a preoperative CT.
Three studies reported the effect of CT-scanning on surgical approach [10,29,30].
The most common change in surgical strategy was a different cannulation site
(3.5–13.3%) and cancellation or postphoning of surgery (4.1–13.3%). Also two
studies reported a change to a non-midline approach [29,30].

We performed a systematic review of the published literature on the effect of
preoperative CT on surgical strategy and postoperative mortality and stroke rate
in patients undergoing primary and redo cardiac surgery. Preoperative CT can
provide previously unrecognized information about aortic calcifications that
has the potential to change surgical strategy, and, possibly, reduce the incidence
of postoperative stroke and mortality.
The indication for a preoperative CT differs between primary and redo cardiac
surgery. The main benefit in primary surgery seems to be visualization of the
extent of aortic atherosclerosis. In redo cardiac surgery the main purpose
is visualization of the (previously altered) anatomic relationships as well
assessment of previous grafts [31]. Redo cardiac surgery is more complicated
and preoperative CT evaluation has therefore become a procedure that is
performed often [32]. We also found that change in surgical approach based
on CT findings is higher in redo surgery patients. However, both in primary
and redo cardiac surgery the most common change is a different cannulation
site due to extensive aortic atherosclerosis. This can be visualized using
different imaging modalities. A chest X-ray often only detects large calcified
areas and underestimates atherosclerosis and is therefore not the best tool
to quantify aorta atherosclerosis [33]. Furthermore, it is hard to determine
the extensiveness and exact localization of the calcifications on a chest X-ray.
With transesophageal ultrasound both calcified and noncalcified areas can
be visualized but the trachea makes evaluation of the middle and distal part
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of the ascending aorta impossible [34,35]. Manual palpation during surgery is
unreliable and misses almost half of the soft plaques [36]. This problem could
potentially be solved by using epiaortic intraoperative ultrasound, which
is superior to both transesophageal ultrasound and manual palpation [34].
Disadvantages of epiaortic ultrasound are the operator dependency, the limited
anatomical coverage and the poor acoustic window [37]. Intraoperative epiaortic
ultrasound can reduce the risk of a postoperative stroke by modification of
cannulation and clamping techniques [8,38]. The major drawback however is
the intraoperative use after sternotomy. This can lead to modifications during
the surgical procedure if intraoperative ultrasound shows unexpected findings.
Furthermore, several studies have shown that intraoperative ultrasound is
inferior to CT and leads to an underestimation of the calcium burden [21,28,39].
Preferably, this information should be available preoperatively, which also can
prevent sternotomy and limit operation time in selected patients. A preoperative
CT-scan offers the possibility to visualize ascending aorta atherosclerosis and
this review shows that a preoperative CT has effect on surgical decision-making
and postoperative complications. However, CT is also associated with radiation
exposure with the small risk of radiation-induced malignancy. Recently several
new technical developments have been introduced allowing non contrastenhanced CT at submillisievert dose levels [40]. Therefore, radiation dose
cannot be considered as a limitation for performing a preoperative CT anymore.
Furthermore the radiation risk is negligible compared to the risk associated
with the surgery. To visualize soft plaques contrast agent is needed but aortic
calcifications are perfectly visualized without contrast. Therefore renal failure
is no contraindication to perform a preoperative CT for this indication. Another
drawback of performing a preoperative CT might be the additional costs of a CTscan. Gada et al.[41] and Goldstein et al. [12] investigated the cost-effectiveness of
a preoperative CT and both found that the performance of a preoperative CT
is justified because it can lead to change in surgical approach and prevention
of postoperative complications. Both studies were however performed in redo
cardiac surgery patients. Furthermore, the costs associated with a stroke are
very high compared to the relatively low costs of a CT-scan. However, future
research should determine the cost-effectiveness of implementing a standard
preoperative CT-scan in patients undergoing their primary cardiac surgery.
This systematic review has several limitations. Most important, none of the
included studies was randomized, which may have biased the results. Only,
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three studies performed a CT-scan only in high risk patients with extensive
atherosclerosis, history of stroke, peripheral vascular disease or renal disease but
still found a decrease in stroke and mortality rate in these patients [20,21,24]. Two
studies used emergency operations, non-availability of the scanner and patients
with renal failure as a control group [10,25]. These two studies found the largest
increase in stroke and mortality, which can possibly be explained because the
control group contained high-risk patients which might overestimate the effect
[42]. Furthermore, due to the large heterogeneity in included patients and study
designs it was not possible to pool the data since the stroke and mortality rate
strongly depended on the type of included patients. Randomized and outcome
based studies are sparse and need to be performed in order to determine if a
standard preoperative CT should be implemented. We are currently conducting
a large randomized multicenter trial to investigate the effect a non-contrast
enhanced preoperative CT on postoperative stroke rate which will provide more
insights in the usefulness and cost-effectiveness of a preoperative CT for cardiac
surgery in the future [43].
In conclusion, current evidence suggests that a preoperative CT may lead to
decreased stroke and mortality rate in primary cardiac surgery by optimizing
surgical approach. Current evidence is too weak for the implementation of a
standard preoperative CT but ongoing and future research will provide more
information. In redo cardiac surgery the stroke rate is decreased as well but the
effect on mortality is unclear.
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Background
Stroke after cardiac surgery is a devastating complication with a persistently
high incidence of 1.4 – 9.7%. Postoperative strokes are mainly embolic and
can be provoked by manipulation and clamping of the aorta during cardiac
surgery which can result in the embolization of atherothrombotic material
and calcifications from the aortic wall. Computed tomography (CT) can offer
preoperative visualization of aortic calcifications at submillisievert dose levels.
We hypothesize that preoperative knowledge regarding the location and extent
of aortic calcifications can be used to optimize surgical strategy and decrease
postoperative stroke rate.
Methods/Design
The CRICKET study (ultra low-dose Chest ct with iteRatIve reconstructions as
an alternative to Conventional chest x-ray prior to hEarT Surgery) is a prospective
multicenter RCT to evaluate if a non contrast-enhanced chest CT before cardiac
surgery can decrease postoperative stroke rate by optimizing surgical strategy.
Patients scheduled to undergo cardiac surgery aged 18 years and older are eligible
for inclusion. Exclusion criteria are pregnancy, a chest/cardiac CT in the past
three months, emergency surgery, concomitant or prior participation in a study
with ionizing radiation and unwillingness to be informed about unrequested
findings. Subjects (N=1.724) are randomized between routine care, including a
chest x-ray, or routine care with an additional low dose chest CT. The primary
objective is to investigate whether the postoperative in-hospital stroke rate is
reduced in the CT arm compared to the routine care arm of the randomized
trial. The secondary outcome measures are altered surgical approach based on
CT findings and cost-effectiveness.
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Postoperative stroke is a major complication in 1.4 – 9.7% of patients undergoing
cardiac surgery [1]. The stroke rate strongly depends on the surgical procedure,
with increasing rates being seen in valve surgery, especially when combined
with coronary artery bypass grafting (CABG). Stroke is associated with high
postoperative mortality and a longer period of hospitalization [2]. A recent
editorial highlights the fact that the incidence of stroke after isolated CABG, the
most commonly performed cardiac surgical procedure, has not decreased over
the past 10 years and occurs in 2.2% of patients [3]. Although various interventions
and modifications of surgical technique have been tried, randomized trials to
demonstrate their benefit are lacking which is partly due to the relatively low
incidence of stroke which makes it more difficult to perform adequately powered
trials. Postoperative strokes are mainly embolic in nature and often provoked by
intraoperative manipulation of the aortic root and ascending aorta, which can
result in the embolization of atherothrombotic material and calcifications from
the aortic wall [1,4]. During surgery the ascending aorta is clamped to initiate
cardiopulmonary bypass. Patients with ascending aorta atherosclerosis have an
almost five-fold higher risk of developing a postoperative stroke [5]. Although
intraoperative manual palpation can be used to detect aortic atherosclerosis
it has only modest reliability [6]. Intraoperative direct epiaortic ultrasound
is a valuable tool, but has a limited anatomical coverage and is operator
dependent [7]. Furthermore, direct intraoperative ultrasound is only possible
after sternotomy has been performed. This is a major drawback as it would be
preferable to have detailed knowledge about aortic anatomy prior to surgery. In
patients with extensive aortic calcifications this may even lead to the choice for
alternative therapies because operative risk may outweigh benefits.
Unenhanced computed tomography (CT) can offer preoperative visualization
of aortic calcifications as a marker of ascending aortic atherosclerosis. CT
provides a 3D dataset with a high spatial resolution and offers the possibility
to preoperatively plan surgical strategy. Recent technical innovations including
iterative reconstruction allow a low radiation dose [8]. Several small, nonrandomized studies indicate that a preoperative CT in cardiac surgery can
possibly reduce postoperative stroke rate by adapting surgical strategy to avoid
manipulation of the atherosclerotic aorta [9].
The CRICKET study (ultra low-dose Chest ct with iteRatIve reconstructions as
an alternative to Conventional chest x-ray prior to hEarT Surgery) was developed
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to investigate whether a management strategy that includes preoperative chest
CT compared to routine preoperative chest x-ray can reduce the stroke rate
after cardiac surgery. Furthermore this study investigates the cost-effectiveness
and cost-utility since a CT is associated with higher costs compared to chest
radiography. Here we describe the rationale and design of this multicenter
randomized controlled clinical trial (RCT).
Methods

Part IV

2.1 Overall study design and participants
The CRICKET study is a prospective, multicenter RCT to investigate if
preoperative chest CT in patients scheduled for cardiac surgery can lower
postoperative stroke rate by optimizing surgical strategy compared to standard
chest x-ray. The study is registered at www.clinicaltrials.gov (NCT02173470).
All sites currently participating in this study are academic medical centers
in Europe. Patient inclusion started in September 2014 and is expected to be
finished in 2018.
Patients scheduled to undergo cardiac surgery aged 18 years and older are
eligible for inclusion. Exclusion criteria are pregnancy, a chest or cardiac
CT in the past three months, emergency surgery, concomitant or previous
participation in a study that exposed the patient to radiation and unwillingness
to be informed about unexpected findings on the CT scan such as lung nodules
and vertebral fractures (Table 1). Patients scheduled for transcathether aortic
valve implantation (TAVI) are not eligible for inclusion, because these patients
routinely receive preoperative contrast enhanced CT.

Table 1 – Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

Scheduled to undergo cardiac surgery

Pregnant women

≥ 18 years old

Chest/cardiac CT in past 3 months
Emergency surgery
Participation in a study that prohibits the patient from
participating in a study that exposes the patient to
radiation
Unwillingness to be informed about unrequested
findings on the CT scan
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2.2 Study objectives
The primary study objective is to investigate if information about aortic
calcifications derived from preoperative unenhanced low dose CT of the chest
can lower in-hospital stroke rate after cardiac surgery by optimizing surgical
strategy. The secondary objectives are (1) to investigate change in surgical
approach, based on information derived from the preoperative chest CT, and
(2) to assess the cost-effectiveness and cost-utility of the chest CT based strategy
compared to routine care from a societal perspective.

2.4 Sample size calculation
Pilot data based on the largest and most comprehensive study reported in
literature suggest that a 4-fold reduction in stroke rate (from 3.0% to 0.7%) is
possible in patients undergoing a CT before cardiac surgery [11]. The local
incidence of a postoperative stroke was 1.9% in 2010 in University Medical
Center Utrecht. Since this is relatively low compared to literature a slightly
higher expected stroke rate of 2.0% was used for sample size calculation. Given
a 0.05 type-1 error and a 0.80 type-2 error, 1.724 patients are necessary to detect a
reduction in stroke rate from 2.0% to 0.5%. Patients that withdraw before the CT
scan is performed, will be replaced by new patients to reach the required number
of included patients. Patients that withdraw after the CT scan is performed will
not be replaced.
2.5 Patient recruitment and randomization
All patients eligible for inclusion are asked by a physician, physician-assistant
or nurse(-practitioner) to participate in the trial when they visit the hospital
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2.3 Ethical considerations
The institutional review board of the University Medical Center Utrecht reviewed
and approved the study protocol (NL47293.041.13). Furthermore, the radiation
safety committee and executive board of each center approved the study. The
risk due to radiation was estimated to be low to intermediate according to the
ICRP guideline Radiological Protection in Biomedical Research [10]. Subjects
will only be included in the study after written informed consent is provided.
Four centers are currently participating in this trial: University Medical Center
Utrecht, Maastricht University Medical Center, Erasmus Medical Center
Rotterdam (all located in The Netherlands) and the Heart and Vascular Center
of Semmelweis University, Budapest, Hungary.
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for preoperative tests. After signing informed consent, patients are randomized
using a web-based randomization procedure. Patients are randomized on a 1:1
basis to either the control or intervention group. The control group receives
routine care including a preoperative chest x-ray. The patients in the intervention
group receive an additional low dose non contrast-enhanced chest CT scan the
day before surgery (Figure 1). Randomization is performed in blocks of eight in
which the number of patients in the control and intervention group are divided
equally. Randomization is stratified per center.

Part IV

Figure 1 – Flowchart of study inclusion

2.6 CT protocol
All CT acquisitions are performed with state-of-the-art multidetector row
CT (MDCT) systems (64-slice or higher). No contrast agent is administered.
Kilovoltage (kV) will be reduced (aim 80 KV) as well as milliAmpere second
(mAs) settings (aim as low as possible) with an effective radiation dose below
1 mSv for all acquisition settings. Images are reconstructed with iterative
reconstruction with a slice thickness of 1 mm. First a locator image is made to
select the acquisition region ranging from neck to liver. After this the acquisition
is performed. Patients are instructed to hold their breath during acquisition. No
ECG gating is necessary, since the focus is on aortic calcifications.
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2.8 Data evaluation
A standardized report is made of the CT scan to describe aortic calcifications
as well as pulmonary and other findings. The location and extent of the
aortic calcifications is reported as well as the presence of pulmonary nodules,
emphysema, infiltrates and other abnormalities. In case of pulmonary nodules,
the location and size or volume is described. A written report is communicated
to the surgeon, who has also access to the images.
A standardized form filled out by the treating surgeon before surgery is used
to assess if adaptations to the initially intended surgical approach are made
based on CT findings. If the surgical approach is not altered, the surgeon has
to describe if this is because of the absence of aortic calcifications or if there is
another reason. In case the surgical approach is altered, the surgeon can choose
between the most common reasons (on-pump changes in off-pump surgery, no
surgery, percutaneous approach) or give a different reason.
Baseline characteristics such as age, type of surgery, co-morbidities, history of
stroke as well as surgery and CT characteristics are derived from the electronic
patient file, the nationwide complication registry of the Dutch Association
for Thoracic Surgery and the Picture Archiving and Communication System
(PACS). A detailed overview is provided in Appendix A. The national registry
from the Dutch Association for Thoracic Surgery started in 2007 and is based
on the complication registry from the Society of Thoracic Surgeons (STS) [12].
For this study stroke is defined as central neurological defects that either recover
spontaneously (transient ischemic attack) or become permanent. Completeness
and accuracy of stroke data of the nationwide registry is excellent [12]. The
participating center in Hungary does not use the same complication registry,
therefore these data will be prospectively acquired using the definitions of the
Dutch complication registry.
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2.7 Adverse events
All unrequested findings on chest CT that require further investigations and/
or medical treatment are documented as an adverse event. We expect this will
mainly concern patients with pulmonary nodules. Patients with pulmonary
nodules will receive follow-up according to local routine based on volumetric
measurements. Since the intervention in this study concerns only an additional
low-dose CT-scan without the use of contrast agents, it is not expected that
serious adverse events occur due to this addition.
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2.9 Data analysis
The number of in hospital postoperative strokes will be compared between
the control and intervention group using a Chi-square test. A p-value of <0.05
will be considered statistically significant. The number of patients in whom
the surgical strategy is altered based on CT findings in the intervention arm is
presented using descriptive statistics. A p value <0.05 is considered statistically
significant.
As CT scanning is more expensive compared to the routine chest X-ray it is
important to know whether these excess expenses result in better patient
outcomes and/or cost savings related to these improved patient outcomes.
Therefore, an economic evaluation will be performed at the end of the study.
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Discussion
The CRICKET study is the first multicenter RCT to assess if cardiac surgical
strategy can be further optimized by subjecting patients to preoperative non
contrast-enhanced chest CT. The primary objective is to investigate if information
about aortic atherosclerosis can lower stroke rate while the secondary objectives
are to investigate alteration of surgical approach based on information derived
from the preoperative chest CT and to assess the cost-effectiveness and costutility of the chest CT based strategy compared to routine care.
Several studies investigated the effect of a preoperative CT on stroke rate. The
largest study was performed by Lee et al.[11] who introduced a non contrastenhanced chest CT in patients at high risk of stroke and compared this to
patients that underwent surgery before the introduction of chest CT. In total
503 patients were included and a decrease in postoperative stroke rate from
3.0% to 0.7% after the introduction of chest CT was found. A study by Park and
collegues [13] retrospectively compared patient receiving a preoperative CT to
patients undergoing cardiac surgery without a preoperative CT. Postoperative
stroke rate decreased from 9.0% to 0.4% in favor of the patients receiving a
preoperative CT. Furthermore, several studies have investigated a preoperative
CT in redo cardiac surgery and all found a decrease in stroke rate [14-17]. A
major limitation of the aforementioned studies is that none of the studies was
randomized. Furthermore, the studies lack power to prove the benefit of a
preoperative CT to reduce the postoperative stroke rate. Since the incidence of a
postoperative stroke is relatively small, a large number of patients is required to
achieve sufficient power.
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The CRICKET study will be the first multicenter RCT to assess whether a
preoperative non contrast-enhanced chest CT can reduce the stroke rate in
cardiac surgery by optimizing surgical strategy.

Conclusion
The results of the CRICKET study will help to clarify whether it is useful to
perform a preoperative chest CT in cardiac surgery to optimize surgical strategy.
The multicenter design affords broad generalization of the study. The findings
of the CRICKET study will be valuable for current guidelines for preoperative
imaging in cardiac surgery.

Acknowledgments

Part IV

This work is funded by the Dutch Organization for Health Research and
Development (grant number 837001403). A list of the CRICKET investigators
and participating centers is provided in the appendix B.

291

Chapter 4.4

Appendix A – Database variables
Baseline variables
Age, gender, length, weight, smoking status, randomization, EuroSCORE
Medical history
Diabetes, hypertension, use of statins, peripheral vascular disease, myocardial
infarction, COPD, extracardiac arteropathy, poor mobility, neurological
dysfunction, TIA, CVA, active endocarditis, creatinine level, chronic kidney
failure, dialysis, pulmonary hypertension, AV gradient >120mmHg, pacemaker
dependency, atrial fibrillation, left ventricular function, NYHA classification,
angina pectoris, urgency of operation, preoperative critical state, reoperation
Medication
Use of anticoagulants, use of inhalation medication
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CT (if applicable)
Kilovoltage, milliampereseconds, iterative reconstruction method and level,
CTDIvol, dose-length product, aortic calcifications (visibility of CT aortic
calcifications on chest x-ray, >half of the circumference, >1cm of the ascending
aorta, ventral calcifications in ascending aorta), coronary calcifications (LM,
LAD, LCX, RCA), pulmonary nodules (number, diameter, volume), aortic valve
calcification, other
Surgery
Date of surgery, type of surgery, on or off pump surgery, altered surgical approach,
location aortic cannulation, duration of heart-lung machine, duration of aortic
clamping
Postoperative
TIA, CVA, pneumonia, prolonged ventilation (>24 hours), pulmonary embolism,
atrial fibrillation, total days in hospital, total days on intensive care unit,
discharge to home or other hospital
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Appendix B – CRICKET investigators
University Medical Center Utrecht
Tim Leiner, Pim de Jong, Annemarie den Harder, Ricardo Budde, Shanta
Kalaykhan-Sewradj, Linda de Heer, Ronald Meijer, Anneke Hamersma, Robert
Valkenburg, Remko Kockelkoren, Ardine de Wit, Mieke Goedvolk, Frederiek de
Heer
Erasmus Medical Center Rotterdam
Ricardo Budde, Gabriel Krestin, Myriam Hunink, Ad Boogers, Jos Bekkers,
Bardia Arabkhani
Maastricht University Medical Center
Marco Das, Joachim Wildberger, Jos Maessen, Debbie Blyau, Bas Kietselaer
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The Heart and Vascular Center of Semmelweis University
Pál Maurovich-Horvat, Béla Merkely, Júlia Karady, Bálint Szilveszter, Kálmán
Benke, Cao Chun, Zoltán Szabolcs, István Hartyánszky
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This thesis studied the application of CT iterative reconstruction in a clinical
setting. The potential dose reduction and effect on imaging-based quantification
methods and diagnostic accuracy were investigated. Since iterative
reconstruction can potentially reduce CT radiation dose to submillisievert dose
levels, the secondary aim of this thesis was to investigate whether conventional
imaging could be replaced by CT for imaging prior to cardiac surgery.
Part I Clinical implementation of iterative reconstruction in cardiac CT
Coronary CT angiography (CCTA) is associated with a relatively high radiation
dose. Therefore, iterative reconstruction is particularly attractive for this
indication. In chapter 1.1 a meta-analysis was performed investigating the
achievable radiation dose reduction for CCTA using iterative reconstruction. Ten
studies comparing FBP at routine dose with iterative reconstruction at reduced
dose were included. The pooled effective radiation dose decreased from 4.2 mSv
with FBP to 2.2 mSv with iterative reconstruction, a 48% decrease. Both objective
and subjective image quality were equal or improved with iterative reconstruction
at low radiation dose in most studies. The following chapters (1.2 – 1.4) focused
on the coronary calcium score, which is derived from a non contrast-enhanced
CT acquisition. In chapter 1.2 fifteen ex vivo hearts were scanned in a phantom at
four different radiation dose levels. Images were reconstructed with FBP, hybrid
iterative reconstruction and model-based iterative reconstruction. There was no
effect on the coronary calcium score when using FBP and low levels of hybrid
iterative reconstruction, while high levels of hybrid iterative reconstruction and
model-based iterative reconstruction resulted in a significant underestimation of
the coronary calcium score. Objective image quality improved with hybrid and
especially with model-based iterative reconstruction. This phantom study was
the basis of a clinical study (chapters 1.3 and 1.4), in which 30 patients underwent
a routine dose acquisition for coronary calcium scoring, followed by three low
dose acquisitions with 40%, 60% and 80% reduced dose. FBP resulted in several
non-interpretable acquisitions at 60% and 80% reduced dose while acquisitions
were interpretable using hybrid and model-based iterative reconstruction.
Model-based iterative reconstruction resulted in an underestimation of the
calcium score, and hereby confirmed the results of the phantom study. Similar
to the phantom study, the calcium mass was not affected by dose reduction or
reconstruction technique. In conclusion, hybrid iterative reconstruction can be
safely implemented in clinical practice for coronary calcium scoring at reduced
dose levels.
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Part II Clinical implementation of iterative reconstruction in thoraco-abdominal CT
Chest CT scans are commonly performed, and the number of CT scans of the
chest is expected to rise substantially with the anticipated implementation
of lung cancer screening with chest CT in the USA. Chapter 2.1 reports the
results of 24 studies investigating the potential of dose reduction with iterative
reconstruction in patients undergoing chest CT. The radiation dose of contrastenhanced chest CT scanning can be reduced to 1.4 mSv, while submillisievert
dose levels are achievable for non contrast-enhanced chest CT when using
iterative reconstruction. A common indication for chest CT is follow-up of
pulmonary nodules to assess potential growth. In chapter 2.2 the effect of
dose reduction and iterative reconstruction on pulmonary nodule volume was
assessed. Dose reduction and hybrid iterative reconstruction did not affect
pulmonary nodule volume, while model-based iterative reconstruction resulted
in lower pulmonary nodule volumes at reduced dose. Therefore, hybrid iterative
reconstruction can be safely implemented for pulmonary nodule volumetry,
while caution should be taken with model-based iterative reconstruction.
To assist radiologists in the identification of pulmonary nodules, computeraided detection (CAD) software can be used which automatically identifies
potential pulmonary nodules. In chapter 2.3 the accuracy of CAD software
was investigated in the same study population as chapter 2.2. CAD correctly
identified the majority of pulmonary nodules (82 – 96%) at routine and reduced
dose levels with FBP, hybrid and model-based iterative reconstruction. However,
high level hybrid iterative reconstruction and model-based reconstruction
resulted in a significant increase in the number of false-positive findings with the
CAD software at reduced dose. In chapter 2.4, thoracic aortic calcifications and
aortic valve calcifications were studied, which are associated with cardiovascular
disease and mortality. Iterative reconstruction resulted in improved subjective
image quality and enabled accurate quantification of thoracic aortic and aortic
valve calcifications. In chapter 2.5 application of iterative reconstruction in CT
assessment of urolithiasis was studied. Twenty patients underwent a routine
dose acquisition followed by 40%, 60% and 80% reduced dose acquisitions.
The sensitivity for detection of stones decreased to 50% at the lowest dose level,
while this remained 100% when using model-based iterative reconstruction.
Also, hybrid iterative reconstruction outperformed FBP. Assessment of possible
extra-urinary tract pathology was feasible at 40% and 60% reduced dose, while
the lowest dose level resulted in non-evaluable images.
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Part III Clinical implementation of iterative reconstruction in pediatric CT
Radiation dose reduction is especially important in children, who are more
sensitive to the effects of ionizing radiation and have a much longer time
to develop harmful radiation effects. In chapter 3.1 the results of literature
regarding the application of iterative reconstruction in pediatrics is summarized
and examples of image quality with FBP and iterative reconstructions are
shown. Since most studies are performed in adults, the maximal achievable
dose reduction in pediatric CT is still unclear. Therefore, in chapter 3.2 the
achievable dose reduction for imaging of pediatric great vessel stents is studied.
Five different great vessel stents, commonly used to treat aortic coarctation,
were imaged at routine dose and two reduced dose levels (52% and 81% dose
reduction) and reconstructed with FBP and hybrid iterative reconstruction.
Subjective image quality remained excellent, while objective image quality
improved with hybrid iterative reconstruction.
Part IV The rationale and need for CT prior to cardiac surgery
Chest radiographs are routinely obtained prior to cardiac surgery in many
hospitals. In chapter 4.1 the frequency of abnormal findings on preoperative
chest radiographs prior to cardiac surgery was investigated in a cohort of 1,136
patients. Half of the patients had one or more abnormalities on the preoperative
chest radiograph, however, surgical strategy was altered in just a single patient
(0.1%) based on those findings, while in 15 patients (1.3%) further analysis was
performed without impacting the planned surgery. A commonly mentioned
abnormality on chest radiographs is suspicion of COPD. In chapter 4.2 the
diagnostic accuracy of a chest radiograph for diagnosing mild COPD was
studied in a nested case-control study. The diagnostic accuracy was limited in
comparison to spirometry, therefore suggesting the presence of mild COPD
on a chest radiograph using specific imaging markers results in substantial
overdiagnosis.
In addition to better visualization of the pulmonary parenchyma, preoperative
chest CT also provides improved visualization of aortic calcifications compared
to conventional chest radiography. Calcifications in the ascending aorta,
an important risk factor for postoperative stroke due to the intraoperative
manipulation of the aorta, can be clearly depicted on chest CT. This knowledge
can be used intra-operatively to adapt surgical strategy, potentially resulting
in a decreased risk of clinically relevant postoperative strokes. Chapter
4.3 summarizes what is currently known on this topic, and shows that the
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postoperative stroke rate can be decreased with 77 – 96% based on the current
literature. However, the quality of the currently published studies is weak with
small sample sizes and non-randomized study designs. Therefore, in chapter
4.4 a sufficiently powered randomized controlled study is proposed. This study
is ongoing, with currently over 400 patients included.
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Chapter 5.2

In this thesis, we have shown in several prospective studies that iterative
reconstruction enables dose reduction to submillisievert levels in a clinical
setting for coronary calcium scoring and pulmonary nodule assessment while
image quality and interpretability are maintained. Furthermore, based on
literature research we found an achievable dose reduction of around 50% for
cardiothoracic CT using iterative reconstruction with preserved image quality.
Although these results are promising, iterative reconstruction can also affect
commonly used imaging-based quantification methods such as the coronary
calcium score and pulmonary nodule volumetry. These unwanted effects
are more prominent when using more advanced fully model-based iterative
reconstruction algorithms.

Part V

Low dose coronary calcium scoring
The coronary calcium score is used for cardiovascular risk assessment.
American Heart Association (AHA) guidelines recommend a non contrastenhanced cardiac CT for coronary calcium scoring in asymptomatic patients at
low to intermediate risk (6-10%, 10-year risk) and intermediate risk (10-20%, 10year risk) [1]. In addition, coronary calcium scoring can potentially be used for
population based cardiovascular screening. A currently ongoing Dutch study,
the ROBINSCA trial (Risk Or Benefit IN Screening for CArdiovascular disease)
[2], investigates the role of coronary calcium score for cardiovascular screening in
people without diagnosed cardiovascular disease but with a possible increased
risk of cardiovascular disease. Study participants are randomized between no
screening, risk assessment based on classical risk factors and risk assessment
using the coronary calcium score. Risk assessment is followed by preventive
treatment. The goal of the study is to investigate if population screening for
cardiovascular disease can reduce cardiovascular morbidity and mortality, and
whether this strategy is cost-effective. Furthermore, the role of the coronary
calcium score for population cardiovascular screening is studied. Complete
follow-up is expected in 2022.
Coronary calcium screening can also be used in patients presenting with acute
chest pain to rule out obstructive coronary disease [3,4]. In these patients,
coronary CT angiography (CCTA) can be used as well which offers the
advantage of also identifying non-calcified atherosclerotic plaques. A recent trial
investigating the use of CCTA in patients suspected of acute coronary syndrome
in the emergency department showed that this can safely reduce the costs and
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frequency of outpatient testing after the initial emergency department visit [5].
Compared to high-sensitivity troponin assays, which can rule out acute coronary
syndrome fast and accurate, CCTA did however not improve the identification
of patients with significant coronary artery disease or shorten the hospital stay.
Furthermore, the radiation dose of CCTA is substantially higher compared to a
non contrast-enhanced cardiac CT for coronary calcium scoring [6].
Quantification of coronary calcium was first described in 1990 by Agatston et al
[7]. Several cohort studies have investigated the prognostic value of the coronary
calcium score, mainly using electron-beam CT systems [8-12]. Currently
coronary calcium scoring is predominantly performed on newer generation
multi-detector row CT systems which are capable of advanced reconstruction
techniques that enable imaging at much lower radiation dose [13]. A consensus
document on how to perform coronary calcium scoring on multi-detector CT
systems was developed, but no recommendation regarding reconstruction
technique was provided [14]. In this thesis, it was shown that iterative
reconstruction can result in an underestimation of the coronary calcium score,
thereby reclassifying patients to lower risk categories [15]. This has also been
described in several other patient studies and is more pronounced when using
fully model-based iterative reconstruction algorithms [16-19]. There are several
solutions to overcome this problem. First, it is possible to use correction factors
in order to achieve agreement with the conventional calcium score derived with
FBP [20]. A disadvantage of this method is that this correction factor is dependent
on the specific algorithm and strength of the noise reduction, resulting in
multiple conversion factors. Furthermore, large datasets are warranted to
determine accurate conversion factors. Another possibility is to use the calcium
mass instead of the coronary calcium score, which has shown to be more stable
and less affected by reconstruction algorithm [15,21]. Calcium mass is also less
affected by different scan starting positions [22] and differences in CT systems
[23,24]. Interscan variation with iterative reconstruction was not studied in this
thesis, however with FBP absolute differences ranging from 7% (highest risk
category, calcium score >400) to 147% (low risk, calcium score >0 – 10) between
acquisitions have been reported, while those differences were smaller for the
calcium mass [22]. However, although it has been shown that the calcium mass
is more reproducible, it is not widely accepted and implemented and most
outcome studies only report the Agatston coronary calcium score. Therefore,
outcome data concerning the calcium mass, necessary for risk stratification, are
lacking. Finally, a completely different approach to reduce image noise in low-
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dose CT scan based on convolution neural networks was recently described by
Wolterink et al. [25]. This technique, which works in the image domain, utilizes
a trained convolutional neural network (CNN) jointly with an adversarial CNN
to estimate routine-dose CT images from low-dose CT images and hence reduce
noise, without the need for iterative reconstruction.
In the current thesis radiation dose reduction for coronary calcium scoring was
investigated by reducing the tube current while keeping the tube voltage fixed
at 120 kVp. A tube voltage of 120 kVp correlates well with results derived from
electron beam CT [26]. Since the tube voltage is exponentially related to the
radiation dose, while this relationship is linear for the tube current, reducing
the tube voltage is an attractive option to reduce radiation dose even further
[27]. Reducing the tube voltage for coronary calcium scoring will result in
increased blooming artifacts from calcium and higher HU-values [28]. This
can be corrected for by using a higher HU-threshold for defining calcium, for
example 147 HU (instead of the conventional 130 HU) when using 100 kV which
was proposed by Nakazato and colleagues [26,29]. However, others argue that
this is incorrect since the Agatston score is a multi-threshold measurement
with a 4-step weighting function, therefore each threshold should be adapted
[30]. Besides the fixed tube voltage, there are other limitations of the coronary
calcium score according to Agatston. Although extensively used, increasing
evidence suggests that this score might be too simplistic as it does not account
for the distribution of coronary calcium. Furthermore, the calcium score is based
on the size and the density of coronary calcifications whereby an increased
density results in a higher coronary calcium score. It therefore assumes that a
higher density of the coronary calcium spots is associated with a higher risk.
Differences in calcification pattern however have been associated with different
clinical outcomes. For instance, calcifications with a higher density appear
to be associated with lower cardiovascular disease risk [31]. Furthermore, a
diffuse distribution of coronary calcium over multiple affected vessels has been
associated with worse outcomes. Thus, information about calcification pattern
has the potential to improve risk prediction [32,33].
While the value of the coronary calcium assessment for cardiovascular risk
assessment is unquestionable, the method as described by Agatston seems to
be outdated. There is need for an improved quantification method which takes
into account differences between reconstruction algorithms, low tube voltage
acquisitions and the density and distribution of coronary calcifications in order
to improve accurate and precise cardiovascular risk assessment [34].
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Based on the favorable results of National Lung Screening Trial [35], lung
cancer screening is advised by the United States Preventive Services Task
Force while the European Society of Radiology and the European Respiratory
Society also recommend lung cancer screening using low-dose CT at certified
multidisciplinary medical centers [36,37]. Considering the high frequency with
which small incidental pulmonary nodules are encountered, low dose accurate
pulmonary nodule assessment and follow-up is very important. We have shown
that reliable pulmonary nodule volumetry is possible at radiation dose levels
of 0.6 mSv using hybrid iterative reconstruction [38], while fully model-based
iterative reconstruction results in an underestimation of around 10% at this dose.
Since several image-acquisition and reconstruction parameters can influence
pulmonary nodule volumetry [39], recent guidelines advise to use similar
techniques for follow-up examinations compared to the initial examination
while at the same time using a low radiation dose [40]. When using modelbased iterative reconstruction at both the initial and follow-up examination,
pulmonary nodule volume underestimation might not be an issue anymore.
Currently solid tumors are often measured using the diameter. Response
evaluation criteria in solid tumors (RECIST) are also based on diameters [41].
For pulmonary nodules it has been shown that volumetry is more reproducible
than diameter measurements [42]. The current guidelines of the British Society
of Radiology therefore advise to use volumetry [43]. They note however that
there are differences between software packages in nodule volumetry which
have to be addressed. The recent guidelines from the Fleischner Society are
cautious regarding nodule volumetry due to the reported differences between
software packages [40], but will provide a more extensive recommendation in a
separate white paper expected in the near future.
Due to the expected rise in the number of chest CT acquisitions, computeraided detection of pulmonary nodules might gain importance. In this thesis
it was shown that computer-aided detection of pulmonary nodules has a
high sensitivity, also at low radiation dose levels in combination with iterative
reconstruction [44]. Computer-aided detection can be especially useful as a
second reader, since it has been shown to detect pulmonary nodules that are
missed by radiologists [45].
It is expected that submillisievert radiation dose levels will become the standard
for lung cancer screening chest CT acquisitions and follow-up of pulmonary
nodules, and iterative reconstruction will be an important tool to achieve this.
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CT iterative reconstruction has rapidly been adopted in the past few years.
While the search term “iterative reconstruction” in combination with “computed
tomography” in PubMed resulted in 71 publications in 2010, last year over
300 articles were published on this topic (Figure 1). Iterative reconstruction
algorithms are increasingly used in routine clinical practice, and on the newest
generation CT systems the option to use FBP is sometimes not available
anymore. Advancements such as iterative reconstruction have contributed to
the decrease in radiation dose associated with CT examinations over the past
years. A study examining CT radiation dose between 2010 and 2015 in almost
80,000 patients reported a radiation dose reduction of 43% over the years in
adult chest, abdomen and pelvis exams [46]. Although these results might not
be applicable to every center, it is representative of the general trend in radiation
dose reduction worldwide which has been seen in the past years.
Dose reduction is most important in children, who are 10 times more sensitive
to the effects of ionizing radiation and have a longer lifetime to develop
harmful effects of radiation exposure [47-49]. Although application of iterative
reconstruction is therefore especially attractive for CT acquisitions in children,
only a limited number of studies focused on children [50]. The Dutch regulations

Figure 1 – Number of studies in PubMed published over time when searching for “iterative
reconstruction” combined with “computed tomography”
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only allow non-therapeutic research in children when this is indispensable
for the development of health care in children [51]. Since research on iterative
reconstruction often requires additional acquisitions for research purpose
without having a direct benefit for the study participant, it is more challenging to
obtain approval of the ethical review board for this type of research in children.
However, despite the advantage of reduced dose, two disadvantages of iterative
reconstruction are commonly mentioned, namely prolonged reconstruction
time and an artificial image appearance. To date, the additional reconstruction
time of hybrid reconstruction is negligible [52], while this is in the order of several
minutes for model-based iterative reconstruction [53]. Therefore, this limitation
is no longer an issue. The second disadvantage is that iterative reconstruction
results in a different image appearance. It takes time for a radiologist to become
accustomed to this different image appearance. More important is the question if
this affects the diagnostic power and if image-derived measurements are altered.
In this thesis we have shown that the diagnostic power for CT assessment of
urolithiasis is preserved with iterative reconstruction, as well as the sensitivity
of pulmonary nodule detection. Although some studies have been performed,
the literature on the diagnostic accuracy with iterative reconstruction remains
scarce [54]. Results can differ between diagnostic tasks, and therefore taskbased diagnostic accuracy evaluated is warranted. A good example of a study
investigating the diagnostic accuracy of iterative reconstruction is the study
performed by Moscariello and colleagues [55]. In this study, a full dose CCTA
reconstructed with FBP was compared to a CCTA at half dose reconstructed
with iterative reconstruction. The diagnostic accuracy of both acquisitions for
stenosis detection was compared with invasive coronary angiography as the
reference standard. The authors concluded that iterative reconstruction did not
result in a loss of diagnostic information compared to FBP.
All major CT vendors developed their own iterative reconstruction algorithms.
Since the exact working mechanism of those algorithms is proprietary
information, results derived with a specific iterative reconstruction algorithm
cannot directly be applied to other algorithms. It is important to be aware that
different iterative reconstruction algorithms might have different effects on
image quality and image-derived measurements. Therefore it is essential that
quantitative measurements are validated for each iterative algorithm specifically
before implementing this in clinical practice. Overall, the benefits of iterative
reconstruction outweigh the disadvantages and one could even argue that it is
unethical not to apply it in clinical practice.
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Replacement of conventional imaging by low dose CT
In the last part of this thesis the potential replacement of conventional chest
radiography prior to cardiothoracic surgery by low dose CT was discussed.
We are currently conducting a clinical trial in which patients are randomized
between an additional low dose CT or conventional imaging only [56]. The aim
of this trial is to assess if this affects the surgical procedure and complications
after surgery. To date, over 400 patients have been included, and the additional
low dose CT resulted in changes in clinical management in several patients. An
example is shown in Figure 2, which shows the conventional chest radiograph in
a 70-year old male on which no aortic calcifications were described.

A

B

C

Figure 2 – Conventional chest radiograph (left) and low dose CT (right) in a 70-year old male

Part V

scheduled for coronary bypass surgery. The chest x-ray was made 9 days before the low dose CT. The
CT showed calcifications in the ascending aorta which were not described on the chest radiograph.
Based on those findings the surgeon decided to use a different cannulation site in an area free of
calcifications. Scan parameters: tube voltage 80 kV, tube current 40 mAs, reconstruction with iDose level
3. Radiation dose: dose length product (DLP) 29.3 mGy*cm, volumetric CT dose index (CTDIvol) 0.76 mGy,
effective dose 0.43 mSv

The additional low dose chest CT for research purposes showed calcifications in
the ascending aorta and based on those findings, a different aortic cannulation
site was chosen. If replacement of conventional imaging by low dose CT can
prevent postoperative complications, a routine preoperative chest CT might
become cost-effective.
In patients suspected of pneumonia, the chest radiograph is often false-negative
[57-59], while a CT is more sensitive [60,61]. Therefore, this might be another
indication for replacement of the conventional chest radiograph by a low dose
CT. A recent audit by the British Thoracic Society in 8,526 patients showed that
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15% of patients coded as having pneumonia did not have pneumonia according to
the international criteria [62]. Most of them (95%) did however receive antibiotic
treatment. This reflects the difficulties with diagnosing pneumonia based on
clinical symptoms and chest radiography. Several studies have investigated the
role of CT for diagnosing pneumonia. At UMC Utrecht a study in patients with
chemotherapy induced febrile neutropenia was performed, and an improved
detection of pulmonary infiltrates with CT compared to chest radiography was
reported [63]. Claessens and colleagues [64] performed an additional chest CT
in 319 patients with a clinically suspected community-acquired pneumonia.
CT findings markedly affected the diagnosis and clinical management such as
the initiation (16%) or discontinuation (9%) of antibiotics. Several other studies
on this topic are currently ongoing (www.clinicaltrials.gov, NCT03140163 &
NCT02264483). Furthermore, UMC Utrecht initiated the CAP-NEXT study
which is scheduled to start enrolling later this year. This study investigates
whether a CT can help to diagnose community-acquired pneumonia in an
earlier stage or to find a different diagnosis in order to reduce unnecessary use
of antibiotics [65].
The associated radiation might not be a limiting factor for the use of CT
anymore, with radiation dose levels approaching the radiation dose associated
with conventional imaging [66-68]. However, since a CT is more than three
times as expensive as conventional imaging, the cost-effectiveness of replacing
conventional imaging with low dose CT for certain indications needs to be
studied. Furthermore, a CT yields hundreds of images which have to be
assessed and therefore requires more time for a radiologist to assess. Currently,
a lot of research is performed in the field of machine-learning algorithms which
is expected to eventually take over part of the workload of radiologists [69,70].
While computer-aided detection software is developed for a specific task, the
goal of machine-learning algorithms is to detect if there is any abnormality in
the image.

CT iterative reconstruction is a powerful tool to substantially reduce patient
radiation dose and is increasingly becoming embedded in routine clinical care.
However, for each clinical indication the type and strength of the algorithm needs
to be chosen with care to obtain accurate results with good image quality. We expect
this will also lead to replacement of conventional imaging for specific indications.
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Computer tomografie (CT) is een 3D methode waarmee heel snel overal in het
lichaam gekeken kan worden zonder de huid te openen. CT speelt daarom
een belangrijke rol in het vaststellen van ziekte (diagnose) en het meten of
een behandeling wel of niet aanslaat. De afgelopen decennia is het aantal CTscans dat per jaar wordt gemaakt enorm toegenomen. In het jaar 1991 waren
dit 400.000 CT-scans in Nederland, terwijl dit in 2014 1,4 miljoen bedroeg [1].
Bij het maken van een CT-scan wordt de patiënt blootgesteld aan mogelijk
schadelijke röntgenstraling [2-4]. Een CT-scan wordt daarom alleen gemaakt
wanneer dit medisch gezien noodzakelijk is [5]. Tevens dient de hoeveelheid
röntgenstraling die wordt toegediend zo laag mogelijk gehouden te worden [6].
Een lagere hoeveelheid röntgenstraling resulteert echter ook in een slechtere
beeldkwaliteit. Daarom dient de balans tussen een zo laag mogelijke hoeveelheid
röntgenstraling maar toch voldoende beeldkwaliteit om de diagnose te kunnen
stellen te worden gezocht.
Diverse technische ontwikkelingen hebben het mogelijk gemaakt om de
stralingsdosis te verlagen [7]. Één van deze technieken is een ingewikkeld
wiskundig algoritme dat iteratieve reconstructie wordt genoemd [8]. Om de
data die geproduceerd worden door een CT-scanner om te zetten in beelden, is
altijd een reconstructietechniek nodig. Een veelgebruikte, relatief eenvoudige,
reconstructietechniek is filtered back projection (FBP). FBP kan echter minder
goed overweg met de ruizige data die wordt verkregen als de stralingsdosis
wordt verlaagd. Iteratieve reconstructie is een meer ingewikkelde methode die
al in de jaren ’70 werd beschreven [9]. Lange tijd was toepassing van iteratieve
reconstructie echter niet mogelijk door een gebrek aan rekenkracht van de CThardware. Door de verbeterde rekenkracht was het mogelijk om in 2009 de
eerste iteratieve reconstructie algoritmes op de markt te brengen [8]. Alle grote
CT-fabrikanten hebben inmiddels één of meerdere iteratieve reconstructie
algoritmes op de markt gebracht. Deze algoritmes kunnen worden onderverdeeld
in hybride en model-gestuurde algoritmes. Hybride iteratieve reconstructie is
een mengvorm van FBP en iteratieve reconstructie. Model-gestuurde algoritmes
zijn meer geavanceerd dan hybride algoritmes, waardoor hier potentieel meer
dosisreductie haalbaar mee is [10]. Verschillende fantoomstudies (onderzoek in
namaakorganen of lichaamsdelen) hebben aangetoond dat het mogelijk is om
de stralingsdosis te verlagen zonder dat de beeldkwaliteit wordt aangetast door
iteratieve reconstructie toe te passen [10]. Het doel van dit proefschrift was de
kansen en uitdagingen rondom het invoeren van iteratieve reconstructie in de
patiëntenzorg te onderzoeken.
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Deel I: Invoeren van iteratieve reconstructie bij CT-scans van het hart
Hoofdstuk 1.1 geeft een literatuuroverzicht van de tot nu toe behaalde resultaten
met iteratieve reconstructies bij CT-scans van het hart. De resultaten van 10
studies zijn hierbij samengenomen. Hieruit bleek dat de stralingsdosis met 48%
kan worden verminderd door gebruik te maken van iteratieve reconstructie.
Hoofdstuk 1.2 – 1.4 beschrijft onderzoek naar de kalkscore in de kransslagaders.
Deze score wordt bepaald door het maken van een scan van het hart zonder
contrast en geeft weer hoeveel kalk zich in de kransslagaders bevindt. De kalkscore
kan gebruikt worden om het risico op hart- en vaatziekten te voorspellen. In
hoofdstuk 1.2 wordt een studie beschreven waarbij 15 menselijke harten buiten
het lichaam in een fantoom dat lijkt op de menselijke borstkast worden gescand.
Ieder hart werd vier keer gescand, op een steeds lagere stralingsdosis. Uit deze
studie bleek dat met iteratieve reconstructie de beeldkwaliteit verbetert. Bij het
gebruik van meer geavanceerde model-gestuurde iteratieve reconstructie wordt
de kalkscore echter onderschat. In hoofdstuk 1.3 en 1.4 wordt een groep van 30
patiënten beschreven die naast de scan met een normale dosis ook drie scans
kregen waarbij de stralingsdosis met 40%, 60% en 80% werd verlaagd. Met de
conventionele reconstructietechniek, FBP, was er zoveel ruis dat een aantal
scans niet meer te beoordelen waren op 60% en 80% verlaagde dosis, terwijl dit
wel mogelijk was met iteratieve reconstructie. Ook bij deze studie zorgde modelgestuurde iteratieve reconstructie voor een onderschatting van de kalkscore.
Hybride iteratieve reconstructie kan echter wel veilig worden gebruikt in de
patiëntenzorg met een verlaagde stralingsdosis.
Deel II: Invoeren van iteratieve reconstructie bij CT-scans van de longen en de buik
In hoofdstuk 2.1 wordt een literatuuroverzicht gegeven van de studies naar
iteratieve reconstructie van CT-scans van de longen. Op basis van 24 studies
wordt geconcludeerd dat de stralingsdosis gehalveerd kan worden voor CTscans van de longen waarbij contrast wordt toegediend en met 72% indien er
geen contrast wordt toegediend. Een veelvoorkomende reden voor het maken
van een CT-scan van de longen is de aanwezigheid van longnodules. Een
longnodule is een klein gebiedje (vlekje) van weefsel in de longen. Dit kan
komen door een infectie, maar het kan ook kwaadaardig zijn. Om te beoordelen
of deze longnodules groeien, wordt het volume van de longnodule gemeten.
Hoofdstuk 2.2 beschrijft of het verlagen van de stralingsdosis en het gebruik van
iteratieve reconstructie deze meting beïnvloedt. Hieruit blijkt dat dosisreductie
en hybride iteratieve reconstructie het meten van het volume van longnodules
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niet verstoren. Echter treedt er bij het gebruik van model-gestuurde iteratieve
reconstructie een onderschatting op van het volume.
Specifieke software kan de radioloog helpen om longnodules op te sporen.
Hoofdstuk 2.3 beschrijft het effect van dosisreductie en iteratieve reconstructie
op de nauwkeurigheid van deze software. Hieruit blijkt dat op alle dosislevels
en met alle reconstructietechnieken de longnodules goed kunnen worden
opgespoord met de software. Wel zorgt met name model-gestuurde iteratieve
reconstructie voor een toename van het aantal fout-positieve bevindingen
(de computer vindt dingen geen nodule blijken te zijn) op lage dosis met de
software. Hoofdstuk 2.4 beschrijft de invloed van iteratieve reconstructie
op het meten van de hoeveelheid kalk in de grote lichaamsslagader en op de
hartklep tussen het hart en de grote lichaamsslagader (aortaklep). Met iteratieve
reconstructie wordt de beeldkwaliteit verbeterd en kan het kalk nauwkeurig
worden gemeten. Hoofdstuk 2.5 focust op de stralingsdosis van CT-scans bij
patiënten met nierstenen. Hierbij worden 20 patiënten gescand op normale
dosis en op 40%, 60% en 80% verlaagde stralingsdosis. Op de scan met een 80%
lagere stralingsdosis werden, met de conventionele reconstructietechniek FBP,
de helft van de nierstenen gemist terwijl deze wel zichtbaar waren bij gebruik
van model-gestuurde iteratieve reconstructie. Het beoordelen van eventuele
andere oorzaken van buikpijn was mogelijk met 40% en 60% verlaagde dosis,
maar niet op het laagste dosislevel.
Deel III: Invoeren van iteratieve reconstructie bij CT-scans van kinderen
Hoofdstuk 3.1 laat verschillende voorbeelden zien van FBP en iteratieve
reconstructie. Tevens wordt een overzicht van de literatuur over iteratieve
reconstructie bij CT-scans van kinderen getoond. De meeste studies worden
echter uitgevoerd in volwassenen, waardoor het nog onduidelijk is met
hoeveel de stralingsdosis verlaagd kan worden in kinderen door gebruik te
maken van iteratieve reconstructie. Hoofdstuk 3.2 beschrijft de resultaten van
een fantoomstudie die gedaan is met verschillende stents die vaak gebruikt
worden bij de behandeling van kinderen met een vernauwde lichaamsslagader
(coarctatio aorta). Deze stent is een metalen buisje wat in de lichaamsslagader
wordt geplaatst om deze te verwijden en open te houden. Hieruit blijkt dat de
stralingsdosis voor deze indicatie verlaagd kan worden met 81% zonder dat de
beeldkwaliteit wordt aangetast.
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Deel IV: CT voorafgaand aan een hartoperatie
Deel 1 – 3 van dit proefschrift hebben we laten zien dat de stralingsdosis
aanzienlijk verlaagd kan worden door gebruik te maken van iteratieve
reconstructie. Als de stralingsdosis geen belemmering meer vormt, kunnen 2D
röntgenfoto’s, zoals een longfoto, voor sommige indicaties mogelijk vervangen
worden door een 3D CT-scan met een lage stralingsdosis. Daarom wordt in deel
4 onderzocht of de longfoto die standaard wordt gemaakt voor een hartoperatie
vervangen kan worden door een lage dosis CT-scan. Hoofdstuk 4.1 beschrijft
hoe vaak er afwijkingen worden gezien op de longfoto voorafgaand aan een
hartoperatie. Hiervoor werd onderzoek gedaan in 1.136 patiënten, waarbij bij de
helft één of meerdere afwijkingen op de longfoto werden beschreven. Echter,
deze afwijkingen hadden zelden gevolgen voor het beleid. Slechts in 1 patiënt
(0.1%) werd de operatie aangepast. In 15 patiënten (1.3%) vond verder onderzoek
plaats zonder dat het invloed had op de geplande hartoperatie. Eén van de
afwijkingen die regelmatig werd beschreven op de longfoto is de verdenking
op COPD, een chronisch obstructieve longziekte. Hoofdstuk 4.2 beschrijft in
hoeverre het mogelijk is om milde COPD te herkennen op een longfoto. Dit
blijkt zeer moeilijk te zijn waarbij veel patiënten ten onrechte de diagnose
COPD krijgen.
Een CT-scan voorafgaand aan hartchirurgie kan verschillende voordelen
bieden ten opzichte van een longfoto. Op een CT-scan kan kalk in de grote
lichaamsslagader duidelijk worden afgebeeld terwijl dit op een longfoto soms
moeilijk te zien is. Kalk in de grote lichaamsslagader zorgt voor een hoger
risico tijdens de operatie. Tijdens de hartoperatie wordt vaak gebruik gemaakt
van een hart-long machine om de pompfunctie van het hart tijdelijk over te
nemen. Om deze aan te sluiten wordt er een klem op de grote lichaamsslagader
gezet. Indien er zich kalk in de grote lichaamsslagader bevindt, kan dit ervoor
zorgen dat kleine stukjes kalk loslaten van de wand. Deze kalkstukjes kunnen
met het bloed naar de hersenen schieten waardoor ze een herseninfarct
kunnen veroorzaken. Indien de chirurg voor de operatie weet waar dit kalk
zich bevindt, kan hier rekening mee worden gehouden tijdens de operatie.
In hoofdstuk 4.3 wordt samengevat wat er op dit moment bekend is over dit
onderwerp. Uit de literatuur blijkt dat het aantal herseninfarcten met 77 – 96%
kan worden verminderd door gebruik te maken van een CT-scan in plaats van
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een longfoto voor de hartoperatie. De kwaliteit van de studies is echter matig
waarbij er kleine patiëntengroepen zijn bestudeerd zonder gebruik te maken
van randomisatie. Bij randomisatie krijgen patiënten op basis van loting wel of
geen CT-scan. Hierdoor ontstaat een gelijke verdeling tussen beide groepen. In
hoofdstuk 4.4 wordt daarom het design van een gerandomiseerde studie met
voldoende patiënten aantallen beschreven. Deze studie is op dit moment bezig
waarbij er al meer dan 400 patiënten meedoen.
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