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1.1

General Introduction

Chapter 1.1

The number of computed tomography (CT) examinations has increased
rapidly, in the United States from 68 million in 2007 to 85 million in 2011 and
in the Netherlands from 600,000 in 2002 to 1.2 million in 2010.1-4 This increase
has led to concerns regarding the risk of malignancies induced by application
of medical ionizing radiation.5-7 A widely used rule of thumb for added risk
estimation of an exposure of 1 Sv (1000 mSv) is 5% for developing a malignancy.8
Therefore, strategies to reduce patient radiation dose by CT are needed and being
developed.9 Radiation dose reduction is especially relevant for CT examinations
with relatively high radiation doses (e.g. cardiac CT), CT examinations that
are frequently performed (e.g. CT for the follow-up of long nodules) and for
children who are more sensitive to radiation.
One of the dose reduction strategies focuses on optimisation of CT image
reconstruction. Currently, the most widely used CT image reconstruction
algorithm is filtered back projection (FBP), which is fast and robust.10 FBP is an
analytic reconstruction algorithm, which assumes that the acquired projection
data are free of noise.10 However, when radiation dose is lowered or when obese
patients are examined, FBP produces noisy images which are susceptible to
artefacts.11,12 For every 4 cm increase in body diameter the radiation dose has to
be doubled to maintain acceptable image quality.13
Iterative reconstruction (IR) is an alternative image reconstruction method,
that is expected to allow imaging at lower radiation doses with similar noiselevels and image quality compared to routine dose FBP.14-18 As a result, dose
reduction may be achieved without compromising on image quality.19-23 Since IR
is a noise-reducing algorithm, it can potentially be used in two ways. Either the
image quality can be improved at a similar radiation dose or the radiation dose
can be reduced without compromising on image quality.

Outline of the Thesis
The aim of this thesis was to evaluate both potential applications of iterative
reconstruction: improving image quality and reducing radiation dose of cardiac
and pulmonary CT scans. First, in-vitro and ex-vivo preclinical research was
performed to globally assess the potentials of IR for both applications (chapters
2 and 3). Second, image acquisition of cardiopulmonary CT examinations was
optimized in-vivo with IR (chapters 4 and 5). Finally, IR was applied to reduce
the radiation dose in the clinical setting and explore novel indications for CT
(chapters 6 and 7).
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Introduction
The results of a systematic literature search are presented in chapters 1.2 and 1.3.
The objective of this two-part review was to provide an overview of the current
status of IR for CT at the beginning of the thesis project. The first part explains
the technical principles of commercially available IR-algorithms for CT in nonmathematical terms for radiologists and clinicians and gives an overview of the
achieved results with these algorithms. The second part provides an overview
of the initial clinical results of IR in cardiopulmonary and body imaging and
provides recommendations for standardized reporting of future research on IR.
Since the publication of chapters 1.2 and 1.3, many scientific studies on IR were
published. Chapters 1.4 and 1.5 present updated information with more recent
systematic reviews and meta analyses for cardiac CT angiography (chapter 1.4)
and chest CT (chapter 1.5).

Preclinical research
IR can potentially reduce the radiation dose for the follow-up of long nodules.
However, it is important to evaluate whether IR has influence on measured
lung nodule volumes before it can be applied to chest CT image acquisition.
In chapter 2.1 an in-vitro study with an anthropomorphic chest phantom
is described evaluating the effect of IR and dose reduction on volumetric
measurements of lung nodules.
Before evaluating the effects of IR on calcium scores derived from noncontrast cardiac CT examinations, the robustness of current CT protocols
were evaluated in the studies described in chapters 3.1 and 3.2. In chapter 3.1
protocols of the state-of-the-art CT systems from four different vendors were
compared by scanning 15 ex-vivo human hearts. In chapter 3.2 a comparison
was made between small and large sized patient protocols for the same four
CT systems using an anthropomorphic calcium scoring phantom. After these
evaluations, the effects of both radiation dose reduction and IR algorithms on
coronary calcium scores were assessed in a study described in chapter 3.3. All
commercially available hybrid IR algorithms were used for this multi-vendor
study. In chapter 3.4 a similar study is described, however a more advanced
model-based IR algorithm is assessed in this study. Besides the effects of IR
and dose reduction on coronary calcium scoring, the effects of both hybrid and
model-based IR algorithms from four CT vendors were also evaluated on image
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quality in chapter 3.5. Another potential application of IR is artefact reduction.
In chapter 3.6 a model-based IR algorithm is used to reduce prosthetic heart
valve related artefacts at low radiation dose CT.

Optimizing Image Acquisition with Iterative Reconstruction
The effects of IR on lung nodule volumetry were assessed in an in-vitro setting
described in chapter 2.1. Since true in-vivo solid nodules may have a different
appearance than in-vitro nodules, an in-vivo study is presented in chapter
4.1 evaluating the effects of different IR levels on solid nodules in 20 patients.
Besides lung nodule volumetry, it is also essential to evaluate the effects of IR
on the CT assessment of emphysema, air trapping and airway dimensions for
the evaluation of chronic obstructive pulmonary disease. This was evaluated
in chapter 4.2. One of the major disadvantages of IR is the increased demand
for computational power resulting in longer reconstruction times. The delay
in reconstruction time can be especially problematic in the emergency setting,
where it is imperative that CT images are available for analysis rapidly after
image acquisition. The study described in chapter 4.3 aims at assessing the
effects of a hybrid IR algorithm on CT image reconstruction time and speed
in two commonly encountered acquisition protocols in an emergency setting:
pulmonary CT angiography and total body trauma CT.
Since IR is not only used to decrease radiation dose but also to improve
image quality, a study is described in chapter 5.1 assessing the effect of IR
on native aortic and mitral valves. In addition to assessment of the degree of
luminal stenosis, coronary CT angiography provides additional information
concerning the vessel wall, plaque volume, plaque composition and positive
vessel remodelling. In chapter 5.2 a study is presented comparing objective
image quality and morphological characteristics of coronary plaque between
coronary CT angiography reconstructed with standard FBP and hybrid IR.

Reducing Radiation Dose in the Clinical Setting with Iterative
Reconstruction
The optimal combination of radiation dose reduction and IR setting has not
yet been evaluated for coronary artery calcium scoring. Therefore, the aim of
the study presented in chapter 6.1 was to assess the maximally achievable dose
reduction with IR by using a phantom study and subsequently a systematic
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within-patient study design using coronary artery calcium scoring at multiple
radiation dose levels. Furthermore, besides reducing its radiation dose, the
non-contrast cardiac CT can potentially be omitted since calcifications can
be quantified on coronary CT angiography, thus reducing the total radiation
burden. The purpose of the study described in chapter 6.2 was to evaluate if
adequate calcium scores could also be assessed on low radiation dose coronary
CT angiography using standard FBP and to assess whether calcium scoring
performance on low dose coronary CT angiography improved with IR.
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Abstract
Purpose
To explain the technical principles of and differences between commercially
available iterative reconstruction (IR)-algorithms for computed tomography
(CT) in non-mathematical terms for radiologists and clinicians.
Materials and Methods
Technical details of the different proprietary IR-techniques were distilled from
available scientific articles and manufacturer’s whitepapers and were verified
by the manufacturers. Clinical results were obtained from a literature search
spanning January 2006 to January 2012, including only original research-papers
concerning IR for CT.
Results
IR for CT iteratively reduces noise and artefacts in either image space, or in the
raw data, or both. Reported dose reductions ranged from 23% to 76% compared
to locally used default filtered back-projection (FBP)-settings, with similar noise,
artefacts, subjective, and objective image-quality.
Conclusions
IR has the potential to allow for reduction of radiation-dose while preserving
image quality. Disadvantages of IR include blotchy image appearance and
longer computational-time. Future studies need to address differences between
IR-algorithms for clinical low-dose CT.
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Introduction
Since computed tomography (CT) became commercially available, the number
of CT-procedures has increased rapidly.1 In 2007, more than 68 million CTexaminations were performed in the United States alone and an annual
growth-rate of 10% has been observed over the last years.1,2 This increase in the
use of CT has led to concerns regarding the risk of malignancies induced by
application of medical ionizing radiation,3-5 not only by radiologists and other
medical professionals, but also with the general public.6 Therefore, strategies
to reduce patient radiation-dose by CT are needed and being developed.7
Several approaches have been taken to reduce CT radiation-dose, the most
important of which is appropriate use by development of evidence based
recommendations on when the benefits of CT image acquisition outweigh risks
as well as costs.8-10 Other important available options to reduce CT radiationdose include optimisation of CT-parameters (e.g. tube-voltage, tube-current,
pitch and reconstructed section thickness), use of dual-energy CT to decrease
the number of acquisitions,11 and application of patient protection methods (e.g.
automatic tube-current modulation). A newer dose reduction strategy that has
recently become commercially available from all major CT-vendors focuses on
optimisation of CT image reconstruction. Currently, the most widely used CT
image reconstruction-algorithm is filtered back-projection (FBP), which is fast
and robust.12 FBP is an analytic reconstruction-algorithm, which assumes that
the acquired projection data are free of noise.12 In FBP the acquired projection
data is first filtered to enhance or diminish certain image characteristics (e.g.
edge enhancement or smoothing) and subsequently projected back into image
space to reconstruct the imaged volume. Because routine-level radiation-dose
clinical CT image acquisition in non-obese patients is associated with low
noise, FBP is an adequate reconstruction method in most situations. However,
when radiation-dose is lowered or when morbidly obese patients are examined,
FBP produces noisy images which are susceptible to artefacts.13,14 Iterative
reconstruction (IR) is an alternative image reconstruction method, that is
expected to allow imaging at lower radiation-dose with similar noise-levels
and image quality compared to routine-dose FBP.15-19 As a result, dose reduction
may be achieved without compromising on image quality.20-24 The concept of
IR is well-known and an iterative technique called Algebraic Reconstruction
(ART) was introduced prior to FBP for reconstruction of CT data to solve the
fundamental problem of reconstructing an image from its projections.12 However,
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due to limited computational power of CT reconstruction workstations and
the non-convergence problem of ART for realistic noisy data, ART was soon
replaced with FBP. In nuclear medicine various IR techniques for noisy data
have been used successfully for many years.12 Improved computational power of
CT reconstruction workstations has permitted the introduction of IR for CT as
well.25 Consequently, all major CT manufacturers have recently introduced new
IR-algorithms for CT imaging.26 Over the past years, much research has been
performed on IR for CT. However, a systematic overview of the results is not yet
available. Moreover, these studies used a wide variety of outcome measures. The
objectives of this two-part review are to provide an overview of the current status
of IR for CT. The first part explains the technical principles of commercially
available IR-algorithms for CT in non-mathematical terms for radiologists
and clinicians and gives an overview of the achieved results with these
algorithms. The second part provides an overview of the initial clinical results
of IR in cardiopulmonary and body imaging and provides recommendations for
standardized reporting of future research on IR.

Materials and Methods
Technical details of the different proprietary IR-techniques were distilled from
available scientific articles and manufacturer’s whitepapers and were verified
by the manufacturers. Reported results in terms of radiation dose reduction
and image quality with different IR-techniques were obtained from the same
systematic literature search as described in the second part of this study.

Results
Technical Details
Originally IR-algorithms were developed to improve the quality of reconstructed
images, using forward and backward reconstruction steps (full IR). In the
backward reconstruction step, images are reconstructed from projection data,
and in the forward reconstruction step projection data are generated from
images. The objective of full IR is to produce image data that truly corresponds
to measured projection data. This means that the imaging system and the true
object as well as the noise in the projection data should be modelled. The first
backward reconstruction step is a normal FBP of the measured projection data
to reconstruct a CT image model of the object (Figure 1A). Subsequently, the CT
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Figure 1: Overview of commercially available iterative reconstruction techniques. Full iterative

reconstruction consists of forward and backward reconstruction steps (A: ASIR and MBIR).
Less advanced iterative reconstruction algorithms iterate in the image domain alone (B: IRIS), or in
both the image and the raw data domain (C: AIDR 3D, iDose4 and SAFIRE).
IR = Iterative reconstruction; IRIS = Iterative Reconstruction in Image Space, Siemens Medical
Solutions; AIDR 3D = Adaptive Iterative Dose Reduction, Toshiba Medical Systems; ASIR =
Adaptive Statistical Iterative Reconstruction, GE Healthcare; iDose4, Philips Healthcare; SAFIRE
= Sinogram Affirmed Iterative Reconstruction, Siemens Medical Solutions; MBIR = Model Based
Iterative Reconstruction, GE Healthcare
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image is propagated into the raw data domain by a forward reconstruction step,
simulating CT acquisition, and using a-priori knowledge of the characteristics
of the CT system (e.g. machine geometry, efficiency of individual detector
elements, electronic noise). After comparison to the measured projection data,
corrections are made to the object and noise models, and the object model is
propagated back into the image data domain by a backward reconstruction step.
Forward and backward reconstruction steps are repeated a fixed number of
times or until corrections become very small. In an ideal situation, the noise can
simply be removed from the modelled projection data in a final reconstruction
step, resulting in an artefact and noise free image. The strength of IR-algorithms
lies in proper simulation of the CT system, which allows for reduction of image
artefacts resulting from common irregularities like photon starvation, beam
hardening and nonlinearity of individual detector elements.
Commercially available IR-algorithms for CT reconstruction focus
on improving image quality by directly reducing noise and artefacts.
These algorithms are expected to allow radiation-dose reduction without
compromising on image quality. As opposed to full IR (as described above),
IR for CT mostly does not use a reconstruction in each step; instead only two
reconstructions are used: the initial reconstruction and the final reconstruction.
Iterations consist of optimising the data based on the IR noise and artefact
reducing model, and comparing optimised data with the original data. Each
iteration updates the image into a less noisy image, leading to an optimised final
image. This iterative process can be performed in the raw data domain alone,
in the image domain alone (Figure 1B), or in both domains (Figure 1C). More
iterations result in longer reconstruction times, especially if these iterations
take place in raw data space.14There are differences in the approach of different
vendors to IR-algorithms, ranging from less computational demanding IRalgorithms reconstructing in the image data domain to more advanced IRalgorithms reconstructing in the raw data domain. Each vendor has its own
uniquely named IR technique: IRIS (Iterative Reconstruction in Image Space;
Siemens Medical Solutions, Forchheim, Germany) is an IR technique iterating
in the image domain alone (Figure 1B). SAFIRE (Sinogram Affirmed Iterative
Reconstruction; Siemens Medical Solutions), AIDR 3D (Adaptive Iterative Dose
Reduction 3D; Toshiba Medical Systems, Tokyo, Japan), and iDose4 (Philips
Healthcare, Best, The Netherlands) iterate in both the raw data domain and image
domain (Figure 1C), and ASIR (Adaptive Statistical Iterative Reconstruction; GE
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Healthcare, Waukesha, USA) and MBIR (Model Based Iterative Reconstruction;
GE Healthcare) fully iterate with forward and backward reconstruction steps
(Figure 1A). Each of the IR techniques works in a different way and exact
algorithms are proprietary. Below we explain how each technique works, based
on publically available information.
IRIS - Iterative Reconstruction in Image Space
IRIS, which received United States Food and Drug Administration (FDA)
clearance in 2009, iterates in image space only, using three to five iterations.
An initial image is reconstructed from the raw data (similar to FBP); thereafter
iterative optimization takes place in the image domain.14 According to the
manufacturer IRIS maintains spatial resolution, low-contrast resolution
and does not affect image texture while reducing CT-dose up to 60% in high
resolution CT of the chest.27
SAFIRE - Sinogram Affirmed Iterative Reconstruction
SAFIRE received FDA clearance in November 2011. This IR-algorithm iterates in
both the raw data and the image domain with up to five strength-levels of noise
reduction.19 The manufacturer recommends a medium strength-level of three.19
Noise modelling is supported by raw data: in each iteration of the SAFIREalgorithm, noise content is estimated in each voxel by analysing the contribution
of raw data to this voxel, after which noise is removed. The manufacturer states
that up to 60% dose reduction may be achieved with SAFIRE.28
AIDR 3D - Adaptive Iterative Dose Reduction 3D
The AIDR 3D-algorithm received FDA clearance in April 2012, and iterates
in raw data space as well as in image space.16,29 The initial high noise image
undergoes a number of iterations leading to an image with reduced noise. The
AIDR 3D-algorithm is based on a CT model and a statistical noise model. The
AIDR 3D images are created by combining the final iterative images with the
initial image. The vendor states that AIDR 3D is able to achieve dose reductions
of 75% or more, based on the assumption that noise in CT images is inversely
proportional to the square root of the applied dose.29
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iDose4
The fourth version of iDose (iDose4) received FDA clearance in September 2012,
and iterates in the raw data as well as the image domain. The iDose4-algorithm
first identifies and corrects the noisiest raw CT data while preserving edges using
a maximum likelihood denoising algorithm based on Poisson statistics.30 The
corrected raw data are reconstructed, and in the image domain uncorrelated
noise is iteratively decreased. The strength of the iterative reconstruction
technique is adjustable by selecting one of seven levels. Theoretically level one
corresponds to 11% noise reduction whereas level 7 corresponds to 55% noise
reduction (Figure 2).31 The vendor states that iDose4 is able to achieve dose
reductions of up to 80%.31

Figure 2: Typical example of the effects of iterative reconstruction on image noise. CT section at level

of the ascending aorta and origin of left coronary artery reconstructed with FBP (A) and iDose4-level
1 to 7 (B to H, respectively). Regions of interest within the ascending aorta with diameter 15.0 mm,
show similar mean density values (Gem) and decreasing standard deviation of density (SA) with
increasing iDose4-levels.
Note smoother texture of the resulting images with increasing levels of iterative reconstruction.

ASIR - Adaptive Statistical Iterative Reconstruction
ASIR received FDA clearance in April 2011 and is a full IR, with both forward
and backward reconstruction steps. The modelling of the scanner optics is less
advanced compared to MBIR.32,33 Based on these images, noise is iteratively
reduced in the image domain.34,35 The ASIR-algorithm identifies and then
removes noise from an image. To prevent artificial oversmoothing of images
which could be unfamiliar to radiologists,34 ASIR offers the possibility to blend
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IR images with FBP images, ranging from 0% ASIR (equals 100% FBP) to 100%
ASIR (0% FBP).35 The vendor recommends general use of 30-50% ASIR 18 and
states that dose may be reduced with 40%.36
MBIR - Model Based Iterative Reconstruction
The MBIR (commercially know as VEO) technique received FDA clearance
in September 2011. MBIR does a full IR, consisting of forward and backward
reconstructions.14,37 This technique takes into account the X-ray beam at the
focal spot, the shape of the beam as it leaves the anode, the interaction of the
beam as it passes through the patient, and the interaction between the beam and
the X-ray detector on the other side of the patient.14,38 Therefore, MBIR models
both system statistics as well as system optics. With these models, multiple back
and forward reconstructions are performed, which makes the MBIR technique
more time consuming than other IR techniques. According to the manufacturer,
however, MBIR leads to better artefact reduction and spatial resolution than
ASIR and FBP, and dose reductions of up to 75% are feasible for abdominal CT.37
Reported Results
Reported results in terms of image quality and achieved dose reduction
of different iterative reconstruction techniques are described below and
summarised in Table 1.

Table 1: Currently available IR techniques from the major vendors.
Vendor

Philips Healthcare
Siemens Medical Solutions
Toshiba Medical Systems
GE Healthcare

IR technique

iDose4
IRIS
SAFIRE
AIDR 3D
ASIR
MBIR

Theoretical maximal
dose reduction
according to vendor

Reported dose
reduction*

80%
60%
60%
75%
40%
75%

50-76%
20-60%
50%
52%
23-76%
NA

* Dose reduction strongly depends on applied anatomic region, and calculation method (CTDIvol,

DLP, effective dose, tube-current).
IRIS = Iterative Reconstruction in Image Space, Siemens Medical Solutions; AIDR 3D =
Adaptive Iterative Dose Reduction 3D, Toshiba Medical Systems; ASIR = Adaptive Statistical
Iterative Reconstruction, GE Healthcare; iDose4, Philips Healthcare; SAFIRE = Sinogram
Affirmed Iterative Reconstruction, Siemens Medical Solutions; MBIR = Model Based Iterative
Reconstruction, GE Healthcare; NA = Not available
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IRIS
Overall IRIS decreased image noise and artefacts, increased contrast-tonoise ratio (CNR) and signal-to-noise ratio (SNR) without loss of diagnostic
information compared to FBP.17,23,39-49 May and colleagues 44 conducted an
abdominal CT study with 53 patients and found similar overall diagnostic
acceptability, conspicuity of pathologic abdominal soft tissue lesions and edge
sharpness using normal-dose FBP versus 50% reduced-dose IRIS. The volume
CT dose index (CTDIvol) and dose-length product (DLP) of this study were
approximately 14mGy and 764mGy×cm for normal-dose, respectively, and 7mGy
and 382mGy×cm for low-dose, respectively. The normal-dose values are below
the European 50 and Fleischner Society 51 diagnostic reference-levels. They also
recorded reconstruction time, and found reconstruction speeds of 5.4 slices
per second for FBP and 0.9 slices per second for IRIS. Korn and colleagues 17
found average reconstruction times of 25 seconds (FBP) and 68 seconds (IRIS)
for head CT. The maximum reported dose reduction with IRIS is 60% (DLP was
123mGy×cm at normal-dose and 50mGy×cm at low-dose) in CT of the paranasal
sinuses in 80 patients.40
ASIR
ASIR is the most extensively investigated IR technique. Overall, investigators
reported reduced noise, increased CNR and SNR, superior lesion conspicuity, and
improved image quality and diagnostic utility in abdominal, cardiopulmonary
and head CT.18,20,22,24,25,32,35,38,52-72 Some studies showed similar artefacts using lowdose ASIR compared to normal-dose FBP.35,68 Honda and colleagues 55 reported
increased severe streak artefacts using high-dose ASIR in pulmonary CT
multiplanar reconstruction images. Some studies noted a blotchy, pixelated
appearance at tissue interfaces in ASIR images. This appearance did however
not affect diagnostic acceptability.22,67,70 According to the vendor ASIR allows up
to 40%-dose reduction without loss of image quality. Achieved dose reductions
(CTDIvol) using ASIR ranged from 23% in a study conducted by Sagara et al
(ASIR-40% 35) to 76% (ASIR-100% 25). Sagara and colleagues 35 used CTDIvol
and DLP values for abdominal CT examinations of 25mGy and 1193mGy×cm
for normal-dose, respectively, and 17mGy and 860mGy×cm for low-dose
acquisition, respectively. However, even the low-dose values in this study are
above the European diagnostic reference-level,50 indicating that this study
did not concern a true low-dose acquisition. Computational time of coronary
CTA was approximately 40% to 60% longer in ASIR compared to FBP 38 and
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reconstruction speed for abdominal CT decreased from 15 images per second
(FBP) to 10 images per second (ASIR).60
AIDR 3D
A non-anatomical phantom study on AIDR 3D 16 with tube-current time
products ranging from 25 to 550mAs showed no significant difference in spatial
resolution between FBP and AIDR 3D, which was calculated by deriving the
modulation transfer function. Furthermore, image noise (standard deviation
of HU-values) decreased, and CNR and SNR increased using AIDR 3D.
Additionally, fifteen in-vivo lumbar spine CTs were reconstructed using both
FBP and AIDR 3D. AIDR 3D showed a mean objective noise reduction of 31%.
Based on the noise reduction, the authors estimated a potential dose reduction
of 52%. Reconstruction time and speed of one lumbar spine CT was 33 seconds
and 14.1 slices per second using FBP, and 35 seconds and 13.3 slices per second
using AIDR 3D.16
SAFIRE
Winklehner and colleagues 19 and Moscariello and colleagues 21 reported on
SAFIRE, and concluded that this IR-algorithm significantly reduced image
noise, had similar artefacts, and higher CNR compared to FBP without losing
diagnostic information. These investigators also reported a potential dose
reduction of 50% for both coronary CTA (CTDIvol values of 32mGy at normaldose and 16mGy at low-dose) and body CTA (CTDIvol values of 22mGy at normaldose and 11mGy at low-dose). Moscariello et al 21 reported that reconstruction
speed for coronary CTA was approximately 40 sections per second in FBP and
20 sections per second in SAFIRE reconstruction.
iDose4
Studies that reported on iDose4 15,30,73,74 found reduced noise, increased CNR
and subjective image quality with iDose4 compared to FBP at normal-dose CT.
Low-dose CT reconstructed with iDose4 showed similar subjective and objective
image quality compared to normal-dose FBP. One study found reduced streak
artefacts using iDose4 and another study noted similar artefacts around
prosthetic heart valves at 50%-dose reduction (based on CTDIvol) when using
iDose4, compared to normal-dose FBP.15,73 These studies reported no difference in
image texture between iDose4 and FBP. Achieved dose reductions (CTDIvol) with
iDose4 ranged from 50% in a phantom study (iDose4-level 4 73) to 76% (iDose4-
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level 7 15). One study noted that the average reconstruction speed for coronary
CTA was approximately 22 images per second using FBP reconstruction and 16
images per second using iDose4 reconstruction.15
MBIR
Scheffel and colleagues 38 reported on MBIR and found a substantial decrease in
image noise, and increase in CNR, as well as improvements in image quality and
diagnostic utility compared to ASIR and FBP when comparing image quality
of coronary artery plaques obtained with CT angiography of three ex-vivo
human hearts. On the other hand, MBIR reconstruction time is longer since this
technique needs more computational power. Due to these high computational
power demands, reconstructions were performed outside the hospital at the
manufacturer’s workstations (GE Healthcare). Of note, MBIR and ASIR did not
reduce blooming artefacts compared to FBP at constant CT settings. For the
time being, these high computational requirements and long reconstruction
times precludes MBIR to be clinically used in situations that demand immediate
image reconstruction such as trauma or other emergency imaging.

Discussion
FBP is currently the standard of reference in reconstructing CT images. However,
FBP constructs noisy images for low-dose CT,14 which has led to renewed interest
in IR techniques for CT. Application of IR leads to reduced noise and artefacts
compared to similar-dose FBP and improved subjective as well as objective image
quality compared to similar-dose FBP. Conversely, application of IR to low-dose
CT image acquisition and normal-dose FBP leads to similar noise, artefacts,
subjective as well as objective image quality. Thus, IR can be used either to
improve image quality in routine-dose CT, to lower radiation-dose without loss
of image quality, or with a combination of both strategies. Disadvantages of IR
include blotchy image appearance and longer computational time.
It should be noted that some studies report potential dose reductions based
on the assumption that noise in CT images is inversely proportional to the square
root of the applied dose. While this assumption is to some extent valid for the
low image noise regime for FBP, the relation is not valid for the very high noise
(i.e. ultra-low dose) regime for FBP and does not hold at all for IR. A limitation
of the present study is that the exact mechanisms of proprietary IR-algorithms
are not available. The technical principles of the different IR techniques were
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distilled from available scientific articles and manufacturer’s whitepapers and
were verified by the manufacturers. Based on these descriptions, one could state
that most of the presently used commercially available IR-algorithms for CT
could better be described as iterative noise reduction algorithms, since these
algorithms are more focused on directly reducing noise and artefacts. Technical
principles were explained in non-mathematical terms for radiologists and
clinicians. For more in-depth information on IR-algorithms, we recommend a
review written by Beister and colleagues.75 Given the similarity of noise reducing
algorithms of the different IR techniques, the unanimously reported decrease
of noise is an expected finding. However, decreasing noise does not always
lead to better image quality. Some studies used a phantom to analyse objective
measures such as noise, but did not analyse detection and classification of
pathology. One should keep in mind that objective image quality measures can
be evaluated well with a phantom study, but subjective image quality measures
such as diagnostic utility cannot be properly evaluated using a phantom.
Moreover, noise is not independent of the object that is scanned. Noise can be
artificially low with IR in a homogenous phantom since IR can reduce noise
more prominently in homogeneous tissues than in inhomogeneous tissues. Most
studies reported no differences in artefacts (e.g. blooming and motion) using
lower-dose IR compared to normal-dose FBP, or less artefacts using similardose IR and FBP, except for one study conducted by Honda et al,55 who reported
increased severe streak artefacts using ASIR in pulmonary CT multiplanar
reconstruction. However, mild streak artefacts decreased using ASIR in the
same study. A possible explanation why ASIR increases severe streak artefacts
may be because if these artefacts are present on the initial reconstructed ASIR
image, they may be erroneously recognized as anatomic structures due to high
Hounsfield unit values, resulting in more prominent artefacts after IR. Another
expected finding is the overall improvement of low-dose CT images in terms of
both subjective and objective image quality when using IR compared to FBP.
Two disadvantages of IR have been reported. First, a blotchy, pixelated steplike
appearance at tissue interfaces was reported using low-dose ASIR. Lack of noise
possibly contributes to this artefact.70 Despite this change in image appearance
there was no effect on diagnostic acceptability.22,67,70 The reason that this artefact
has exclusively been reported with ASIR and not with other IR-algorithms is not
known. A likely explanation, however, is that ASIR is by far the most investigated
algorithm and this appearance might be present in other algorithms without
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being reported yet. Second, IR requires longer reconstruction times and higher
computational power and this is especially the case for MBIR’s full iterative
reconstruction. Only a few studies compared reconstruction time or speed of
FBP and IR,15-17,21,38,44,60 and only minor reconstruction time delays are reported
with a maximal delay of 43 seconds. These times seem to be compatible with
routine clinical practice.Since no study investigated the differences between
IR-algorithms of different vendors in clinical practice yet, future research on
comparing IR-algorithms from different vendors is needed to exactly determine
the advantages and disadvantages of different IR strategies.The published
articles showed that IR has the potential to lower the radiation dose of CT image
acquisition. More advanced IR algorithms are being developed (such as MBIR),
with improving computational power of CT workstations clinical application of
these more advanced IR algorithms may be allowed in the future. Therefore, it is
highly likely that CT radiation dose is expected to decrease substantially in the
future. Especially since other dose reducing strategies are also being developed.
Future studies should report absolute total dose levels rather than dose
reduction percentages, because the latter vary considerably with varying initial
radiation dose levels. In conclusion, IR is an increasingly applied technique
for reduction of CT radiation-dose. Currently, most IR-algorithms are mainly
based on denoising. Knowledge of the technical principles of IR is essential for
selecting the appropriate imaging parameters. Benefits of IR compared to FBP
include reduction of noise and artefacts, and radiation-dose reduction while
preserving image quality. Disadvantages of iterative reconstruction include
blotchy appearance of images and longer computational time.
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Abstract
Purpose
To present the results of a systematic literature-search aimed at determining to
what extent radiation-dose can be reduced with iterative reconstruction (IR) for
cardiopulmonary and body imaging with computed tomography (CT) in the
clinical setting and what the effects on image-quality are with IR versus filtered
back-projection (FBP) and to provide recommendations for future research on
IR.
Materials and Methods
We searched Medline and Embase from January-2006 to January-2012, and
included original research-papers concerning IR for CT.
Results
Systematic search yielded 380 articles. Forty-nine relevant studies were
included. These studies concerned: chest(n=26), abdomen(n =16), both chest
and abdomen(n =1), head(n=4), spine(n =1), and no specific area(n=1). IR reduced
noise and artefacts, and improved subjective and objective image-quality
compared to FBP at the same dose. Conversely, low-dose IR and normal-dose
FBP showed similar noise, artefacts, subjective, and objective image-quality.
Reported dose-reductions ranged from 23% to 76% compared to locally-used
default FBP-settings. However, IR has not yet been investigated for ultra lowdose acquisitions with clinical diagnosis and accuracy as endpoints.
Conclusions
Benefits of IR include improved subjective and objective image-quality, or
radiation-dose reduction while preserving image-quality. Future studies need to
address the value of IR in ultra low-dose CT with clinically relevant endpoints.
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Introduction
The most commonly used reconstruction algorithm for computed tomography
(CT) data is filtered back-projection (FBP).1 This reconstruction technique is
fast and robust. However, FBP leads to noisy images with low radiation-dose
acquisition protocols or in morbidly obese patients.2,3 Therefore, newer noise
reducing reconstruction-algorithms have become available, such as iterative
reconstruction (IR).4-7 All major CT-vendors have introduced an IR-algorithm.8
The technical principles of these algorithms have been explained in nonmathematical terms for radiologists and clinicians in the first part of this review.
Lowering radiation-dose is especially important for CT applications with
high radiation-doses (e.g. cardiac CT), with frequent follow-up (e.g. pulmonary
nodules), and for paediatric CT imaging. The number of studies reporting on
IR for cardiopulmonary and body CT is increasing rapidly. These studies use
a wide variety of outcome measures. However, to our knowledge, a thorough
evidence-based overview of the literature is lacking concerning the clinically
achieved dose reductions and effects on image quality with these image
acquisition protocols.
Therefore, we present the results of a systematic literature search. The search
aimed to determine to what extent radiation-dose could be reduced clinically
by application of IR for cardiopulmonary and body imaging and what the
effects on image quality are when using IR versus FBP. Furthermore, we provide
recommendations for standardized reporting of future research on IR.

Materials and Methods
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses was
used for conducting the systematic review and preparing the manuscript.9
Search Strategy
We carried out a systematic search within the Medline and Embase databases
for studies reporting on IR used in CT, published between January 2006 and
January 2012. Only publications written in English were included. Search terms
are listed in the appendix. Additional relevant original articles were identified
by screening reference lists of selected articles and (excluded) review articles.
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Inclusion Criteria
All retrieved abstracts were screened for eligibility by one of the authors (MJW).
Only original research papers concerning any commercially available CT IRalgorithm, reporting about human, adult, pediatric, animal, in-vivo or ex-vivo
studies were included. Case reports and reviews were excluded.
Data Extraction
A standardized data sheet was used to analyse extracted data from the full-text
articles which included first author, journal, date of publication, in/ex-vivo study,
participant characteristics (number, sex, age), reconstruction technique, body
area of CT-examination, type of CT-machine, reported dose reduction, number
of observers, and outcome measures.

Results
Study Selection
Medline and Embase searches yielded 380 publications (Figure 1). After removal
of duplicates, screening of titles and abstracts, 332 articles were discarded. Most
articles were excluded because they did not deal with IR in CT (e.g. studies
concerning the iris of the eye). Reference lists of the remaining 48 articles and
review articles were hand searched, resulting in one additional article. Thus, the
final selection comprised 49 publications, including 39 studies providing clinical
data and 10 studies based on ex-vivo experiments.
Study Characteristics
Application areas of the selected 49 studies included chest alone (n=26),
abdomen alone (n=16), both chest and abdomen (n=1), head (n=4), spine (n=1),
and one study concerned no specific area.
Image Quality Assessment
Quantitative Methods
Image quality in most of the studies included in this review was assessed
using physical methods based on metrics. Objective image noise was the most
frequently used outcome measure, reported in 41 studies. Objective image noise
was measured by obtaining the standard deviation (SD) of the mean Hounsfield
units (HU)-value within a homogeneous region of interest (ROI). Most ROIs for
objective noise quantification were drawn within the aorta or other large vessels
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Study Characteristics

Application areas of the selected 49 studies included chest alone (n=26), abdomen alone
(n=16), both chest and abdomen (n=1), head (n=4), spine (n=1), and one study concerned no
specific area.

Image Quality Assessment

Quantitative Methods
Image quality in most of the studies included in this review was assessed using physical
methods based on metrics. Objective image noise was the most frequently used outcome
measure, reported in 41 studies. Objective image noise was measured by obtaining the
standard deviation (SD) of the mean Hounsfield units (HU)-value within a homogeneous
Figure 1: Search flowchart

region of interest (ROI). Most ROIs for objective noise quantification were drawn within the
aorta or other large vessels (n=18), muscles (n=9) or air surrounding the patient/object (n=9)
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Qualitative Methods
Although purely physical quantities are important to assess image quality,10
they do not take into account diagnostic performance.11,12 Therefore, most
studies also assessed images qualitatively. The most frequently used qualitative
methods were subjective image quality (33 studies), subjective image noise (25
studies), subjective diagnostic utility or confidence (17 studies), and the analysis
of artefacts (14 studies). These methods usually comprised three- to five-point
Likert scales. Artefacts were divided in helical or windmill artefacts, streak
artefacts due to metal and leads, beam hardening artefacts due to placement of
the arms next to the torso, truncation artefacts due to large body size or off-center
acquisition, and blooming artefacts. One study measured hyper- and hypodense
artefacts caused by prosthetic heart valves using volume measurements with
HU thresholds.13
Dose Reduction Calculation
Twenty-eight studies reported achieved dose reductions in percentages.
Six studies reported dose reductions based on only volume CT dose index
(CTDIvol),11,14-18 five studies on only effective dose,19-23 another five studies on
CTDIvol, dose-length product (DLP) and effective dose,24-28 four studies on both
CTDIvol and DLP,13,29-31 two studies on only DLP,32,33 two studies used tube current
to estimate radiation-dose reduction,34,35 two studies performed CT on two tubes
and used data of only one tube to achieve 50%-dose reduction,36,37 and one study
simulated 50%-dose reduction by discarding half of the raw data.38 One study
and some vendors’ whitepapers estimated potential dose reductions based on
the assumption that noise in CT images varies proportional to the square root
of the applied dose, if tube voltage is kept constant.39-41 Eleven studies did not
report achieved dose reductions, but provided only CTDIvol, DLP or effective
dose-values. Effective dose is derived by multiplying DLP with a conversion
coefficient for that specific CT examination.42 These conversion factors are
obtained from published tables, but they can differ between countries and they
have been updated several times as new insights are gained in the radiosensitivity
of organs and standard CT protocols are updated. As a result, not all studies
used the same conversion coefficient and thus cannot be readily compared.
For example, three different conversion factors were used for the effective dose
estimation of chest CT examinations : 0.014,43 0.017 21,44-46 and 0.021 47. Note that
effective dose can differ up to 50% just by selecting another conversion factor
(0.021 vs 0.014). The noise-level depends on the amount of x-ray photons that hit
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the detector (quantum noise) as well as the electronic noise inherently present in
the CT system. IR reduces noise without distinguishing between quantum and
system noise. In normal-dose CT quantum noise prevails over the system noise,
whereas in low-dose CT, system noise becomes more prominent. Thus, since
IR reduces all noise at low-dose CT, and reducing dose does not reduce system
noise, the assumed relation of noise and applied dose is only valid to a certain
extent. Moreover, the relationship between noise and dose only applies to linear
reconstruction algorithms such as FBP, but not to nonlinear reconstruction
algorithms such as IR. Therefore, it is inappropriate to calculate dose reductions
based on noise reductions alone. To properly report dose reductions, the clinical
diagnosis and accuracy of reduced dose clinical scans must be validated with
standard dose scans.
Iterative Reconstruction in Cardiopulmonary Imaging
Twenty-seven articles concerned cardiopulmonary studies, including coronary
CT angiography (CCTA, n=13), chest CT (n=11), CT angiography (CTA) of the
thoracic and abdominal aorta (n=2), and one on CT of prosthetic heart valves
(Table 1).
Coronary CT Angiography
For CCTA the achieved dose reduction ranged from 27% in 574 patients (ASIR40%20) to 76% in an ex-vivo study (iDose4-level 715) without impairment of image
quality (based on six studies). Leipsic et al 5 compared low-dose (effective dose
of 1.4mSv and 12.0mSv for prospectively and retrospectively gated acquisitions,
respectively) FBP with low-dose ASIR (20-100%) for CCTA in 62 patients, and
found that image quality improved and the proportion of interpretable coronary
segments slightly increased from 89% using FBP to 91% using ASIR-40% and to
90% using ASIR-60%, whereas higher ASIR-levels decreased the proportion of
interpretable segments. Another study analysed stenosis detection in 65 patients
and found that accuracy and specificity using full-dose FBP (94% and 89%,
respectively) with a mean CTDIvol of 32mGy improved using half-dose SAFIRE
(97% and 95%, respectively) with a mean CTDIvol of 16mGy.38 The authors assume
that these improvements are a consequence of both lower noise and decreased
blooming artefacts from coronary artery calcifications. However, they did not
extensively evaluate the effects of IR on blooming artefacts. Furthermore, Renker
and colleagues 6 noticed improved diagnostic accuracy of stenosis detection in
55 patients with heavily calcified coronary arteries using IRIS, again the authors
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Table 1: Summary of the included cardiopulmonary studies.
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reported that these improvements are probably explained by both reduced
noise and reduced blooming artefacts. Min et al 48 performed a phantom study
and demonstrated that ASIR resulted in a slightly decreased error in measured
mean luminal coronary artery stent diameter at constant radiation-dose. The
other studies also found improved image quality using IR.
Chest CT
Based on eight studies, the achieved dose reduction for chest CT ranged from
27% in a study 45 in 292 patients (ASIR-30%) to 76% (ASIR-100%) in a study 47 in
35 patients. Both studies used DLP-values below the European 49 and Fleischner
Society 50 diagnostic reference-levels. Leipsic and colleagues 45 used a mean
CTDIvol of 15.4mGy for normal-dose and 11.3mGy for low-dose acquisition,
and Yanagawa and colleagues 47 used a mean CTDIvol of 14.6mGy for normaldose and 3.5mGy for low-dose acquisition. Thus, Yanagawa et al achieved the
greatest dose reduction, but image quality was not analysed. They investigated
the sensitivity of computer-aided detection (CAD) of lung nodules in chest CT,
and found comparable sensitivity for normal-dose FBP and low-dose ASIR100%. CAD sensitivity scores were 54% and 52%, respectively. Other studies
reported similar diagnostic acceptability, image noise, and visual sharpness
of thoracic anatomic structures in lower-dose ASIR compared to normal-dose
FBP.21,35 In a study conducted by Prakash et al 21, normal-dose was actually
higher than the European 49 and Fleischner Society 50 diagnostic referencelevels of 650mGy×cm: mean DLP and effective dose-values were approximately
718mGy×cm and 12.2mSv for normal-dose, and 518mGy×cm and 8.8mSv for lowdose, respectively. Sato and colleagues 35 did not report the used radiation-dose.
Image quality improved with increasing degrees of ASIR-levels, but use of highlevel ASIR (60%-100%) was found to potentially decrease lesion conspicuity in
chest CT.51
Thoracic and Abdominal aortic CT Angiography
Dose reduction is especially relevant for aortic imaging because patients are
exposed to relatively high radiation-doses caused by the large scan length, serial
follow-up imaging of patients after aortic surgery and the use of retrospectively
electrocardiography gated protocols in order to study aortic pulsatility and stent
graft motion over the cardiac cycle, which may result in very high radiation
exposures.29 Two studies reported on IR in thoracic and abdominal aortic CTA.
The mean achieved dose reduction was 29% (CTDIvol) in 63 patients 29 with
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ASIR 40%-level compared to normal-dose FBP. Winklehner and colleagues 37
found no quantitative loss of image quality in 25 patients using (SAFIRE 3) on
simulated 50%-dose reduction acquisitions by discarding half of the raw data.
CT of Prosthetic Heart Valves
One study reported similar noise and artefact volumes of prosthetic heart valves
13
in a pulsatile in-vitro model for normal-dose CT examinations reconstructed
with FBP and CT examinations employing 50% less dose (CTDIvol reduction
from 35mGy to 18mGy) with iDose4-level 4.
Iterative Reconstruction in Body Imaging
Sixteen articles concerned abdominal studies including contrast-enhanced or
unenhanced abdominal CT (n=11), CT enterography (n=2), CT colonography
and liver CT and volume-rendered CT portovenography (n=1 each, Table 2).
Contrast-enhanced or Unenhanced Abdominal CT
For abdominal CT the achieved dose reduction ranged from 23% in 53 patients
(ASIR 20-40% 27) to 75% in 22 patients (ASIR 30-70% 52) with similar image quality
compared to routine-dose FBP (based on nine studies). Sagara et al 27 used normaldose and low-dose DLP-values above the diagnostic reference-values. In contrast,
Singh and colleagues 52 achieved the greatest dose reduction with DLP-values
below the diagnostic reference-values. Prakash and colleagues 31 retrospectively
compared abdominal CT-examinations of 66 patients undergoing routine-dose
FBP abdominal CT with 156 patients undergoing 25% dose-reduced (CTDIvolvalues were 16mGy for routine-dose and 12mGy for low-dose) examinations
reconstructed with both ASIR (20-40%) and FBP. However, in this study routinedose DLP-values were again above diagnostic reference-values. They found
significantly reduced objective noise in the ASIR-group. Nine percent of routinedose FBP-examinations were diagnostically unacceptable, compared to only 4%
of low-dose ASIR-examinations. Martinsen et al 53 reported improved diagnostic
performance using ASIR-50% in an anthropomorphic liver phantom, however
image texture changed substantially with higher ASIR-levels. Another study
analysed sensitivity of tumor detection using a custom liver phantom and found
75% for 120kVp CT reconstructed with FBP, improving to 79% for 100kVp CT
reconstructed with IRIS.18
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Table 2: Summary of the included abdominal studies.
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CT Enterography
Two studies reported on the effect of IR on evaluation of Crohn’s disease using
CT enterography. Mean achieved dose reductions were 35% (mean CTDIvolvalues of 12.0mGy for normal-dose and 7.7mGy for low-dose acquisitions) in
a study with 48 patients conducted by Kambadakone et al 16 and 50% (mean
CTDIvol-values of 7.0mGy for normal-dose and 3.5mGy for low-dose acquisitions
) in a study with 92 patients conducted by Lee.28 Note that the normal-dose
acquisitions performed by Lee et al were lower than the low-dose acquisitions
performed by Kambadakone et al. Kambadakone and colleagues reported that
subjective image quality of low-dose CT enterography reconstructed with ASIR30% was comparable to FBP reconstructed at routine-dose, therefore ASIR
allowed confident evaluation of Crohn’s disease findings using low-dose CT. Lee
also reported similar performance on identifying Crohn’s disease inflammation
signs using low-dose CT reconstructed with IRIS (I30) and routine-dose with
FBP.
CT Colonography
One study 32 reported on CT colonography. In a colon phantom examined
with varying mAs-values image noise decreased with increasing ASIR-levels
(0-100%). In eighteen patients that underwent FBP routine-dose (50mAs) and
ASIR-40% low-dose (25mAs) CT colonography, no significant subjective image
quality differences were seen.
Liver CT
In nineteen patients that underwent a routine-dose FBP liver CT (mean
CTDIvol:15.2mGy), followed by a low-dose ASIR-50% liver CT (mean CTDIvol:
9.1mGy, 40% reduction) after 17 months low-dose ASIR images showed similar
but slightly lower subjective image quality and lower objective image noise.25
Volume-rendered CT Portovenography
Matsuda and colleagues 54 compared volume-rendered sets reconstructed with
both FBP and ASIR-100% in19 patients who underwent three-phase enhanced
CT. ASIR improved subjective image quality and CNR of the portal and hepatic
vein significantly.
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Discussion
Since lowering the radiation-dose leads to increased noise in CT images
reconstructed with FBP, noise reducing IR-algorithms have become available.4-7
The technical principles and differences between commercially available IR
algorithms have been explained in the first part of this review. In this article,
the initial results in terms of dose reduction and image quality of IR in
cardiopulmonary and body imaging are systematically reviewed. We identified
49 studies concerning IR in CT. Overall, these studies found similar diagnostic
value of lower-dose IR compared to routine-dose FBP for both cardiopulmonary
and body imaging.
Reported achieved radiation-dose reductions varied widely from 23% to 76%,
with preserved image quality. Most studies used fixed CT parameters, resulting
in fixed dose reductions. These studies however, did not take the maximal
achievable dose reduction into consideration. Therefore, IR performance using
greater (or smaller) dose reductions was not analysed. The wide range of achieved
dose reductions can be partly explained by differences in body mass index
(BMI). For example, Sagara and colleagues 27 found a mean CTDIvol reduction of
23% for patients with BMI-values of 25 or more, and 66% for patients with BMIvalues of less than 20. Since attenuation of ionizing radiation is more prominent
in patients with higher BMI-values, less dose reduction is achievable in these
patients. However, noise can be also problematic in normal and low BMI patients,
since evaluation of abdominal organs may be complicated due to smaller
amounts of intra abdominal fat. Therefore, achievable dose reductions may be
also limited in small patients. The differences of achieved dose reductions may
also partly be explained by the use of different quantities to report dose between
studies. For instance, calculations were based on CTDIvol, DLP, and effective
dose. DLP and effective dose can only be compared for the same anatomical
length of CT data acquisition and for effective dose the same dose conversion
coefficients must be used too. Since CTDIvol is independent of anatomical length
and dose conversion coefficients, we consider it the most appropriate measure
for quantifying dose reduction. Therefore, future research on IR should at least
report CTDIvol. Another uncertainty in these studies that may explain the wide
variation in dose reduction is the fact that the level of dose optimisation of the
standard protocols with which the IR is compared differs substantially. Figure 2
demonstrates that different studies used different routine-dose CTDIvol-values.
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Figure 2: Reported CTDIvol-values of coronary CTA (A), chest CT (B) and abdominal

CT (C) studies. Note different Y-axis scales. CT = Computed tomography; CTA = CT
angiography; CTDIvol = Volume CT dose index.
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This figure also shows that studies with higher routine-doses did not necessarily
result in larger achieved dose reductions. Despite the finding that excessive use
of IR potentially decreased lesion conspicuity, an optimal combination of IRlevel and dose reduction has not yet been established. Thus, comprehensive
analysis using various CT parameters and IR-levels is required. None of the
studies analysed differences between IR-algorithms of different vendors but it is
conceivable that different IR-algorithms can differ in routinely achievable dose
reductions.
This review has limitations. First, ex-vivo studies and studies with small
sample sizes were included, which prohibited quantitative analysis and results
are not all necessarily applicable to humans or clinical practice. On the other
hand, this study is a comprehensive review concerning all currently available
published studies in this field and as such provides a reasonable survey of current
knowledge. Second, since IR is only now becoming more widely available in the
clinical setting more studies are expected to be available in the short term that may
report different dose reductions. Third, authors report a wide variety of outcome
measures not all of which are clinically relevant. Only the most frequently used
outcome measures have been described in this review. Less frequently reported
outcome measures include lesion conspicuity (reported in eleven studies),
image sharpness (reported in nine studies), objective spatial resolution obtained
with the modulation transfer function (reported in five studies), subjective
spatial resolution (reported in five studies), noise power spectrum (reported
in five studies), and low and high contrast resolution (reported in four and
one studies, respectively). This finding emphasizes the need for standardised
reporting of studies investigating the potential of radiation reduction with
IR. We recommend that authors should at least report the following specific
parameters: used CT-system, image acquisition parameters, applied level of
IR and outcome measures should include at least subjective assessment of
image quality, CNR as a measure of objective image quality, and CTDIvol for
reference and reduced dose levels. CTDIvol-values are preferred above dose
reduction percentages, because the latter vary considerably with varying initial
radiation dose levels. Note that noise, SNR and CNR may be used for image
quality assessment, but it is inappropriate to use these measures to calculate
potential dose reduction. Despite the reduction of noise, image quality may
still deteriorate in terms of spatial resolution and artifacts. Therefore, we also
recommend reporting on these parameters. The ultimate important endpoints
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of IR performance for future research are assessment of diagnostic accuracy for
lesion detection and clinical diagnosis. In order to find an optimal combination
of IR-level and dose-level, it is desirable to analyse maximal achievable dose
reductions. Furthermore, reduced-dose CT should be reconstructed with both
IR and FBP in order to analyse the true potential of IR, since radiation dose
might as well be lowered with FBP without a clinically relevant impairment of
image quality.
In conclusion, this two-part review provides an overview of the current
status of iterative reconstruction for CT with a focus on cardiopulmonary and
body CT. The systematic review points to significant benefits of IR with regard
to reduction of noise and artefacts, and improved subjective as well as objective
image quality of CT images. Analysis of published data indicates that IR has
the potential to substantially reduce radiation-dose (up to 76%) while preserving
image quality. However, longer computational time and a blotchy appearance of
images are commonly reported drawbacks of IR. The current literature on IR is
promising but still in its infancy. Future research with standardised reporting of
specific parameters is recommended in order to gain more insight in the actual
clinical benefits IR might have in CT imaging.

Appendices
Search Terms for PubMed
(“iterative reconstruction”[Title/Abstract] OR ASIR[Title/Abstract] OR
(adaptive[Title/Abstract] AND statistical[Title/Abstract] AND iterative[Title/
Abstract] AND reconstruction[Title/Abstract]) OR idose[Title/Abstract] OR
iris[Title/Abstract] OR (iterative[Title/Abstract] AND reconstruction[Title/
Abstract] AND image[Title/Abstract] AND space[Title/Abstract]) OR
AIDR[Title/Abstract] OR (adaptive[Title/Abstract] AND iterative[Title/
Abstract] AND dose[Title/Abstract] AND reduction[Title/Abstract])) AND
(CT[Title/Abstract] OR “Tomography, X-Ray Computed”[Mesh] OR “ConeBeam 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]) AND English[lang] AND “last 5 years”[PDat]
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Search Terms for EMBASE
‘iterative reconstruction’:ab,ti OR asir:ab,ti OR (adaptive:ab,ti AND
statistical:ab,ti AND iterative:ab,ti AND reconstruction:ab,ti) OR idose:ab,ti OR
iris:ab,ti OR (iterative:ab,ti AND reconstruction:ab,ti AND image:ab,ti AND
space:ab,ti) OR aidr:ab,ti OR (adaptive:ab,ti AND iterative:ab,ti AND dose:ab,ti
AND reduction:ab,ti) AND (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 AND [embase]/lim AND [2006-2012]/py
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Abstract
Purpose
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.
Materials and Methods
PubMed and EMBASE were searched and original articles concerning IR for
CCTA in adults were included. Primary outcome was the effective dose using
filtered back projection (FBP) and IR. Secondary outcome was the effect of IR
on image quality.
Results
The search yielded 1,616 unique articles of which 54 studies (6,704 patients) were
included. The pooled effective dose of 28 studies investigating multiple dose
levels was 4.7 mSv with standard dose (using FBP) and reduced with 43% to 2.7
mSv (using IR) at reduced dose levels. The remaining studies investigated one
dose level with a pooled effective dose of 2.6 mSv. The pooled effective dose was
4.8 mSv with retrospectively ECG-gated scans and 2.0 mSv for prospectively
ECG-triggered scans. No correlation was found between publication date and
effective dose. Objective and subjective image quality was equal or improved
with IR in most studies, even at reduced dose.
Conclusions
IR allows for CCTA acquisition with an effective dose below 3 mSv with preserved
image quality, which can be further reduced to 2 mSv with prospective ECGtriggering.

66

Dose Reduction with Iterative Reconstruction for Cardiac CTA

Introduction
The number of computed tomography (CT) examinations has increased rapidly
over the past decades leading to growing radiation exposure levels.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 first introduced in
the 70s. 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.7
In the past years several 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 CCTA with IR. Furthermore the effect of IR on 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 publication date limitation.
English language restriction was applied. Synonyms for ‘IR techniques’ and ‘CT’
were combined. The search syntax is provided in the Appendix. 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.
Only original research articles concerning IR techniques for CCTA in adults
were included. 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)).8 This conversion factor was chosen
because it was the most 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. This was specified as improved, the same 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. In case different IR levels were used, the IR level with the most
favorable outcome was used.
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 be equal to the mean if the number of patients exceeded 25.9 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
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Windows) and the RStudio statistical environment (version 0.98.1025, RStudio,
Inc., 2009-2013) with ‘meta’ package (version 3.7-1).10 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 inter-study
variance (I2≥65%). Results were presented as mean with 95% confidence interval.
The effective dose was pooled for several subgroups. For studies reporting on
two or more different dose levels, both the normal dose and the low dose data
were calculated and pooled. The remaining studies investigating only one dose
level were also pooled. The influence of scan technique on dose was investigated
by pooling studies using prospectively ECG-triggered scans as well as studies
using retrospectively ECG-gated scans. Correlations between effective dose and
publication year were tested by Pearson’s correlation test. A 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 on title and abstract.
Fifteen-hundred-fifty-nine articles were excluded because the articles did not

PubMed (1,152)

EMBASE (1,404)

Removing of duplicates (1,616)

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

Excluded due to insuﬃcient
information about radiation dose (3)

- 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)

Studies included in meta analysis (54)
Figure 1: Flowchart of included studies. The search was performed on the 2nd of May 2014.
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investigate IR for CT (n=1,338), were non-cardiac (n=196), were not in-vivo (n=16),
were pediatric studies (n=4) or only concerned non-contrast enhanced coronary
CT (n=5). Corresponding authors of eleven articles were contacted because
reported information about radiation dose was insufficient.11-21 Three articles
were excluded due to insufficient information about radiation dose levels and
no reply after several reminders.18,19,21 Fifty-four articles remained with a total of
6,704 patients.
Study Characteristics
The baseline characteristics are provided in Table 1. Studies were published
in 2010 (n=3), 2011 (n=4), 2012 (n=11), 2013 (n=26) and 2014 (n=10). Different IR
techniques were used namely Adaptive Statistical Iterative Reconstruction
(ASIR, GE Healthcare, n=13), Sinogram-Affirmed Iterative Reconstruction
(SAFIRE, Siemens Healthcare, n=14), iDose (Philips Healthcare, n=11), Iterative
Reconstruction in Image Space (IRIS, Siemens Healthcare, n=7), Adaptive Iterative
Dose Reduction (Toshiba Medical Systems, AIDR, n=3) and AIDR 3D (Toshiba
Medical Systems, n=5). Two studies compared two IR techniques namely ModelBased Iterative Reconstruction (MBIR-Veo, GE Healthcare), with ASIR in a study
by Fuchs et al 22 and AIDR with AIDR3D in a study by Williams and colleagues.23
The median number of patients per study was 62 (range 14 – 942). In total, data
of 6,704 patients were included in this study. Most studies 20 used different study
populations to compare FBP with IR, however eight studies compared different
dose levels in the same patients.22,24-30 This was achieved by using data from only
one source of a dual source CT scanner,25,26,28,29 making additional scans of the
same patient 22,27,30 or by adding noise to simulate dose reduction.24 Five studies
comparing different dose levels used different scanners to study normal dose
and low dose patient groups.27,31-34 In 67% of patients (n=4,480) prospective ECG
gated scans were used, in 31% (n=2,064) retrospective scans, in 1% (n=54) nonECG gated scans and in 2% (n=106) this was not reported. Mean BMI varied
between studies from 21.4 to 34.9 kg/m2. Five studies (25,27,35-37) concerned
coronary stent evaluation specifically.
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Table 1: Baseline characteristics of the included studies. IR = iterative reconstruction, + = investigated, - = not investigated, CNR = contrast-to-noise ratio, SNR =
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Effective Dose
Inter-study variance was high for effective dose pooling (I2 100%) therefore
random effects models were used. Twenty-eight studies investigated IR with
different dose levels. If different reduced dose levels were used, standard dose
was compared to the lowest reported dose level. In thirteen studies the effective
dose was (re)calculated using the DLP because the effective dose was not
provided or calculated with a different conversion factor. The pooled standard
effective dose was 4.7 (95% CI 4.3 – 5.2) mSv. The pooled effective dose at reduced
dose level was 2.7 mSv (95% CI 2.0 – 3.4) (Figure 2). Standard effective dose varied
highly between studies from 0.9 – 12.1 mSv while differences were smaller with
IR (0.2 – 6.8 mSv). The relationship between normal effective dose and low
effective dose is illustrated in Figure 3.
Twenty-six studies investigated IR at one dose level. In fifty-four percent of
these studies (n=14) the authors considered their protocols to be low dose. The
pooled standard effective dose was 2.6 mSv (95% CI 2.5 – 2.7) (Figure 4).
Eight studies used only retrospective scans. Effective dose was pooled using
the lowest reported effective dose for each study leading to a pooled effective dose
of 4.8 (95%CI 4.0 – 5.7) mSv (Figure 5). Thirty-five studies used only prospective
scans. Effective dose was pooled using the lowest reported effective dose for each
study leading to a pooled effective dose of 2.0 (95%CI 1.9 – 2.1) mSv (Figure 5).
There was no correlation between publication date and normal effective dose
(Pearson -0.229, p=0.10) or reduced effective dose (Pearson -0.183, p=0.35).
Image Quality
Objective image quality was scored using image noise (39 studies), contrastto-noise ratio (CNR, 29 studies) and/or signal-to-noise ratio (SNR, 27 studies).
Twelve studies did not investigate objective image quality (Table 1). Two or more
observers in all but five studies scored subjective image quality, mostly by using a
Likert scale. Five studies used only one observer to assess subjective image quality.
Nineteen studies (35%) compared IR with FBP at normal dose levels. In
all studies objective image quality improved with IR except for one study by
Oda et al 38 reporting no difference between IR and FBP. Twenty-two studies
(41%) compared IR at reduced dose with FBP at normal dose. In seven studies
the objective image quality improved while in fifteen studies the image quality
remained the same. Only the study by Spears et al reported a decrease in image
quality.39 Five studies compared FBP at low dose with IR at low dose and all
studies reported improved objective image quality with IR.27,39-42
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Subjective image quality was equal or improved with IR (19 studies, 36%) when
FBP and IR were compared at normal dose levels. Twenty-six studies (48%)
compared FBP at normal dose with IR at reduced dose and all but three studies
42-44
found comparable or improved subjective image quality with IR. Comparing
FBP at reduced dose with IR at reduced dose the subjective image quality was
improved 40,42 equal 39 or decreased 41 with IR.
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which is not necessarily the same as the total number of included patients.

Figure 4: Forest plot of effective dose (mSv) with pooled estimate of studies investigating one dose level. N=number of patients at lowest reported dose level
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Figure 5: Forest plot of effective dose (mSv) with pooled estimate of studies investigating retrospective

(a) versus prospective ECG-triggering (b). N=number of patients at lowest reported dose level whch is not
necessarily the same as the total number of included patients.
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Discussion
This meta-analysis showed that a dose reduction of approximately 43% is
feasible using IR techniques for CCTA with preserved image quality compared
to conventional FBP techniques. A mean reported dose of 4.8 mSv is feasible for
retrospective protocols, and for prospective CCTA a mean dose of 2.0 mSv can
be achieved.
Our results are in the range of dose reductions reported in a prior systematic
review.45 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 meta-analysis 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 previous review.45
In the present review the effective dose reported in individual studies
was pooled. Furthermore, only effective dose was used with the most used
conversion factor to achieve a uniform quantity to report dose. As can be seen in
the forest plots (Figures 2 and 4), effective doses varied highly between studies.
Also the 95% confidence interval was high in some studies. This has several
reasons. First the mean BMI varied widely between study samples. For example
in the study of Fuchs et al.27 the median BMI was 30 which resulted in a high
standard effective dose while in the study of Zheng et al.46 the median BMI was
below 24 resulting in a low standard effective dose. Moreover, almost one-third
of the included studies used retrospective ECG-gating, which is associated with
a higher radiation dose compared to prospective ECG-triggering.47 To determine
the influence of ECG-triggering studies were pooled for retrospective versus
prospective ECG-triggering and a much higher dose was found for retrospective
scans compared to prospective scans (4.8 versus 2.0 mSv). However eleven studies
were not included in this analysis because both retrospective and prospective
ECG-triggering was used. Moreover studies investigating one dose level were
combined with studies investigating different dose levels.
Most studies did not report whether the dose of the surview scan and
locator and tracker series were included in the effective dose, which might have
influenced results. However, the additional dose of the surview scan might be
small and therefore less likely to have influenced the dose significantly. If the
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study described that a non-enhanced scan was made as well, we contacted the
authors to be sure that the reported effective dose only concerned the contrastenhanced part of the CT study.
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.22. 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.
This study has several limitations. Three relevant articles 18,19,21 (comprising
a total of 72 patients) were excluded due to insufficient information, which may
have led to selection bias. Two of these studies 19,21 investigated a model-based
IR algorithm (IMR, Philips Healthcare). However, one study did not report the
dose while the other study did not investigate dose reduction and reported an
effective dose of 8.5 mSv without the used conversion factor.
Furthermore, 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. Image quality assessment was only described as
improved, equal or decreased. As studies use different measurements to quantify
image quality, it was impossible to further evaluate image quality.
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 is
not focusing on diagnostic acceptability. This should be determined by future
research.
Most studies investigated IR at one dose level whereby most studies
mentioned that this was a ‘low dose’. However, the exact definition of low dose
is not clear and strongly depends on the level of dose used in the standard
protocols, which varied widely. The usefulness of a percentage of dose reduction
is also limited for the same reasons. However, since data were pooled in this
meta-analysis, the influence of this factor was reduced. Ideally different dose
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levels should be compared within patients. However, performing multiple
scans in one patient can lead to ethical concerns since radiation exposure is
increased in these patients. Also difficulties with contrast enhancement can
occur. This explains why only three studies performed additional scans for
research purposes in the same patients.22,27,30 Other studies tried to simulate a
within patient comparison by using data from one detector of a dual source CT
system. Five studies used new generation CT systems for IR and first generation
CT systems for FBP, which may have biased results since these CT systems are
associated with higher spatial resolutions.34
This meta-analysis provides the possible dose reduction with IR as reported
in 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 to 2.6 mSv and even further till 2.0 mSv when using
prospective ECG-triggering. Besides IR, other dose reduction techniques have
been developed in the past years like automatic tube current modulation,
prospective ECG-triggering and photon counting. It is likely that radiation dose
can be reduced even further by combining these techniques. Future research
investigating dose reduction with IR should focus on radiation doses of 2.6 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. Also, diagnostic accuracy at reduced dose should be
investigated, preferably by making a normal dose and a low dose scan of the
same patient.
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.
Effective dose can be reduced even further till 2 mSv using prospective ECGtriggering. Future research should determine if radiation dose can be reduced
even further with model-based IR techniques.
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Appendix
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
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Abstract
Purpose
Iterative reconstruction (IR) allows for dose reduction with maintained image
quality in CT imaging. In this meta-analysis the reported effective dose
reductions for chest CT and the effects on image quality are investigated.
Materials and Methods
A systematic search in PubMed and EMBASE was performed. Primary outcome
was the reported effective dose and secondary outcome was the image quality
with IR. Reported local reference dose levels were pooled for both non contrastenhanced and enhanced studies. Furthermore, a subanalysis of studies
investigating lung cancer screening was performed. Pooled estimates were
calculated using a random-effects model.
Results
36 studies were included with a total of 2.776 patients. The mean pooled local
reference effective dose for contrast-enhanced studies for filtered back projection
(FBP) was 5.7(95%CI 3.9–7.5)mSv versus 2.5(95%CI 1.9–3.1)mSv using IR. Effective
dose of non contrast-enhanced chest CT was reduced from 4.0(95%CI 2.9–5.0)
mSv using FBP to 0.8(95%CI 0.7–0.8)mSv using IR. Image quality remained the
same or improved with IR compared to FBP in most studies.
Conclusions
Radiation dose can be reduced to less than 3 mSv for contrast-enhanced chest
CT and non contrast-enhanced chest CT is possible at a submillisievert dose
using IR algorithms with retained image quality.
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Introduction
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

Table 1: Overview of different available iterative reconstruction techniques.
Abbreviation
ASIR
MBIR-Veo
iDose

Vendor

Full name

Type

GE

Adaptive Statistical Iterative Reconstruction

Hybrid

GE

Model-Based Iterative Reconstruction

Model-based

Philips

iDose

Hybrid

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

IMR
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dose can be reduced routinely by using IR for chest CT. Therefore the reported
achievable dose reductions of studies using IR in chest CT were evaluated in
this meta-analysis. Furthermore the reported effects of dose reduction and IR
on image quality were assessed.

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 al articles (AH and MW). In case of discrepancy consensus
was reached between authors. Original research articles concerning chest CT
with IR in adults were included. All indications for chest CT were included. Exvivo, 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 (0.014mSv/(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
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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.
In order to pool data, the mean and standard deviation (SD) of the effective dose
were extracted or calculated. The median reported effective dose was considered
to be equal to the mean if there were more than twenty-five studies or more.11 In
case there were less than twenty-five studies, the following equation was used:

.11
The inter quartile range (IQR) in effective dose was converted to the SD using
IQR=1.35*SD. In studies in which both the SD and IQR were not provided, the
range was used to calculate the SD using

for n=15-70 and
for n≥70.11

Statistical Analysis
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) were used for statistical analyses. Effective dose was pooled and
presented as pooled mean with 95% confidence interval (CI). Heterogeneity
was assessed by the I2 statistic and random effect models were used in case of
larger inter-study variance (I2≥65%) to calculate a pooled estimate. Correlations
between effective dose and publication year were tested by Pearson’s correlation
test. A p-value below 0.05 was considered statistically significant.

Results
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 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
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pediatric studies (n=2) or studied combined chest CT with abdominal CT
(n=21). A flowchart is provided in Figure 1. Corresponding authors of thirteen
articles were contacted because reported information about radiation dose was
insufficient.12-24 Two authors responded that it was not possible to retrieve the
DLP 17,19 while four authors provided the requested dose information.14,15,18, 22
In total nine articles were excluded due to insufficient information about
radiation dose.12,13,16,17,19-21,23,24 Thirty-six studies were included in the meta-analysis.

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 58 years, median BMI of 24 kg/m2 and 46% was female. The
median number of patients per study was 63 (range 20–304) with in total 2.766
patients. Studies were published in 2010 (n=2), 2011, (n=3), 2012 (n=9), 2013 (n=17)
and 2014 (n=5). Different IR techniques were used: ASIR (n=14), SAFIRE (n=8),
iDose4 (n=7), IRIS (n=6), MBIR (n=6), AIDR (n=1) and AIDR 3D (n=1). Seven
studies used two different IR techniques namely AIDR and AIDR 3D,25 ASIR
and MBIR 6,26-29 and IRIS and SAFIRE.14

Table 2: Baseline characteristics. * non contrast-enhanced / contrast-enhanced. Abbreviations: Y=yes,

N=no, B=both, P=partly, also other indications investigated, +=investigated, -=not investigated
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Twenty-four studies investigated both local reference dose and reduced dose
chest CT. Seven studies evaluated only local reference dose while five studies
only assessed the effect of IR on reduced dose imaging. Of the twenty-four
studies investigating different dose levels, fifteen 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),30,31 using a previously made scan
(n=2),22,32 comparing the scan non contrast enhanced scan with the contrast
enhanced scan (n=1) 33 or by making one (n=7) 6,25,26,29,34-36 two (n=2) 27,28 or four
(n=1) 37 additional scans for research purposes. Body mass index (BMI) varied
from 21.1 to 42.7kg/m2 in a study investigating obese patients.38 Five studies only
included lung nodule follow-up scans and lung cancer screening scans.35,36,39-41
The remaining studies included clinically indicated chest CT scans. Clinical
indications consisted of surveillance of patients with known malignancies,
pulmonary CT angiography for suspected pulmonary embolism and suspected
pulmonary infections but was not always specified.
Thirteen studies reported dose of contrast-enhanced CT, 20 studies of
non contrast-enhanced CT and three studies 22,30,33 investigated both contrastenhanced and non contrast-enhanced CT.
Contrast-Enhanced Chest CT
Inter-study variance was high for effective dose of contrast-enhanced CT
pooling (I2=99.7%). Therefore random effect models were used. The pooled
local reference dose was 5.69 (95%CI 3.93–7.46) mSv and decreased with 56% to
2.50 (95%CI 1.88–3.12) mSv at reduced dose (Figure 2). The relatively high local
reference dose was partly caused by the study of Li et al.42 who reported a local
reference dose of 21.78 mSv. Patients included in this study had an average BMI
(mean 22 ± 1.38 kg/m2), however a relatively high tube current and voltage were
used of 200 mAs and 120 kVp, respectively. Without this study the pooled local
reference dose was 4.45 (95%CI 2.71–6.20) mSv.
Non Contrast-enhanced Chest CT
As was the case for contrast-enhanced CT there was high interstudy variance of
effective dose of non contrast-enhanced CT after pooling (I2=99.9%). Therefore
random effects models were also used. The pooled local reference effective dose
was 3.95 (95%CI 2.94–4.97) mSv and decreased with 81% to 0.77 (95%CI 0.70–0.83)
mSv with IR (Figure 3). This effect was partly due to nine studies that investigated
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A

B

Figure 2: Pooled effective dose of studies investigating contrast-enhanced chest CT (above: local

reference dose, below: reduced dose). Some studies only investigated one dose level.

lung nodule evaluation and lung cancer screening, which is done at a relatively
low dose compared to other indications. The pooled effective reduced dose of
these studies was 0.76 (95%CI 0.68–0.84) mSv.
There was no correlation between publication date and lowest reported
dose (p=0.330, Pearson correlation 0.167). The relationship between normal and
reduced dose is shown in Figure 4.
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A

B

Figure 3: Pooled effective dose of studies investigating non contrast-enhanced chest CT (above: local

reference dose, below: reduced dose). Some studies only investigated one dose level.
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Figure 4: The relationship between local reference effective dose and reduced effective dose. One

outlier (Li et al.[42], local reference effective dose 21.8mSv) is left out of the figure in order to make the figure
more clear.

Image Quality
Twenty-nine studies investigated subjective image quality. Nine studies
investigated image artifacts, mostly using 4-point Likert scales. Objective image
quality was scored based on noise (21 studies), contrast-to-noise ratio (6 studies)
and/or signal-to-noise ratio (12 studies).
At local reference dose levels IR achieved improved (11 studies, 85%) or the
same (2 studies, 15%) objective image quality as FBP. IR at reduced dose compared
to FBP at local reference dose led to worse image quality in two studies (10%),
whereas image quality remained the same (7 studies, 35%) or improved in most
studies (11 studies, 55%). At reduced dose level, objective image quality improved
in all sixteen studies with IR compared to FBP.20,27,37
Subjective image quality at local reference dose improved (9 studies, 69%) or
remained the same (4 studies, 31%) with IR. IR at reduced dose compared to FBP
at local reference dose resulted in improved (1 study, 5%), the same (15 studies,
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79%) or worse (3 studies, 16%) image quality. At reduced dose, IR resulted in the
same (2 studies, 13%) or improved image quality (13 studies, 87%). IR resulted
in more artifacts compared to FBP in four studies while five studies found no
difference or a decrease in artifacts. Detailed results are shown in Table 3.
Table 3: Subjective and objective image quality of IR compared to FBP. Improved means that IR

achieved better image quality compared to FBP. n=number of studies, FBP=filtered back projection,
IR=iterative reconstruction.
Local reference dose (FBP)
Subjective
image quality
Local
reference
dose (IR)

Low dose
(IR)

Subjective
image quality

Improved n=9
Equal n=4
Worse n=0

Objective
image quality
Subjective
image quality
Objective
image quality

Improved n=1
Equal n=15
Worse n=3

Objective
image quality

Improved n=11
Equal n=2
Worse n=0

Improved n=11
Equal n=7
Worse n=2

Low dose (FBP)
Subjective
image quality

Improved n=13
Equal n=2
Worse n=0

Objective
image quality

Improved n=16
Equal n=0
Worse n=0

Discussion
This meta-analysis found that iterative reconstruction allows for chest CT
with substantially decreased radiation dose. Mean effective dose using IR
decreased with 56% to 2.5 mSv for contrast-enhanced chest CT and with 81%
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.43,44 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 meta-analysis. Furthermore,
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some algorithms can also improve low-contrast detectability and reduce streak
artifacts.45 One of the concerns of IR is the increased demand on computational
power, which may lead to prolonged reconstruction times.46 However, this does
not result in a clinically important delay in image reconstruction for one of the
hybrid IR algorithms.19 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.46 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 meta-analysis.
In this meta-analysis 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. Furthermore, effective dose was pooled to create a reliable
estimate of the achievable dose reduction with IR. 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 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. Studies investigating different dose levels
in the same patient reported lower effective dose levels than the other studies
namely 0.1 – 1.8 mSv for non contrast-enhanced CT (8 studies) and 0.4 – 0.9
mSv for contrast-enhanced CT (2 studies). Vardhanabhuti et al. 27 made the first
scan in caudocranial direction and saved time by performing the next scan in
craniocaudal direction to avoid contrast enhancement problems. Singh et al. 37
used a shorter scan length for the additional scans to save time, which explains
the low radiation dose (0.4 mSv).
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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. Also, the impact of IR on
diagnostic accuracy of remains largely unknown. A further limitation of this
meta-analysis is the large heterogeneity between studies. Therefore, random
effects models were used to pool data and subgroup analysis was performed.
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 2.5 mSv is possible for
contrast-enhanced CT while the dose of non contrast-enhanced chest CT can be
reduced below 1 mSv.
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Appendix
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
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Abstract
Purpose
Iterative reconstruction (IR) potentially can reduce radiation dose compared
to filtered back projection (FBP) for chest-CT. This is especially important for
repeated CT-scanning as is the case in patients with indeterminate lung nodules.
It is currently unknown whether absolute nodule volumes as measured with IR
are comparable to FBP. We compared nodule volumes measured with IR and
FBP at different CT parameters.
Materials and Methods
An anthropomorphic chest phantom was scanned using a 256-slice CT-scanner
at various tube-voltages (kVp) and tube current-time products (mAs). Raw
data were reconstructed using FBP or IR (Philips Healthcare, iDose-levels 2,
4 or 6). Five inserted nodules with 100HU radiodensity and different sizes (3,
5, 8, 10 and 12-mm) were measured by two observers using semi-automatic
software. Volumetric nodule measurements were performed using thin-slice
reconstructions.
Results
For very small nodules (volume 14.1-mm3, diameter 3-mm) FBP and IR
measurements exhibited large errors and overestimated nodule size up to 160%.
For larger nodules (volume≥65.4-mm3, diameter≥5-mm) CT underestimated
actual size, but errors were small (within 25%) and remained small when kVp
and mAs were reduced, even without IR.
Conclusions
In a phantom model, no clinically relevant differences beyond reported interscan
variation levels between lung nodule volumes were measured in nodules≥5-mm
at reduced kVp and mAs with radiation dose reductions up to 90% for both FBP
and IR, suggesting that it is safe to convert FBP protocols to IR and reduce kVp
and mAs for lung nodule follow-up. CT appears to slightly underestimate actual
nodule volume.
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Introduction
Lung nodules are a common incidental finding in chest computed tomography
(CT),1 but differentiation between benign and malignant nodules can be
difficult. Although the majority of small solitary lung nodules has a benign
etiology,2 typically benign characteristics such as smooth edges, presence of fat,
calcification, small size and peri-fissural location are not always present on CT
imaging.1,3-5 Because nodule size and growth are strong predictors for malignancy,
accurate assessment of size at baseline and growth on follow-up CT is important
in the diagnostic workup of nodules that reach a certain size.6 According to the
Fleischner Society recommendations,1 a nodule of >4 mm average diameter can
be regarded as benign if no growth is observed after 24 months with low-dose
unenhanced CT. Nodule growth can be quantified using either diameter or
volume. Recent studies point to an increasingly important role for volumetric
measurements, because malignant nodules may grow asymmetrically
and therefore their growth may remain unnoticed with manual diameter
measurements.2 Furthermore, manual two-dimensional measurements of small
nodules have modest repeatability.7Currently, CT scans for the measurement of
nodule size and growth at baseline and at follow-up use the conventional filtered
back-projection (FBP) algorithm for image reconstruction.8 Recent advances in
CT technology and increased computational power have permitted the use of
iterative reconstruction (IR) algorithms for CT image reconstruction.8 IR can
decrease radiation dose by 50% or more without an increase in image noise and
has the potential for significant dose reduction without loss of diagnostic value.9
Radiation dose saving is especially important in patients with lung nodules, due
to frequent follow-up. Despite the wide range of research in CT measurements of
pulmonary nodules,8,10-14 it is unknown whether nodule volume measurements
using FBP are different from volume measurements using IR at different tube
voltages (kVp) and tube current–time products (mAs).Therefore, the aim of our
study was to systematically compare volumes of lung nodules measured with
IR and FBP at different CT parameters in an anthropomorphic chest phantom.

Materials and Methods
Phantom
A commercially available anthropomorphic chest phantom (PH-1, Kyoto Kagaku
Co., Ltd) with 5 manually inserted spherical lung nodules of 14.1, 65.4, 268.1,
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523.6, and 904.8 mm3 (3, 5, 8, 10, and 12 mm diameter) was used. The nodules
were supplied by the manufacturer of the phantom and had a radiodensity of
+100 Hounsfield units (HU) (Table 1). The phantom was an accurate, life-size
anatomical human torso model with dimensions of 43 x 40 x 48 cm. The inner
components consisted of mediastinum, pulmonary vasculature, spine and ribs
as well as an abdomen block (Figure 1).
Table 1: Characteristics of the inserted pulmonary nodules.
Nodule 1

Diameter (mm)

Volume (mm3)

Radiodensity (HU)

3

14.1

+100

Nodule 2

5

65.4

+100

Nodule 3

8

268.1

+100

Nodule 4

10

523.6

+100

Nodule 5

12

904.8

+100

HU = Hounsfield units

Figure 1: Axial CT images of nodule 2 (arrow, diameter 5 mm and volume 65.4 mm3)

in lung setting, reconstructed using FBP (A), iDose level 2 (B), iDose level 4 (C), and
iDose level 6 (D).
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CT Protocol
Scanning was performed on a 256-slice CT scanner (Brilliance iCT, Philips
Healthcare, Cleveland, OH). The following parameters were used: detector
collimation, 128 x 0.625 mm; slice thickness, 0.9 mm; gantry rotation time, 0.33
s; pitch, 0.76 and matrix size, 512 x 512 pixels. Tube voltages of 80, 100, and 120
kVp were used, while tube current–time products varied between 25, 50, and
100 mAs. The different acquisition protocols are listed in Table 2. The phantom
was scanned once with each acquisition protocol. All CT scans were performed
sequentially on a single day without changing the position of the phantom itself
and the nodules within the phantom. Volume CT dose index (CTDIvol) was
recorded for each scan. Dose reduction was calculated based on normal dose
parameters of 120 kVp and 100 mAs.
Table 2: Acquisition protocols.

Variable

Tube voltage
(kVp)

Tube current–
time product
(mAs)

Reconstruction
technique

CTDIvol
(mGy)

Dose reduction
(%)

120

25

FBP

1.68

67.9

120

25

iDose level 2

1.68

67.9

120

25

iDose level 4

1.68

67.9

120

25

iDose level 6

1.68

67.9

80

25

FBP

0.49

90.6

80

25

iDose level 6

0.49

90.6

120

25

FBP

1.68

67.9

120

50

FBP

3.32

36.5

120

100

FBP

5.23

0.0

80

100

FBP

1.95

62.7

100

100

FBP

3.95

24.5

120

100

FBP

5.23

0.0

Reconstruction technique

Tube current–time product

Tube voltage

CTDIvol = Volume CT dose index; FBP = Filtered back projection
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Image Reconstruction
Raw data were reconstructed using standard FBP or IR (iDose, Philips
Healthcare, Best, the Netherlands). iDose is a recently developed reconstruction
algorithm consisting of two denoising components.15,16 First, a Poisson noise
distribution-based maximum likelihood denoising algorithm is applied.
Second, reconstructed images are iteratively adjusted in order to decrease
uncorrelated noise. Hereby iDose provides reduction of noise. The level of
noise reduction is adjustable by selecting one of seven levels (higher levels have
more iterations and noise reduction). In this study iDose levels 2, 4 and 6 were
used. Theoretically, levels 2, 4 and 6 result in 16, 29 and 45% noise reduction,
respectively. Additionally, spatial domain sharpness filter C was used 17 which is
used commonly in our hospital for lung imaging.
Volumetry Protocol
The volumes of the five lung nodules were measured on a CT workstation
using commercially available semi-automatic software (IntelliSpace, Philips
Healthcare, Best, Netherlands). All volumetric nodule measurements were
performed using 0.9 mm slice thickness reconstructions. By placing a cursor on
the nodule of interest and clicking with the mouse the software automatically
delineated the nodule and quantified its volume. Because the automatic
measurement function of the program was adequate in all measurements
as judged by visual inspection of the resulting segmentation, no manual
adjustments had to be made. All measurements were performed by two
independent observers who both measured all nodules.
Data Analysis
De Hoop et al found that the minimum change needed to detect growth of solid
lung nodules for nodules smaller than 8 mm in diameter is 18.5% to 25.6% and
12.9% to 17.1% for nodules greater than 8 mm in diameter.11 Therefore, 25% or
more difference in volume was used to define a clinically relevant nodule volume
difference in this study. Interobserver variability was assessed visually and since
only one nodule had a different volume between observers no statistical test was
applied. Comparison of relative differences in nodule volumes between the CT
protocols was done graphically.

Results
Dose reduction percentages and CTDIvol values are listed in Table 2.
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Nodule Volumes at Various Levels of mAs and kVp
Differences between measured and actual lung nodule volumes with FBP
reconstruction and various tube voltage values and tube current–time
product values are displayed in Figure 2 and listed in Table 3. Measurements
of the smallest nodule, nodule 1 (volume 14.1 mm3, diameter 3 mm) showed
volume overestimations, ranging from 26.2% to 159.6%. Except for one case
of overestimation of 13.0% in nodule 2 (100 mAs, 80 kVp, 1.95 mGy), the other
nodules were underestimated ranging from -0.9% to -23.9%.

Figure 2: Difference between actual and measured nodule volumes (%)

using FBP reconstruction. In figure A, tube voltage is 120 kVp and tube
current–time product is variable. In figure B, tube-current–time product is
100 mAs and tube voltage is variable.
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Table 3: Measured nodule volume presented as mean volume in mm3 (relative difference in %).

Nodule 1

Nodule 2

Nodule 3

Nodule 4

Nodule 5

Actual diameter (mm)

3

5

8

10

12

Actual volume (mm3)

14.1

65.4

268.1

523.6

904.8

80 kVp, 100 mAs, FBP

18.4 (30.5%)

73.9 (13.0%)

251.4 (-6.2%)

503.2 (-3.9%) 805.8 (-10.9%)

80 kVp, 25 mAs, FBP

29.7 (110.6%)

64.7 (-1.1%)

222.6 (-17.0%)

512.4 (-2.1%) 760.4 (-16.0%)

80 kVp, 25 mAs, iDose 6

32.8 (132.6%)

60.0 (-8.3%)

262.4 (-2.1%)

554.1 (5.8%)

785.3 (-13.2%)

100 kVp, 100 mAs, FBP

32.6 (131.2%)

49.8 (-23.9%) 239.0 (-10.9%) 519.1 (-0.9%)

755.7 (-16.5%)

120 kVp, 100 mAs, FBP

17.8 (26.2%)

58.6 (-10.4%) 244.3 (-8.9%) 472.2 (-9.8%) 772.6 (-14.6%)

120 kVp, 25 mAs, FBP

36.6 (159.6%)

57.2 (-12.5%)

235.8 (-12.0%) 495.5 (-5.4%) 774.2 (-14.4%)

120 kVp, 25 mAs, iDose 2

19.6 (39.0%)

64.7 (-1.1%)

232.1 (-13.4%) 502.4 (-4.0%) 755.4 (-16.5%)

120 kVp, 25 mAs, iDose 4

31.5 (123.4%)

59.6 (-8.9%)

225.7 (-15.8%) 493.1 (-5.8%) 798.3 (-11.8%)

120 kVp, 25 mAs, iDose 6

14.3 (1.4%)

62.5 (-4.4%)

256.5 (-4.3%)

120 kVp, 50 mAs, FBP

20.9 (48.2%)

494.7 (-5.5%) 757.0 (-16.3%)

51.4 (-21.4%) 223.6 (-16.6%) 504.5 (-3.6%) 803.6 (-11.2%)

FBP = Filtered back projection

For nodule 1 (volume 14.1 mm3, diameter 3 mm) greater mAs values resulted
in more accurate volume measurements, but this did not apply for the larger
nodules. Compared to measurements with tube voltage values of 80 and 120
kVp, volume differences with 100 kVp (3.95 mGy) were greatest for all but nodule
4 (volume 523.6 mm3, diameter 10 mm). In general all errors in volume estimation
of nodules ≥5 mm (volume ≥65.4 mm3) remained within 25%. We did not observe
larger errors at lower dose with dose reductions up to 90.6% for any but the
smallest nodule.
Nodule Volumes at FBP and Various iDose Levels
Differences between measured and actual lung nodule volumes at 80 and 120 kVp
tube voltage, tube current–time product of 25 mAs and varying reconstruction
techniques (FBP, iDose levels 2, 4, and 6) are displayed in Figure 3 and listed in
Table 3. For nodule 1 (volume 14.1 mm3, diameter 3 mm) all measurements again
showed volume overestimations ranging from 1.4% to 159.6%. Larger nodules
(≥5 mm) were underestimated, ranging from -1.1% to -17.0%, except for one
overestimation of 5.8% in the lowest dose measurement (80 kVp, 25 mAs, 0.49
mGy) of nodule 4 (volume 523.6 mm3, diameter 10 mm) using iDose level 6. Figure
3 and Table 3 demonstrates that iDose level 4 shows worse results compared to
iDose level 2 and level 6 for nodule 1, 2, 3 and 4, but not for nodule 5. We cannot
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Figure 3: Difference between actual nodule volume and measured nodule

volume (%) with tube voltage set at 120 kVp, and tube current–time product
set at 25 mAs (A), and 80 kVp and 25 mAs, respectively (B).

explain this finding (with errors well below reported interscan variation 11) other
than that it is most likely a random effect. We did not observe clinically relevant
differences between nodule volumes with IR and FBP, both at 67.9% (1.68 mGy)
and 90.6% (0.49 mGy) dose reduction, especially not for the more clinically
relevant larger nodules with diameter ≥5 mm and volume ≥65 mm3 (nodules 2-5).
Figure 1 shows the same nodule using different reconstruction techniques.

123

Chapter 2.1 | Part I - Pulmonary Imaging

Differences Between Observers in Nodule Volume Measurement
Measured lung nodule volumes of the two observers were identical for all
nodules except for one measurement (the smallest nodule imaged at 120 kVp,
25 mAs, 1.68 mGy and iDose level 6). One observer measured a volume of 9.5
mm3, whereas the other measured 19.1 mm3 (14.1 mm3 actual volume). For further
analysis, the mean volume of the two observers (14.3 mm3) was used.

Discussion
Recent developments in CT technology have improved the quality of chest CT
images.8
Because of increased use of CT imaging, radiologists are routinely confronted
with indeterminate lung nodules in clinical practice and screening trials.18 Since
IR has the potential to reduce radiation dose in chest CT,19-21 this technique is
of great interest for follow-up CT in patients with indeterminate lung nodules.
We showed that for clinically relevant nodules (≥5 mm) volumes are
comparable between FBP and IR (iDose, Philips) and that significant decreases
in kVp and mAs with corresponding dose reductions up to 90% are possible
without significant changes in nodule volumetry, even when using FBP. In
addition, we found that for nodules with diameter ≥5 mm reconstruction of CT
data with both FBP and IR in general slightly underestimated actual nodule
volume in our phantom model, whereas nodule volume of smaller nodules was
overestimated and associated with large measurement errors.The finding that
volumetry is reliable at reduced kVp and mAs when using routine FBP as well as
IR, even at our extreme protocol of 80 kVp, 25 mAs and iDose level 6, is relevant.
The Fleischner society recommends low-dose CT for nodule follow-up. This
study shows that dose reduction does not hamper volume measurements. Thus,
our results suggest that for nodule volumetry it is safe to reduce tube voltage
and tube current–time product and convert FBP protocols to IR, even for
patients who are already in a follow-up scheme. Nevertheless at our institution
we maintain FBP nodule volumetry for patients who are already in follow-up
and apply IR only for newly detected and followed nodules due to its earlier
described superior image quality for chest CT,19,22,23 which we did not measure in
the present study.The finding that CT underestimates the size of larger nodules
is clinically relevant as nodule management guidelines are based on absolute
nodule size thresholds. We showed that the combination of our CT scanner
and software underestimated nodule size, which may result in certain patients
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undergoing a less intensive management strategy. However, we feel that for
evaluation of growth rate itself, this is of lesser importance given the systematic
nature of this error. It would be interesting to know whether other CT scanner
and software combinations also underestimate absolute nodule volume. This
study has several limitations. First, an anthropomorphic chest phantom was
used and all measured lung nodules were spherical with sharp margins and had
the same radiodensity of 100 HU. Yi et al 24 showed that median densities of
lung nodules using contrast-enhanced chest CT are 92 and 86 HU in malignant
and benign nodules and using unenhanced CT 50 and 45 HU in malignant
and benign nodules, respectively. Based on our study we cannot prove that
our observations apply to unenhanced CT, but we do not expect a difference
given the high contrast difference between lung tissue and nodules. No nodules
with lobulated, irregular, or speculated borders, or ground-glass nodules were
used. Moreover, the phantom was not able to simulate breathing or cardiac
motion and contained no pathologic lung structure, and further analyses on
in vivo data are recommended. Despite the identical measurements of both
observers, one measurement of the smallest nodule differed. This discrepancy
is probably caused by different mouse cursor positioning within the nodule, due
to the spherical gradually expanding volume algorithm of the semi-automatic
software package, as described by Ashraf et al.10 Furthermore, only one semiautomated software package was used and results might have been different if
software packages from other manufacturers were used. Finally, one CT scanner
of a single vendor was used and it is unknown whether our results apply to
other CT scanners and IR technology of other vendors. In conclusion, our study
showed no clinically relevant differences exceeding the interscan variation in
volume of lung nodules ≥5 mm for FBP and IR. Volumetry remained reliable at
reduced kVp and mAs with radiation dose reductions up to 90% for both FBP
and IR. Therefore, our study suggests that it is safe to reduce kVp and mAs and to
convert FBP protocols to IR for lung nodule follow-up CT. CT appears to slightly
underestimate actual nodule volume for nodules with clinically relevant size.
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Abstract
Purpose
To determine the inter-vendor variability of Agatston scoring with state-ofthe-art CT systems from the four major vendors in an ex-vivo set-up and to
simulate the subsequent effects on cardiovascular risk reclassification in a large
population-based cohort.
Materials and Methods
Research ethics board approval was not necessary since we used cadaveric hearts
from individuals that donated their body to science. We evaluated differences in
Agatston scores between CT scanners from four different vendors. Fifteen ex-vivo
human hearts were placed in a phantom resembling an average human adult.
Hearts were scanned at equal radiation-dose settings for each vendor. Agatstonscores were quantified with clinically used semi-automatic software. The exvivo Agatston scores were used to simulate the effects of different CT scanners
on reclassification of 432 individuals aged 55 years or older from a populationbased study at intermediate cardiovascular risk based on Framingham riskscores. The Friedman test was used to evaluate overall differences and post-hoc
analyses were performed with the Wilcoxon signed ranks test using Bonferroni
correction.
Results
Agatston scores differed substantially between CT scanners with median
Agatston scores ranging from 332 (quartiles:114-1135) to 469 (quartiles:183-1381)
between vendors (P<0.05). Simulation showed that these differences resulted in
cardiovascular risk-classification shifts in 0.5-6.5% of individuals at intermediaterisk by using a CT scanner from a different vendor.
Conclusions
Among individuals at intermediate cardiovascular risk, state-of the-art CT
scanners produce substantially different Agatston scores, which can result in
reclassification to high or low risk in up to 6.5% depending on the vendor.
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Introduction
Coronary heart disease is the most common cause of death and causes
approximately one of every six deaths in the United States.1,2 Primary prevention
of cardiovascular disease is typically based on risk-scoring methods such as
the Framingham risk score. Treatment strategies depend on the estimated
individual risk, which is mostly classified into low, intermediate or high.
Individuals at low cardiovascular risk are not treated, whereas individuals at
high cardiovascular risk are treated with antihypertensive, lipid-lowering and/
or anticoagulant drugs to reduce the risk for future cardiovascular events.
Individuals at intermediate risk are further evaluated to decide whether
treatment is indicated. Coronary artery calcium, as assessed with unenhanced
cardiac computed tomography (CT), has proven to be a predictive marker for
future cardiovascular disease,3-6 and can be used to reclassify intermediate risk
individuals into more appropriate risk categories.7 Therefore, new guidelines
from the American Heart Association recommend measurement of coronary
calcium expressed as Agatston scores in asymptomatic adults at intermediate
and low to intermediate risk,1,8 concerning approximately 40% of the adult
population in the United States.9In 2007 a consensus standard was developed
for Agatston scoring with CT systems from different vendors.10 However, in the
meantime the major vendors have introduced new CT systems and software. It
is unknown whether new generation CT systems from different vendors result
in different Agatston scores. This can have important treatment consequences
for a large number of individuals. Therefore, the purpose of this study was to
determine the inter-vendor variability of Agatston scoring with state-of-the-art
CT systems from the four major vendors in an ex-vivo set-up and to simulate
the subsequent effects on cardiovascular risk reclassification in large population
based cohort.11,12

Materials and Methods
First we analyzed the differences in Agatston scores between vendors by scanning
fifteen human cadaveric hearts in a realistic human chest phantom on the stateof-the-art CT scanners from the four major vendors. Based on these results
we simulated the effects of Agatston score differences on risk reclassification
of 432 participants at intermediate risk from the Rotterdam Study.13 A research
ethics board approval was not necessary since the cadaveric hearts were from
individuals that donated their body to science.

131

Chapter 3.1 | Part I - Cardiac Imaging

CT Scanning and Analysis
A commercially available anthropomorphic chest phantom (QRM GmbH,
Moehrendorf, Germany) 10 was used to scan fifteen human cadaveric hearts that
were fixed in 3%-formaldehyde. The hearts were placed within a cylindrical
recess in the phantom. All hearts were scanned with four state-of-the-art CT
scanners (Brilliance iCT, Philips Healthcare, Best, The Netherlands; Aquilion
One Vision, Toshiba Medical Systems, Otawara, Japan; Discovery CT 750 HD,
GE Healthcare, Waukesha, WI, United States; Somatom Definition Flash,
Siemens Healthcare, Forcheim, Germany). Five hearts were scanned twice on
each scanner to assess inter-scan reproducibility. Radiation dose was kept the
same for all CT scanners (volume CT dose index 4.1-4.2 mGy).14-16 CT scanning
was performed with standard sequential modes at a tube voltage of 120 kV
and a simulated electrocardiogram signal with 60 beats per minute was used.
Matrix size was 512×512 pixels, reconstruction field-of-view was 160×160 mm, and
detector collimation was 128×0.6 mm (Philips Healthcare), 280×0.5 mm (Toshiba
Medical Systems), 32×0.6 (GE Healthcare), or 64×0.6 mm (Siemens Healthcare),
respectively. Images were reconstructed with slice thickness and increment of 3
mm and the following kernels were used: CB (Philips Healthcare), FC 12 (Toshiba
Medical Systems), B36f (Siemens Healthcare), standard (GE Healthcare).
Agatston scores were quantified on CT workstations from the same vendor as
the CT scanner (Heartbeat-CS, Philips Healthcare; Vitrea fx Version 6.3 – Vscore,
Toshiba Medical Systems; Syngo CaScore, Siemens Healthcare; SmartScore 4.0
Revision 7, GE Healthcare), as this best represents routine clinical practice. In
brief, regions with signal values above 130 Hounsfield units were identified by
the software algorithms as potential calcifications. The observer (MJW, with
3 years of experience in cardiac CT analysis) selected only those regions that
were located within the coronary arteries, after which the software algorithms
calculated the Agatston scores.
Data Analysis
Agatston scores from different vendors were compared within each heart. Data
were not normally distributed and therefore statistically analyzed with the
Friedman test at a significance level of 0.05. If significant differences were found,
a post-hoc analysis was performed with the Wilcoxon signed ranks test with
a Bonferroni corrected significance level of 0.0083. Non-normally distributed
values were described as medians with first interquartile to third interquartile
(quartiles). Statistical analyses were performed with SPSS version 20.0 (SPSS
Inc, Chicago, Illinois, USA).
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Reclassification Simulation
The Agatston score distributions of the ex-vivo hearts from the four different
vendors were used to simulate the effects of different CT systems on
reclassification of cardiovascular risk in a human cohort at intermediate risk
based on risk factors derived from a Dutch longitudinal population-based study
in older adults.17 The population-based study was institutional review board
approved and informed consent was given by all participants. No additional
institutional review board approval was needed for this sub-study. Asymptomatic
participants aged 55 years and older with intermediate Framingham risk
scores and known Agatston scores were included (n = 432).12 These individuals
underwent electron beam tomography with a GE Imatron C150 system (GE
Healthcare, Waukesha, WI, United States). Electrocardiogram based triggering
was performed at 80% of the cardiac cycle. Images were reconstructed with a
slice thickness of 3 mm and Agatston scores were quantified with AccuImage
software (AccuImage Diagnostics Corporation, San Fransisco, CA, United
States). According to previously reported Agatston score thresholds, participants
at intermediate risk with Agatston scores below 50 were reclassified into low risk
and participants with Agatston scores over 615 were reclassified into high risk.7,12
These thresholds were empirically derived for a general population of elderly
individuals at intermediate risk for coronary heart disease. A linear relation
was assumed between the Agatston score distributions of the ex-vivo hearts.
Pairwise comparisons of the four vendors were made by using twelve scatter
plots. Within each comparison one vendor was considered as being the ground
truth (reference vendor). Linear trend lines were used to describe the pairwise
relations between the vendors. Since a heart without calcifications will result in a
zero score for all vendors (which was confirmed by the measurements since one
heart resulted in an Agatston score of zero for all vendors) and since no negative
Agatston scores are possible, all trend lines passed through zero. Differences
between vendors are only present in positive Agatston scores. Therefore, linear
relations without intercepts were used: y = β . x + ε. The Agatston scores of the 432
individuals were multiplied by the β-coefficients to predict the Agatston scores
of the other vendor. The ε indicates an error term, which was used to calculate
the 95% confidence intervals. The number and percentage of individuals that
were reclassified from intermediate to low risk and to high risk were compared.
The reliability in categorization of cardiovascular risk after reclassification was
compared for the vendors by kappa analysis.
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Results
Coronary calcifications were present in fourteen ex-vivo hearts. Representative
images of one of the hearts are displayed in Figure 1 and median Agatston
scores are listed in Table 1. Agatston scores differed substantially (P<0.05)
between CT systems. Median Agatston scores were 353 (quartiles: 172-1246)
for Philips, 410 (quartiles: 177-1454) for Toshiba, 469 (quartiles: 183-1381) for
GE, and 332 (quartiles: 114-1135) for Siemens, respectively. Post-hoc analysis
showed significant differences between GE and Philips (P=0.002) and GE and
Siemens (P=0.001). Median relative differences of the Agatston scores between
four vendors are listed in Table 2. Median Agatston score differences between
vendors ranged from 52 units between Philips and Toshiba to 155 units between
GE and Siemens. Maximum differences per heart between vendors in Agatston
scores ranged from 304 units between Philips and Toshiba to 543 units between
GE and Siemens.
Figure 1: Example images

Images of the same heart with corresponding Agatston scores acquired from different CT systems:
Philips Healthcare (A), Toshiba Medical Systems (B), GE Healthcare (C) and Siemens Healthcare
(D).
Table 1: Agatston scores
Vendor

Philips

Agatston score 353.4 (172.1-1245.6)

Toshiba

GE

Siemens

409.5 (177.0-1454.3) 469.0 (182.8-1381.0) 332.1 (114.3-1134.6)

P-value
<0.001

Median Agatston scores of the four vendors with interquartile ranges.
P-value is based on the Friedman test.
Table 2: Median relative differences of Agatston scores between vendors
Philips

Toshiba

GE

Siemens

15.6% (6.9-38.5%)

23.2% (18.1-50.4%)

43.9% (21.9-55.1%)

GE

16.6% (7.4-42.6%)

13.5% (6.1-23.3%)

Toshiba

6.4% (3.4-21.7%)

Median relative differences of Agatston scores with interquartile ranges between the four vendors.
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Inter-scan Reproducibility
Five hearts were scanned twice to evaluate inter-scan reproducibility. Median
relative differences of the Agatston scores are listed in Table 3. Median Agatston
score differences between scans ranged from 4 units for Siemens to 49 units
for Philips. Maximum differences per heart between scans in Agatston scores
ranged from 43 for Toshiba to 69 for Siemens.

Table 3: Inter-scan reproducibility
Vendor

Philips

Toshiba

GE

Siemens

5.0%

7.4%

2.1%

3.2%

Interquartile range of differences

3.0-7.3%

2.3-16.7%

0.7-6.1%

0.4-4.3%

Minimum and maximum differences

2.5-33.9%

0.8-18.2%

0.7-18.2%

0.3-8.4%

Median differences

Relative differences of Agatston scores with interquartile ranges between repeated scans.

Reclassification Simulation
The twelve scatter plots for pairwise comparisons of the four vendors are
displayed in Figure 2. Of the 432 asymptomatic individuals at intermediate
risk of cardiovascular disease based on the Framingham risk model, in the
original study 45.4% were reclassified into the low risk category based on the
Agatston score, and 16.2% were reclassified into the high risk category. Using
this distribution for the alternating reference vendors, the difference in
reclassification differed modestly by vendor and reference (Table 4). The largest
difference in reclassification, 6.5%, was found for GE in case of Siemens as
reference vendor. In the original study 196 individuals reclassified to the low risk
category. Compared to the reclassification for the alternating reference vendor,
up to 205 individuals ended up in the low risk category (9 individuals (4.6%)
more) when the Agatston score was based on a different vendor. In the original
study 70 individuals reclassified to the high risk category. Compared to the
reclassification for the alternating reference vendor, up to 84 individuals ended
up in a high risk category (14 individuals (20.0%) more) when the Agatston score
was based on a different vendor. The reliability in categorization for all vendors
was very high (κ 0.90-0.99).
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Figure 2: Pairwise comparison of the four vendors
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10
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0
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9

High risk
8
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6

0

6

0

0
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0

0

4

Low risk
0

0

0

0

0

0

0

0

0

0

0

0

Intermediate risk
0

0

0

10

0

2

16

6
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7

0

0

High risk

70

70

70

70
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70
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70

54
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70
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70

70

70

Difference in classification

18 (4.2%)

28 (6.5%)

14 (3.2%)

13 (3.0%)

14 (3.2%)

2 (0.5%)

25 (5.8%)

6 (1.4%)

13 (3.0%)

7 (1.6%)

10 (2.3%)

19 (4.4%)

category

Reclassification to lower risk

0

0

0

13

0

2

25

6

13

7

0

0

Reclassification to higher risk

19
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18

28

14

0

14

0

0

0

0

0

10

0.93

0.90

0.95
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0.95
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0.91

0.98
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0.97

0.96

0.93

Kappa

Reclassification percentage based on calcium score cut-offs of <50 and >615, derived for the intermediate risk group (n=432), alternating the vendor used as
reference, and difference in reclassification in case of the other three vendors.

0

152

Toshiba

0

14

182

GE

0

166
0

160

0

8

196

163

160

157

166

166

188

3

0

0

9

0

3

0

Philips

0

0

0

0

0

0

0

Siemens (reference)

0

196

Siemens

166

8

196

Toshiba (reference)
0

196

Siemens

196

0

196

Toshiba

188
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0

196

Philips

GE

163

0

196

Philips

166

0

196

162

GE (reference)

0

Siemens

0

157

0

6

Toshiba

0

10

186
190

GE

vendors that are compared
166

Intermediate risk

196

High risk

Philips (reference)

Low risk

Reference vendor and reclassification for

Intermediate risk

Low risk

Table 4: Reclassification percentage
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Discussion
Our study shows that state-of-the-art CT systems from different vendors result
in substantial differences in Agatston scores. These differences in coronary
calcium scores result in a modest reclassification in risk categories and hence
treatment strategies for 0.5% to 6.5% of individuals from the general population
at intermediate cardiovascular risk. Depending on the vendor state-of-the-art
CT systems can result in modest cardiovascular risk reclassification, which can
result in substantial absolute numbers if current guidelines are adhered to. To
the best of our knowledge, this is the first study that analyzed the differences in
coronary calcium scoring between the state-of-the-art CT systems from all major
vendors. A consensus standard has been developed for Agatston quantification
with older CT systems from different vendors.10 However, in the meantime
the major vendors have introduced new CT systems and updated software.
Although, Ghadri and colleagues 18 performed an in-vivo study to assess the
inter-scan variability on 64-slice CT systems from two vendors and did also not
find substantial differences between Agatston scores, more modern machines
are now available for all vendors. Furthermore, Weininger and colleagues 19
evaluated the differences in coronary artery calcium scoring between three
software packages and also found little variation.Analysis of the inter-scan
reproducibility for five ex-vivo hearts showed median relative Agatston score
differences ranging from 2.1% to 7.4%, which is comparable to earlier reported
reproducibility studies.18,20 Median Agatston score differences between vendors
for fifteen ex-vivo hearts were larger and ranged from 6% between Philips and
Toshiba to 44% between GE and Siemens. Thus, Agatston scores for the fifteen
ex-vivo human hearts differed substantially between the state-of-the-art CT
systems from the four major vendors. However, simulation with a cohort of 432
individuals at intermediate cardiovascular risk according to the Framingham
risk model showed that 6.5% was the largest difference in reclassification. This
percentage was found for GE in case of Siemens as reference vendor. This
means that up to 6.5% of individuals at intermediate risk would be differently
reclassified due to the use of a different CT vendor. In particular, individuals
with Agatston scores at the borderline of two risk categories were reclassified.
Potentially, outcome will not differ substantially with or without treatment in
these borderline individuals. Furthermore, it should be noted that calcium
scoring is only one determinant in the diagnostic workup for asymptomatic
individuals at low-to-intermediate and intermediate risk. Thus, the effect
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of calcium scoring on therapeutic strategy is attenuated by other diagnostic
determinants. Although the number of reclassifications is modest, given the
large population at intermediate risk, the absolute number can be substantial.
Rutten and colleagues 21 found risk category shifts in 9% of individuals due to a
small variation of the starting position of the scan. Thus, the reclassification in
risk category due to different CT vendors as found in the current study remained
within the normal variation of 9%. On the other hand, intervendor variability
may be even greater with dynamic in-vivo image acquisition as motion and other
confounders may play an additional role. Therefore, it is advisable to perform
follow-up Agatston scoring with the same CT system since absolute numbers
can differ substantially.
In the original study, 432 individuals were classified as intermediate risk based
on the Framingham risk score. Agatston scores were evaluated in all individuals
for further risk assessment, and 166 individuals (38.4%) were not reclassified
by Agatston scores but remained in the same category. The remaining 266
individuals (61.6%) were reclassified to either low risk or high risk. Thus, more
than half of the individuals were reclassified based on their Agatston score. The
large number of reclassifications is not surprising, since the Agatston score has
proven to be a strong independent predictor for future cardiovascular events.3-6
The strength of the current study is the direct comparison in the same hearts
of Agatston scores on the state-of-the-art CT scanners from all major vendors
using their clinically used software. Examining patients on four different
scanners from different vendors would be logistically difficult, therefore this exvivoapproach is much more feasible.
This study has limitations. First, we imaged non-dynamic ex-vivo human
hearts placed within a chest phantom. Results could be different in-vivo. Second,
simulation of the 432 individuals is based on 15 hearts, which is a limited number.
Third, the Agatston scores from the population-based study were derived with
electron beam tomography and not with multi-detector CT. However, these
results do give an indication of the Agatston score distribution within a human
population. Finally, for one of the vendors images were reconstructed with
kernel B36f, whereas the manufacturer recommends kernel B35f.16 However, we
evaluated whether these kernels result in different Agatston scores in clinical
setting and found that differences remained well within normal inter-scan
variation. Therefore, we considered that this has not significantly influenced
the results.
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In conclusion, our multivendor study showed that coronary calcium scoring
using different state-of-the-art CT systems from four different vendors results
in substantially different Agatston scores, which can result in a substantial
reclassification of cardiovascular risk and treatment in up to 6.5% of individuals.
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Abstract
Objectives
To analyse the effects of radiation dose reduction and iterative reconstruction
(IR) algorithms from four vendors on coronary calcium scoring (CCS).
Materials and Methods
Fifteen ex-vivo human hearts were imaged in an anthropomorphic chest phantom
using state-of-the-art computed tomography (CT) systems from four vendors.
Hearts were scanned at four dose levels using unenhanced prospectively ECG
triggered protocols. Tube voltage was 120kV and tube current differed between
protocols. CT data were reconstructed with FBP and reduced dose CT data
were also reconstructed with IR. CCS was quantified with Agatston scores,
calcification mass and calcification volume. Differences were analysed with the
Friedman test.
Results
Fourteen hearts showed coronary calcifications. Dose reduction with FBP did
not significantly change Agatston scores, calcification volumes and calcification
masses (P>0.05). Per vendor, maximum differences in Agatston scores were 76, 26,
51 and 161units, in calcification volume 97, 27, 42 and 162 mm3, and in calcification
mass 23, 23, 20 and 48 mg, respectively. IR resulted in a trend towards lower
Agatston scores and calcification volumes with significant differences for one
vendor (P<0.05). Median relative differences between reference FBP and reduced
dose IR remained for Agatston scores within 2.0-4.6%,1.0-5.3%,1.2-7.7%, and 2.64.5%, for calcification volumes within 2.4-3.9%,1.0-5.6%,1.1-6.4%, and 3.7-4.7%, for
calcification masses within 1.9-4.1%,0.9-7.8%,2.9-4.7%, and 2.5-3.9%, respectively.
IR resulted in either increased, decreased or similar calcification masses.
Conclusions
Our multivendor study showed that CCS derived from standard FBP acquisitions
was not affected by radiation dose reductions up to 80%. IR resulted in a trend
towards lower Agatston scores and calcification volumes.
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Introduction
Coronary artery disease is the leading cause of mortality in the Western world.1,2
Calcifications of coronary arteries are a powerful predictive marker for future
cardiovascular events.3 These calcifications can be detected and quantified with
cardiac multi-detector computed tomography (MDCT).1,3-5 Quantification of
coronary calcium is used to stratify the risk for a cardiovascular event within
the next 5 years,6 and can be expressed as Agatston score, coronary calcification
volume or coronary calcification mass. Since these coronary calcium scores
(CCS) have proven to be precisely quantifiable and predictive,3,7-9 new guidelines
recommend to evaluate coronary artery calcifications even in asymptomatic
adults with intermediate and low-to-intermediate risk.1 In the United States
alone, approximately 40% of the adult population falls into these categories,10
which is likely to result in an increasing number of CT examinations for coronary
calcium quantification. Although the radiation exposure of unenhanced
cardiac CT is relatively low with an effective dose of approximately 1.0 mSv,11 the
increasing number of CT examinations may result in a substantial increase in
the overall medical ionizing radiation exposure.12 Therefore, it is very important
to further reduce the radiation dose for cardiac CT.
A novel and promising technique that allows for CT radiation dose reduction
concerns reconstruction of CT data. Currently, filtered back projection (FBP)
is the standard method for reconstructing images from CT data. The major
drawback of FBP is increased image noise when imaging at reduced radiation
doses.13 Advances in computational power enable new ways of reconstructing
images from CT data, including iterative reconstruction (IR). IR algorithms
reduce noise resulting in the possibility to radically limit the radiation dose
of CT image acquisition without compromising image quality.14 All major CT
vendors have recently introduced IR algorithms.13 However, to the best of our
knowledge, these IR algorithms have never been directly compared and the
effects of aggressive dose reduction combined with IR algorithms from different
CT vendors on CCS are unknown.
The purpose of this study is to evaluate the effects of radiation dose
reduction and IR algorithms from four CT vendors on CCS and to compare its
reproducibility to normal-dose CT reconstructed with FBP.
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Materials and Methods
Ex-vivo Hearts
Fifteen human cadaveric hearts fixed in 3%-formaldehyde were placed
consecutively in a commercially available anthropomorphic cardiac phantom
(QRM GmbH, Moehrendorf, Germany).9 The phantom has a cylindrical recess,
in which the hearts were placed (Figure 1). These hearts were from deceased
subjects who donated their bodies to science, approval by a research ethics
committee was not necessary. Written informed consent on using their entire
body for research and educational purposes was obtained during life.

Figure 1: Anthropomorphic phantom with cylindrical recess in which an

ex-vivo heart is placed

CT Protocols
Image acquisition was performed with four newest generation CT-scanners
(Brilliance iCT software version 3.2.0, Philips Healthcare, Best, The Netherlands;
Aquilion One Vision edition software version 4.90, Toshiba Medical Systems,
Otawara, Japan; Discovery CT 750 HD software version GMP HDE.74, GE
Healthcare, Waukesha, WI, United States and Somatom Definition Flash
software version Syngo CT 2011A, Siemens Healthcare, Forcheim, Germany).
Five hearts were scanned twice on each CT-scanner to evaluate inter-scan
reproducibility. Tube voltage was kept constant at 120 kV and different mAs-
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values were used to expose the hearts to different radiation dose levels in such a
way that the volumetric CT dose indices (CTDIvol) were approximately the same
for all CT-scanners (Table 1). In total four radiation dose levels were evaluated,
reference dose protocol A (approximately 4.1 mGy), and reduced dose protocol
B (approximately 3.0 mGy, 27% reduced dose), protocol C (approximately 1.9
mGy, 54% reduced dose) and protocol D (0.8 mGy, 80% reduced dose). Radiation
dose levels are expressed as CTDIvol (mGy), as recommended by Willemink et
al.14 Standard sequential cardiac CT protocols were used with a simulated 60
beats per minute electrocardiogram (ECG) signal. The following parameters
were used: matrix size 512×512, reconstruction field-of-view 160×160 mm,
detector collimation 128×0.6 mm (Philips Healthcare), 280×0.5 mm (Toshiba
Medical Systems), 32×0.6 (GE Healthcare), or 64×0.6 mm (Siemens Healthcare),
respectively.
Image Reconstruction
The reference protocol data were reconstructed with standard FBP and
reduced dose protocols data with both FBP and IR at two noise reducing
levels. All currently commercially available IR algorithms compatible with
cardiac triggering were used: iDose4 levels 1 and 6, Philips Healthcare; Adaptive
Iterative Dose Reduction 3D (AIDR 3D) mild and strong, Toshiba Medical
Systems; Adaptive Statistical Iterative Reconstruction (ASIR) 20% and 80%, GE
Healthcare; and Sinogram-Affirmed Iterative Reconstruction (SAFIRE) levels
1 and 5, Siemens Healthcare. Spatial domain image reconstruction kernels
that were recommended for cardiac CT by each manufacturer were used
(Philips Healthcare: filter CB, Toshiba Medical Systems: filter FC 12, Siemens
Healthcare: kernels B36f and I36f, GE Healthcare: standard kernel). Thin-slice
images were reconstructed to 3 mm thick slices with an increment of 3 mm,
either with software from the same vendor or with OsiriX Dicom viewer version
5.5.2 (Pixmeo, Geneva, Switzerland). Acquisition parameters are listed in Table 1.
Quantification of Coronary Calcifications
Coronary calcifications were quantified using the Agatston score, calcification
volume (mm3) and calcification mass (mg) using CT-workstations and clinically
used commercially available semi-automatic software from the same vendor as
the CT-scanner (Heartbeat-CS, Philips Healthcare; Vitrea fx Version 6.3 – Vscore,
Toshiba Medical Systems; Syngo CaScore, Siemens Healthcare; SmartScore
4.0 Revision 7, GE Healthcare). Potential calcifications were identified by all
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150

Simulated heart rate (bpm)

Tube voltage (kV)

3/3
160×160
FC 12 (FBP and AIDR
3D mild and strong)

3/3
160×160
CB (FBP and iDose4
levels 1 and 6)

ECG = electrocardiogram; bpm = beats-per-minute

Reconstruction kernel

Field of view (mm)

Slice thickness/increment (mm)

Detector collimation (mm)

120

60

60

ECG-phase (% of R-R interval)

280×0.5

75%

78%

ECG-triggering

120

Sequential
Prospective

Sequential
Prospective

Acquisition mode

128×0.6

Aquilon One Vision

Brilliance iCT

Scanner type

Toshiba

Philips

Vendor

Table 1: Acquisition parameters

Standard (FBP and
ASIR 20% and 80%)

160×160

3/3

32×0.6

120

60

70%

Prospective

Sequential

Discovery CT 750-HD

GE

B36f (FBP), I36f
(SAFIRE levels 1 and 5)

160×160

3/3

64×0.6

120

60

55%

Prospective

Sequential

Somatom Definition Flash

Siemens
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software packages as regions with CT numbers above 130 Hounsfield units
(HU). Identified regions located within the coronary arteries were manually
selected by the observer, after which the software package quantified Agatston
score, calcification volume and calcification mass. Using this method, only
calcifications within the coronary arteries were assessed. Calcification mass was
calculated based on the clinically used medium-size calibration factors.
Data Analysis
Agatston scores, calcification volumes and calcification mass as assessed with
different radiation doses and reconstruction algorithms from different vendors
were compared within each heart. Furthermore, reproducibility was evaluated.
The two-way random intraclass correlation coefficient (ICC) was used to define
agreement of results. After checking for normality, data were statistically
analysed with the Friedman test (significance level P<0.05) and the Wilcoxon
signed ranks test for post-hoc analysis (Bonferroni corrected significance level
P<0.017). Furthermore, a risk classification was assigned to the Agatston scores:
high risk (score ≥ 400), moderately high risk (100 ≤ score < 400), moderate risk
(10 ≤ score < 100), low risk (0 < score < 10), and very low risk (score = 0).6,15,16 Means
± standard deviation (SD) are used to describe normally distributed values, and
others are described as medians with first to third interquartiles. SPSS version
20.0 (SPSS Inc, Chicago, Illinois, USA) and MedCalc statistical package version
12.2.0.0 (MedCalc Software, Mariakerke, Belgium) were used for statistical
analyses.

Results
Fourteen ex-vivo hearts had coronary calcifications. Radiation dose levels of the
different protocols are listed in Table 2 and example images are displayed in
Figure 2.
Agatston Score
For each vendor, lowering the radiation dose and reconstructing with FBP
did not significantly change Agatston scores (P>0.05). Maximum differences
in Agatston scores were 76 units (10%, Philips), 26 units (1%, Toshiba), 51 units
(7%, GE) and 161 units (7%, Siemens). For Philips and Siemens, radiation dose
reduction and the use of IR did not result in reclassification of Agatston scores.
For Toshiba, one heart (protocol C) and two hearts (protocol D) were reclassified
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Table 2: Radiation dose levels of the different protocols

GE

Siemens

70 105 116

Toshiba

Siemens

GE

D

Philips

Tube current (mA) 259 160 220 252 189 120 160 184 118
CTDIvol (mGy)

Toshiba

Philips

Siemens

C

GE

Toshiba

Philips

Siemens

B

GE

Toshiba

Vendor

A

Philips

Protocol

47

30

45

48

4.12 4.20 4.07 4.07 2.99 3.10 2.96 2.97 1.87 1.80 1.94 1.89 0.75 0.80 0.83 0.78

CTDIvol = volumetric computed tomography dose index

Figure 2: Images of reference dose and lowest dose scans from four different vendors. The numbers

present the corresponding Agatston scores, the coloured areas are regions with densities above 130
Hounsfield units and the red areas are the calcifications within the coronary arteries as selected by
the observer.
FBP = filtered back-projection; IR = iterative reconstruction.
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from high to moderately high risk. For GE, one heart was reclassified from
moderate to low risk at all reduced dose protocols and one heart was reclassified
from high to moderately high risk with the highest IR level at all reduced dose
protocols. Median relative differences between reference dose Agatston scores
and reduced dose Agatston scores remained within 2.3% (1.0-7.9%) and 4.8% (2.05.8%) for Philips, 1.1% (0.9-2.0%) and 3.7% (1.2-8.2%) for Toshiba, 1.3% (0.8-1.8%)
and 1.5% (0.7-5.1%) for GE, and 2.5% (1.6-8.5%) and 3.3% (1.7-7.7%) for Siemens. IR
resulted in a trend towards lower Agatston scores and higher IR levels resulted in
further reductions of scores, with significant differences for one vendor (P<0.05).
Median relative differences between reference dose Agatston scores with FBP
and reduced dose Agatston scores with IR remained within 2.0% (1.2-8.4%) and
4.6% (2.1-6.0%) for Philips, 1.0% (0.6-1.5%) and 5.3% (2.1-9.6%) for Toshiba, 1.2%
(0.9-3.5%) and 7.7% (4.5-9.7%) for GE, and 2.6% (1.3-7.1%) and 4.5% (3.6-8.1%) for
Siemens. Correlation between reference dose and reduced dose Agatston scores
Table 3: Median Agatston scores with interquartile ranges
Agatston scores
Protocol

Philips
FBP

iDose4 level 1
iDose4 level 6

Toshiba
FBP

AIDR 3D mild
AIDR 3D strong

GE

FBP

ASIR 20%
ASIR 80%

Siemens
FBP

SAFIRE level 1
SAFIRE level 5

A

B

C

D

P-value*

353 (172-1246)

355 (169-1258)
354 (170-1259)
355 (171-1261)

358 (168-1191)
357 (168-1191)
356 (169-1195)

360 (165-1276)
360 (165-1274)
358 (165-1261)

0.157
0.342
0.477

410 (177-1454)

408 (179-1449)
408 (179-1449)
407 (179-1437)

408 (186-1489)
407 (187-1491)
400 (182-1452)

404 (188-1480)
398 (185-1445)
381 (177-1430)

0.212
0.080
0.070

469 (183-1381)

471 (182-1383)
467 (179-1373)**
453 (175-1337)**

473 (182-1394)
462 (180-1376)
453 (171-1355)**

474 (182-1389)
463 (178-1371)
439 (170-1335)**

0.546
0.038
<0.001

332 (114-1135)

328 (129-1166)
327 (129-1164)
325 (128-1155)

328 (123-1142)
327 (123-1140)
324 (123-1130)

325 (134-1134)
323 (134-1131)
319 (135-1122)

0.328
0.471
0.232

* P-value based on Friedman test which compared four protocols.
** Post-hoc Wilcoxon signed ranks test showed significant (P<0.017) difference with reference score.
FBP = filtered back-projection; AIDR 3D = Adaptive Iterative Dose Reduction 3D; ASIR = Adaptive
Statistical Iterative Reconstruction; SAFIRE = Sinogram-Affirmed Iterative Reconstruction;
Protocol A = reference protocol with CTDIvol ≈ 4.1 mGy; protocol B = CTDIvol ≈ 3.0 mGy; protocol C
= CTDIvol ≈ 1.9 mGy; protocol D = CTDIvol ≈ 0.8 mGy.
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Table 4: Median calcification volumes (mm3) with interquartile ranges
Calcification volumes (mm3)
Protocol

Philips
FBP

iDose4 level 1
iDose4 level 6

Toshiba
FBP

AIDR 3D mild
AIDR 3D strong

GE

FBP

ASIR 20%
ASIR 80%

Siemens
FBP

SAFIRE level 1
SAFIRE level 5

A

B

C

D

P-value*

290 (144-975)

291 (142-998)
291 (143-999)
294 (144-1003)

292 (138-935)
291 (139-935)
295 (141-938)

295 (139-1000)
295 (139-999)
296 (139-995)

0.183
0.138
0.395

326 (148-1164)

325 (148-1167)
326 (149-1171)
323 (146-1166)

324 (150-1180)
324 (150-1182)
320 (147-1173)

322 (160-1191)
316 (149-1173)
309 (146-1158)

0.372
0.339
0.037***

169 (84-497)

172 (87-497)
171 (82-493)
167 (77-470)**

172 (85-510)
167 (86-499)
161 (79-480)**

175 (84-505)
172 (85-493)
162 (78-476)**

0.618
0.247
<0.001

251 (82-884)

248 (92-923)
248 (92-922)
248 (93-917)

246 (88-890)
246 (88-889)
245 (88-885)

243 (96-893)
243 (96-891)
240 (95-884)

0.543
0.561
0.366

* P-value based on Friedman test which compared four protocols.
** Post-hoc Wilcoxon signed ranks test showed significant (P<0.017) difference with reference score.
*** Post-hoc Wilcoxon signed ranks test showed that significance was not present between reference
scores and AIDR 3D scores.
FBP = filtered back-projection; AIDR 3D = Adaptive Iterative Dose Reduction 3D; ASIR = Adaptive
Statistical Iterative Reconstruction; SAFIRE = Sinogram-Affirmed Iterative Reconstruction;
Protocol A = reference protocol with CTDIvol ≈ 4.1 mGy; protocol B = CTDIvol ≈ 3.0 mGy; protocol C
= CTDIvol ≈ 1.9 mGy; protocol D = CTDIvol ≈ 0.8 mGy.

was excellent for both FBP and IR (all ICC>0.99). Agatston score, calcification
volume and calcification mass results are displayed in Figures 3, 4 and 5 and
listed in Tables 3, 4 and 5.
Calcification Volume
Radiation dose reduction and reconstruction with FBP did not significantly
change calcification volume for any vendor (Figure 3, P>0.05). Maximum
calcification-volume differences were 97 (14%, Philips), 27 (2%, Toshiba), 42 (5%,
GE) and 162 (9%, Siemens) mm3, respectively. Application of IR on the other hand
again resulted for all vendors in a trend towards lower calcification volumes,
and higher IR levels resulted in reduced volumes, with significant differences
for two vendors (P<0.05 according to Friedman test) compared to FBP. However,
post-hoc analyses showed that differences between reference scores and
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Table 5: Calcification mass (mg) with interquartile ranges
Protocol

Philips
FBP

iDose4 level 1
iDose4 level 6

Toshiba
FBP

AIDR 3D mild
AIDR 3D strong

GE

FBP

ASIR 20%
ASIR 80%

Siemens
FBP

SAFIRE level 1
SAFIRE level 5

A

B

84 (42-326)

Calcification mass (mg)
C

D

P-value*

84 (42-331)
84 (42-331)
85 (43-332)

84 (41-306)
84 (41-306)
85 (41-307)

85 (40-328)
85 (40-328)
86 (41-329)

0.682
0.876
0.847

85 (43-337)

84 (43-337)
85 (43-338)
83 (42-334)

84 (43-340)
84 (43-340)
81 (42-331)**

84 (45-340)
80 (42-329)**
75 (40-319)**

0.068
0.002
<0.001

69 (35-246)

70 (36-240)
70 (34-240)
70 (33-238)

70 (35-239)
70 (35-244)
72 (32-241)

70 (37-238)
69 (37-241)
70 (33-234)

0.151
0.323
0.142

70 (27-245)

70 (29-253)
70 (29-253)
70 (29-253)

69 (28-248)
69 (28-248)
70 (28-247)

69 (30-249)
69 (30-249)
69 (30-248)

0.795
0.793
0.699

* P-value based on Friedman test which compared four protocols.
** Post-hoc Wilcoxon signed ranks test showed significant (P<0.017) difference with reference score.
FBP = filtered back-projection; AIDR 3D = Adaptive Iterative Dose Reduction 3D; ASIR = Adaptive
Statistical Iterative Reconstruction; SAFIRE = Sinogram-Affirmed Iterative Reconstruction;
Protocol A = reference protocol with CTDIvol ≈ 4.1 mGy; protocol B = CTDIvol ≈ 3.0 mGy; protocol C
= CTDIvol ≈ 1.9 mGy; protocol D = CTDIvol ≈ 0.8 mGy.

reduced dose IR scores were significant only for GE. However, for Philips the
high IR level resulted in increased calcification volumes, but differences were
not significant (P>0.05). Again, correlation between reference dose and reduced
dose calcification volumes was excellent for both FBP and IR (all ICC>0.99).
Calcification Mass
Calcification mass was not affected by radiation dose reduction with FBP (Figure 4,
P>0.05). Maximum calcification-mass differences were 23 (6%, Philips), 23 (5%,
Toshiba), 20 (6%, GE) and 48 (9%, Siemens) mg, respectively. The effect of IR on
calcification mass is less clear than on Agatston score and calcification volume.
Compared to FBP measurements, IR resulted in decreased calcification masses
with Toshiba (P<0.05), whereas no effect was seen with Siemens (P>0.05). With
Philips and GE, calcification mass scores slightly increased, but differences were
not significant (P>0.05). Again, correlation between reference dose and reduced
dose calcification volumes was excellent for both FBP and IR (all ICC>0.99).
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Philips

1600
1400

Agatston score

1200
1000
800
600
400
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354.7
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355.4

357.6

357.2

355.8

359.9

359.6

358.3

200
0
FBP

FBP

Protocol A

Low IR

High IR
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Protocol B

Low IR

High IR

FBP

Protocol C

Low IR

High IR

Protocol D

Toshiba

1600
1400

Agatston score

1200
1000
800
600

409.5

407.5

408.0

406.5

407.5

406.5

400.0

404.0

397.5

381.0

400
200
0
FBP

FBP

Protocol A

Low IR

High IR

FBP

Protocol B

Low IR

High IR

FBP

Low IR

High IR

Protocol D

Protocol C

GE

1600
1400

Agatston score

1200
1000
800
600

469.0

471.0

466.5

452.5

472.5

462.0

452.5

474.0

462.5

438.5

400
200
0

FBP

FBP

Protocol A

Low IR

High IR

FBP

Protocol B

Low IR

High IR

FBP

Low IR

High IR

Protocol D

Protocol C

Siem ens

1600
1400

Agatston score

1200
1000
800
600
400

332.1

328.3

327.2

325.1

327.6

326.6

324.0

324.6

322.7

318.5

200
0
FBP
Protocol A

FBP

Low IR
Protocol B
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FBP

Low IR
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Protocol C

Figure 3: Median Agatston scores with interquartile ranges

FBP

Low IR

High IR

Protocol D

FBP = filtered back-projection; Low IR = low iterative reconstruction level; High
IR = high iterative reconstruction level; Protocol A = reference protocol with
CTDIvol ≈ 4.1 mGy; protocol B = CTDIvol ≈ 3.0 mGy; protocol C = CTDIvol ≈ 1.9
mGy; protocol D = CTDIvol ≈ 0.8 mGy.
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Philips

Coronary Calcification Volume (mm3)
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800
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Figure 4. Median calcification volume scores (mm3) with interquartile ranges

FBP = filtered back-projection; Low IR = low iterative reconstruction level; High
IR = high iterative reconstruction level; Protocol A = reference protocol with
CTDIvol ≈ 4.1 mGy; protocol B = CTDIvol ≈ 3.0 mGy; protocol C = CTDIvol ≈ 1.9
mGy; protocol D = CTDIvol ≈ 0.8 mGy.
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Philips
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Figure 5. Median calcification mass scores (mg) with interquartile ranges

FBP = filtered back-projection; Low IR = low iterative reconstruction level; High
IR = high iterative reconstruction level; Protocol A = reference protocol with
CTDIvol ≈ 4.1 mGy; protocol B = CTDIvol ≈ 3.0 mGy; protocol C = CTDIvol ≈ 1.9
mGy; protocol D = CTDIvol ≈ 0.8 mGy.
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Inter-scan Reproducibility
Five hearts were scanned twice to evaluate reproducibility. Median relative
differences (Figure 5) of the Agatston scores remained within 4.2% (2.5-5.4%) and
5.4% (4.5-5.7%) for Philips, 1.1% (0.2-8.5%) and 8.8% (1.4-11.0%) for Toshiba, 0.9%
(0.3-5.9%) and 3.5% (1.5-3.7%) for GE, and 3.2% (0.4-4.3%) and 8.5% (6.4-8.9%)
for Siemens. Median relative differences were similar with FBP compared to
IR. For all vendors, inter-scan variability did not result in classification shifts,
except for the high IR level reconstruction of protocol C, which shifted from an
Agatston score of 9 to 11. Median relative differences of the calcification volumes
remained within 2.2% (0.3-5.4%) and 4.7% (0.5-5.6%) for Philips, 2.3% (1.8-7.5%)
and 7.0% (3.4-8.3%) for Toshiba, 2.0% (1.0-7.1%) and 5.6% (1.1-7.7%) for GE, and
3.1% (2.9-5.0%) and 6.8% (4.4-9.1%) for Siemens. Median relative differences of
the calcification volumes were similar for FBP and IR reconstructions. Median
relative differences of the calcification mass remained within 2.3% (1.4-5.6%) and
5.1% (4.9-6.4%) for Philips, 1.0% (0.4-4.0%) and 2.8% (1.8-5.4%) for Toshiba, 2.0%
(0.6-6.6%) and 6.0% (1.9-6.1%) for GE, and 3.9% (0.3-4.2%) and 6.6% (4.6-6.7%)
for Siemens. Again, median relative differences of the calcification masses were
similar for FBP and IR reconstructions.

Discussion
Our study showed that CCS with standard FBP acquisitions using CT systems
from four different vendors was not affected by radiation dose reduction
with FBP, even at an 80% dose reduction level. For all vendors, IR resulted
in a minimal, most likely irrelevant trend towards lower Agatston scores and
calcification volumes, whereas the effect of IR on calcification mass differed
between vendors. Furthermore, none of the IR algorithms had influence on
reproducibility.
Coronary calcifications have shown to be precisely quantifiable, reproducible
and predictive for future cardiovascular events.17 Since new guidelines
recommend evaluation of subjects with low-to-intermediate and intermediate
risk,1 the number of CT examinations for assessing coronary calcifications will
increase. Considering the large numbers of subjects that fall into these risk
categories it is highly relevant to investigate strategies to decrease the radiation
dose from these CT examinations. We only found little variation in Agatston,
calcification volume and mass scores at reduced radiation doses. Therefore,
this study suggests that coronary calcium quantification can potentially be
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performed at substantially reduced radiation dose levels without significantly
affecting scores on CT systems from all major vendors, even without the use of IR.
To the best of our knowledge, this is the first study that analysed the effects
of IR algorithms and radiation dose reduction on new generation CT systems
from all major vendors on CCS. Ghadri and colleagues 18 performed an invivo study to assess the inter-scan variability on 64-slice CT systems from two
vendors, but they did not assess the effect of radiation dose reduction and
iterative reconstruction. Furthermore, Gebhard et al. 19 evaluated the effects
of different ASIR levels using a 64-slice CT system from one vendor and also
found a reduction in coronary calcium scores at increased ASIR levels. However,
they only evaluated the effects of ASIR on a routine radiation dose level. More
recently, Funabashi and colleagues 20 published a letter concerning the effects
of AIDR 3D and radiation dose reduction on the coronary calcium score of a
simulated vessel as derived on a 320-detector row CT system from one vendor.
They found increasing Agatston scores at reduced radiation doses and AIDR 3D
decreased these scores.
Regardless of the manufacturer, IR resulted in slightly reduced Agatston
scores and coronary calcification volumes. Since all IR algorithms reduce
image noise without affecting mean HU values,13,14,21 the range of extreme HU
values (both high and low) is narrowed, which influences Agatston scoring.
The Agatston score is weighted using a value based on the highest HU value
within a selected region of coronary calcium. Thus, a reduction of the highest
HU value will decrease the Agatston score. Furthermore, the denoising effect of
IR probably results in less sharp borders, since IR also decreased calcification
volumes. Coronary calcification mass scores were not affected by IR, which
is in accordance with the results from the study by Gebhard and colleagues.19
Probably, the coronary mass score is less susceptible to partial volume effects as
compared to the Agatston score and calcification volume score.
Substantial differences were found in Agatston scores, calcification volume
and mass scores between vendors. Furthermore, image acquisition with the
GE scanner/software resulted in the highest Agatston scores and the lowest
calcification volume and mass scores. Ghadri and colleagues18 also found
differences in volume scores between Siemens and GE and concluded that
volumes were overestimated with Siemens. Consequently, in our study either
three vendors overestimate calcification volume and mass scores or one vendor
underestimates these scores.
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Analysis of the reproducibility showed median relative differences ranging
from 0.9% (0.3-5.9%) to 8.8% (1.4-11.0%), which is comparable to earlier reported
reproducibility studies,8,16,18,22 but larger compared to differences between IR and
FBP and between reference dose and reduced dose. We did not find improved
reproducibility with the use of IR, probably because differences between FBP
and IR and between different dose levels were very small.
Radiation dose reduction and the application of IR did not result in
reclassification of the hearts for Philips and Siemens. For both Toshiba and
GE, two hearts were reclassified. However, it should be noted that absolute
differences were small (48 Agatston units or less) and these hearts represent
borderline cases.
Study limitations should be considered. First, a low number of non-dynamic
ex-vivo hearts were used. Results could be different in vivo and with more
hearts. Second, an anthropomorphic chest phantom of 300×200 mm was used,
simulating a medium-sized patient. Since CT image acquisition of heavy subjects
results in noisier images, results could be different for these subjects. Third,
only mild and strong IR levels were assessed. Future research could evaluate
to what extent medium IR levels affect CCS. Fourth, analysis was performed
with software from the same vendor as the CT system. This is a realistic clinical
approach. However, it would also be interesting to assess whether observed
differences are caused by different hardware or software. Therefore, future
research should be performed with different software packages.
In conclusion, this multivendor study showed that coronary calcium scoring
derived from standard FBP acquisitions using CT systems from four different
vendors was not affected by radiation dose reduction, even at 80% reduced
radiation doses. For all vendors, IR showed a trend towards lower Agatston
scores and calcification volumes, whereas the effect of IR on calcification mass
was less clear. Furthermore, reproducibility was not influenced by IR.
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Abstract
Purpose
We evaluated the effects of hybrid and model-based iterative reconstruction (IR)
algorithms from different vendors at multiple radiation dose-levels on imagequality of chest-phantom scans.
Materials and Methods
A chest-phantom was scanned on state-of-the-art CT-scanners from four
vendors at four dose-levels (4.1mGy, 3.0mGy, 1.9mGy and 0.8mGy). All data
were reconstructed with filtered back-projection (FBP) and reduced-dose data
also with IR (iDose4, AIDR-3D, ASIR, SAFIRE, prototype-IMR and Veo). CTnumbers and noise were measured in the spine and lungs. Signal-to-noise and
contrast-to-noise ratios were calculated and differences were analysed with the
Friedman-test.
Results
For all vendors, radiation-dose reduction with FBP resulted in significantly
increased noise-levels(≤148%) and decreased SNR(≤57%) and CNR(≤58%),
P<0.001. Conversely, IR resulted in decreased noise-levels(≤48%) and increased
SNR(≤94%) and CNR(≤94%). SNRs and CNRs of model-based algorithms at
80%-reduced dose were similar to reference-dose FBP.
Conclusions
Hybrid IR-algorithms have the potential to reduce radiation-dose with 27%-54%
and model-based IR-algorithms with up to 80%.
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Introduction
Medical ionizing radiation exposure and its associated risks are a widely debated
topic since the number of computed tomography (CT) examinations is increasing
rapidly.1 This has resulted in the development of new strategies to further reduce
the radiation dose from CT examinations.2 One of these strategies focuses on
optimization of CT image reconstruction. Currently, filtered back-projection
(FBP) is the most widely used reconstruction algorithm for CT imaging.3 FBP
is a fast and robust analytic technique which performs well in most situations,
however when radiation dose is reduced or when heavy patients are examined,
FBP results in images which are corrupted by both electronic and quantum
noise.4
To mitigate this noise problem new iterative reconstruction (IR) algorithms
have been developed which focus on reduction of image noise that potentially
enables the reduction of ionizing CT radiation dose. All major CT vendors have
recently introduced such IR algorithms, which work in different ways.5 Exact
mechanisms are proprietary, but IR algorithms roughly range from basic hybrid
algorithms to advanced computationally demanding model-based algorithms.6
IR algorithms use statistical noise models to optimize the quality of the final
image.3,7-10 Multiple steps are used and with every step noise is reduced according
to the specific statistical model of the IR algorithm. Hybrid IR algorithms iterate
in the raw data as well as the image domains and in almost all cases only an
initial and a final reconstruction are used 3. Model-based IR algorithms, on
the other hand, iterate with multiple forward and backward reconstructions 6.
These advanced IR algorithms do not only model quantum noise statistics but
also non-random noise due to the geometry and optics of the CT system.
Over the last years, many studies have been performed on the effects of IR
algorithms on image quality and the technical principles of different techniques
have been described before.3,5,6,8 However, to our knowledge, the noise reducing
effects of all currently available IR algorithms from different CT vendors have
never been compared directly. Hence, the aim of the current study was to
evaluate the effects of hybrid and model-based IR algorithms from different
vendors at multiple radiation dose levels on objective image quality of chest
phantom scans.
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Materials and Methods
Phantom and Ex-vivo Hearts
We used a commercially available anthropomorphic chest phantom (Figures
1 and 2, QRM GmbH, Moehrendorf, Germany) 11 and placed consecutively 15
ex-vivo human hearts in the cylindrical recess. These hearts were conserved in
3%-formaldehyde and were used to simulate a more realistic situation. Written
informed consent was obtained during life that allowed the use of the entire
bodies for educational and research purposes.

Figure 1: Anthropomorphic phantom with an ex-vivo heart
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Figure 2. Anatomy of the chest phantom with an inserted ex-vivo heart. RCA, right coronary artery.

CT Protocols
Four newest generation CT scanners were used for image acquisition (Brilliance
iCT, software version 3.2.0, Philips Healthcare, Best, The Netherlands; Aquilion
One Vision, edition software version 4.90, Toshiba Medical Systems, Otawara,
Japan; Discovery CT 750 HD, software version GMP HDE.74, GE Healthcare,
Waukesha, WI, United States and Somatom Definition Flash, software version
Syngo CT 2011A, Siemens Healthcare, Forcheim, Germany). A constant tube
voltage of 120 kV was used for all protocols and tube current varied resulting
in multiple radiation dose levels, resulting in four protocols with equal volume
CT dose indices (CTDIvol) for all CT scanners. The CTDIvol-values were
approximately 4.1 mGy (reference dose protocol A), 3.0 mGy (27% reduced dose
protocol B), 1.9 mGy (54% reduced dose protocol C) and 0.8 mGy (80% reduced
dose protocol D), respectively. The phantom was scanned 15 times at 4 dose
levels, resulting in 15×4 = 60 scans per vendor. For all scanners, cardiac stepand-shoot protocols were used which were triggered with a simulated 60 beats
per minute electrocardiogram (ECG) signal. Since one of the model-based IR
algorithms was not compatible with ECG-triggering, image acquisition with one
scanner was also performed with a non-triggered helical technique resulting in
similar CTDIvol-values (Table 1). Detector collimation was 128×0.6 mm (Philips
Healthcare), 280×0.5 mm (Toshiba Medical Systems), 32×0.6 (GE Healthcare) or
64×0.6 mm (Siemens Healthcare), at 512×512 matrix size. Reconstructed field-ofview was 160×160 mm for all vendors and protocols.
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170
75%
60
120
280×0.5
3/3
160×160

78%
60
120
128×0.6
3/3
160×160

Simulated heart rate (bpm)

Tube voltage (kV)

GE

Siemens

160×160

3/3

32×0.6

120

None

None

None

Helical

160×160

3/3

64×0.6

120

60

55%

Prospective

Sequential

Standard (FBP and Standard (FBP and Veo) B36f (FBP), I36f (SAFIRE
ASIR 20% and 80%)
levels 1 and 5)

160×160

3/3

32×0.6

120

60

70%

Prospective

Sequential

ECG, electrocardiogram; bpm, beats-per-minute; FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose Reduction 3D; ASIR, Adaptive Statistical
Iterative Reconstruction; SAFIRE, Sinogram-Affirmed Iterative Reconstruction

Reconstruction kernel

Field of view (mm)

Slice thickness/increment (mm)

CB (FBP and iDose4 FC 12 (FBP and AIDR
levels 1 and 6), Cardiac 3D mild and strong)
low contrast (FBP and
IMR levels 1 and 3)

Prospective

Prospective

ECG-triggering

ECG-phase (% of R-R interval)

Sequential

Detector collimation (mm)

GE

Aquilon One Vision Discovery CT 750-HD Discovery CT 750-HD Somatom Definition Flash

Toshiba

Sequential

Brilliance iCT

Philips

Acquisition mode

Scanner type

Vendor

Table 1: Acquisition parameters
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Image Reconstruction
Different vendors have developed different IR algorithms. Hybrid IR algorithms
include iDose4 (Philips Healthcare), AIDR 3D (Adaptive Iterative Dose
Reduction 3D; Toshiba Medical Systems), ASIR (Adaptive Statistical Iterative
Reconstruction; GE Healthcare), and SAFIRE (Sinogram-Affirmed Iterative
Reconstruction; Siemens Healthcare).12 The two most advanced IR algorithms
are model-based techniques, including the recently developed IMR algorithm
(Iterative Model Reconstruction; Philips Healthcare) and Veo (Model-Based
Iterative Reconstruction; GE Healthcare).8,13 With most IR algorithms, the
strength of noise reduction can be selected.14 Higher IR levels result in lower
noise levels.
Reference CT data (protocol A) were reconstructed with FBP and reduced
dose protocols B, C and D data were reconstructed with both FBP and IR. If
multiple noise reducing levels were available, a low and a high noise reducing
level were selected to allow for evaluation of the range of noise reduction. All
currently commercially available hybrid and model-based IR algorithms were
used (iDose4 levels 1 and 6, AIDR 3D mild and strong, ASIR 20% and 80%,
Veo, and SAFIRE levels 1 and 5) and the 6th release of a prototype of the IMR
algorithm was used at the lowest level 1 and the highest level 3. The following
clinically used spatial domain kernels were used (Philips Healthcare: filter CB,
Toshiba Medical Systems: filter FC 12, GE Healthcare: standard kernel, Siemens
Healthcare: kernels B36f for FBP and I36f for SAFIRE). Since the standard filter
CB was not available for IMR reconstructions, a similar filter was used instead
as recommended by the manufacturer: cardiac low contrast filter. These kernels
allowed for evaluation of images similar to clinically acquired images. Thickness
and increment of slices were 3 mm for all protocols. If only thin-slice images
were available, these were reconstructed to 3 mm thick slices with software from
the same vendor as the CT scanner or with OsiriX Dicom viewer version 5.5.2
(Pixmeo, Geneva, Switzerland).
Image Quality Analysis
Image quality was assessed on a dedicated CT workstation with commercially
available software (CT Viewer, IntelliSpace Portal version 4.0, Philips Healthcare).
Two regions-of-interest (ROIs) were drawn with diameters of 10 mm, one within
the artificial spine and one within the artificial lungs of the phantom. ROIs were
placed at exactly the same position by using the copy function. Mean signal was
measured in Hounsfield units (HU) and noise was quantified as the standard
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deviation (SD) of the signal. The signal-to-noise ratios (SNRs) of the two ROIs
and contrast-to-noise ratio (CNR) were calculated as described before.5 The SNR
was calculated by dividing the mean signal of a user-defined ROI by its standard
deviation (noise). Since results were similar for the ROIs within the spine and
within the lungs, noise levels and SNR values are presented from the ROI within
the spine only. For the CNR the following equation was used:

CNR =

Signal ROI1 − Signal ROI2
2

2

0.5 × ( SDROI1 + SDROI2 )

	
  

Signals represent the mean HU values of the ROIs within the spine and the
lungs and SD represents the standard deviation of the same ROIs. Since noise
levels, SNRs and CNRs at reference protocol A were expected to differ between
the vendors, relative noise, SNRs and CNRs were calculated to evaluate the
effects of the different IR algorithms. Relative values were calculated by dividing
the specific noise values, SNRs and CNRs with the reference protocol A values.
The ex-vivo hearts had HU values of approximately zero due to conservation in
3%-formaldehyde solution. ROIs were not placed within the hearts since this
would result in incorrect SNR values.
Data Analysis
The Kolmogorov-Smirnov test was used to assess normality. Since data were
not normally distributed (P>0.05), the non-parametric Friedman test was
used with a significance level of P<0.05. Tests were performed for each image
quality measure (noise, SNR, CNR) within vendors. Reference dose FBP values
(Protocol A) were compared to low-dose values (Protocols B, C and D). Protocols
B, C and D were reconstructed with both FBP, low and high hybrid IR and if
available model-based IR, Friedman tests were performed per reconstruction
method. This resulted in Friedman tests with four parameters, e.g. Protocol A
(FBP) versus Protocol B (low hybrid IR) versus Protocol C (low hybrid IR) versus
Protocol D (low hybrid IR). Medians with interquartile ranges (IQR) are used
to describe the data. Statistical analysis was performed with SPSS version 20.0
(SPSS Inc, Chicago, Illinois, United States).
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Figure 3. Images of reference dose (protocol A) and lowest dose (protocol D) scans from four different

vendors. FBP, filtered back-projection; IR, iterative reconstruction.

Results
Tube currents and CTDIvol-values of the different protocols are listed in Table 2
and example images with ROIs are displayed in Figure 3.
Noise
For all vendors, decreased radiation doses resulted in significantly increased
noise levels (P<0.001 for all) when FBP reconstruction was used. Conversely, IR
resulted in decreased noise levels within the spine compared to the reference
FBP protocol A (Table 3, Figure 4). Higher IR levels resulted in more noise
reduction. For the two vendors with both a model-based IR and hybrid IR, the
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259

4.12

Vendor

Tube current (mA)

CTDIvol (mGy)

160

Toshiba

4.20

220

GEa
4.07

75

GEb
4.20

252

Siemens
4.07

2.99

189

Philips

B

120

Toshiba
3.10

160

GEa
2.96

55

GEb
3.08

184

Siemens
2.97

C

118
1.87

70

Toshiba
1.80

105

GEa
1.94

35

GEb
1.96

1.89

116

Siemens

D

47
0.75

a

, step-and-shoot protocol; b, helical protocol. CTDIvol, volumetric computed tomography dose index; DLP, dose length-product

A

Philips

Protocol

Philips

174
Philips

Table 2: Radiation dose levels of the different protocols

30

Toshiba
0.80

45

GEa
0.83

15

GEb
0.84

48

Siemens
0.78
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Table 3: Median noise measurements within the spine with interquartile ranges
Noise (HU)
Protocol

A

B

C

D

P-value

Philips

12 (11-13)

15 (14-16)

24 (23-26)

<0.001

iDose4 level 1a

10 (10-11)

11 (10-12)

13 (12-15)

22 (20-23)

<0.001

iDose level 6

FBPa

7 (6-8)

8 (8-9)

14 (13-14)

<0.001

IMR level 1b

7 (6-7)

8 (7-9)

12 (12-14)

<0.001

IMR level 3

5 (5-6)

6 (5-6)

9 (8-10)

<0.001

13 (13-13)

18 (16-19)

28 (25-33)

<0.001

4

a

b

Toshiba

12 (12-13)

FBP
AIDR 3D mild

13 (12-13)

16 (15-17)

22 (20-26)

<0.001

AIDR 3D strong

11 (10-11)

14 (12-14)

18 (16-26)

<0.001

14 (13-16)

18 (17-19)

26 (24-29)

<0.001

ASIR 20%

13 912-14)

16 (15-17)

24 (22-27)

<0.001

ASIR 80%

10 (9-11)

12 (11-13)

18 (16-20)

<0.001

7 (7-8)

8 (7-9)

10 (9-11)

<0.001

8 (7-8)

10 (10-10)

15 (14-16)

<0.001

7 (7-8)

9 (9-9)

13 (13-15)

<0.001

4 (4-5)

5 (5-6)

7 (7-8)

<0.001

GE

12 (11-13)

FBP

Veo
Siemens

7 (7-7)

FBP
SAFIRE level 1
SAFIRE level 5

Cardiac B filter, Cardiac low contrast filter.
FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose Reduction 3D; ASIR, Adaptive
Statistical Iterative Reconstruction; SAFIRE, Sinogram-Affirmed Iterative Reconstruction;
Protocol A, reference protocol with CTDIvol ≈ 4.1 mGy; protocol B, CTDIvol ≈ 3.0 mGy; protocol C,
CTDIvol ≈ 1.9 mGy; protocol D, CTDIvol ≈ 0.8 mGy
a

b
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Philips

300%

300%

250%

250%

200%

200%

150%

50%

50%

Noise

150%

Protocol D

150%
100%

100%

50%

50%

117% 106% 60%

74%

107%

High IR

FBP

Protocol C

220% 197%

Low IR

High IR

Protocol B

146% 131%

FBP

Protocol D

0%

Low IR

81%

High IR

155%

FBP

206%

Low IR

Protocol C

222%

Veo

66%

High IR

Veo

98%

FBP

High IR

132%

Low IR

Low IR

Protocol B

144%

Veo

61%

High IR

83%

FBP

112%

Low IR

123%

FBP

0%

High IR

200%

FBP

200%

Low IR

250%

High IR

250%

FBP

300%

Protocol C

233% 186% 150%

Siemens

350%

300%

150% 136% 111%

Low IR

Protocol B

GE

350%

87%

High IR

Protocol D

104% 102%

FBP

0%

Low IR

Low IMR

FBP

Protocol C

94%

High IMR

248% 218% 139% 122%

High IR

59%

Low IR

78%

Low IMR

High IR

Protocol B

82%

High IMR

146% 131%

Low IR

52%

FBP

High IR

FBP

Low IR

70%

Low IMR

66%

High IMR

118% 106%

Noise

150%
100%

100%

0%

Toshiba

350%

Noise

Noise

350%

Protocol D

Figure 4. Relative noise levels (Hounsfield units) within the spine per vendor at different computed

tomography dose indices (CTDIvol). FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose
Reduction 3D; ASIR, Adaptive Statistical Iterative Reconstruction; SAFIRE, Sinogram-Affirmed
Iterative Reconstruction.

maximum noise reduction was achieved with model-based IR. At the reference
FBP protocol A, median noise levels were 11 (10-11) HU, 12 (12-13) HU, 12 (11-13) HU,
and 7 (7-7) HU for Philips, Toshiba, GE and Siemens, respectively. At the lowest
radiation dose protocol D, median noise levels increased to 24 (23-26) HU, 28 (2533) HU, 26 (24-29) HU, and 15 (14-16) HU for Philips, Toshiba, GE and Siemens,
respectively. These median noise values decreased to 14 (13-14) HU, 18 (16-26) HU,
18 (16-20) HU, and 7 (7-8) HU with the highest levels of hybrid IR for Philips,
Toshiba, GE and Siemens, respectively. The model-based algorithms reduced
noise further to 9 (8-10) and 10 (9-11) for Philips and GE, respectively. Three IR
algorithms were able to reduce noise at the lowest dose protocol D to similar
levels as the reference protocol A: IMR level 3, Veo and SAFIRE level 5.
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Table 4: Median signal-to-noise ratios within the spine with interquartile ranges
Signal-to-noise ratio
Protocol

A

B

C

D

P-value

Philips

9 (9-10)

7 (7-9)

5 (4-5)

<0.001

iDose4 level 1a

11 (10-11)

10 (10-11)

8 (8-10)

5 (5-6)

<0.001

iDose level 6

16 (15-18)

13 (12-16)

8 (8-9)

<0.001

IMR level 1b

16 (15-17)

14 (13-15)

9 (9-10)

<0.001

IMR level 3

21 (20-24)

19 (17-22)

13 (11-14)

<0.001

10 (10-11)

8 (7-9)

5 (4-5)

<0.001

FBPa
4

a

b

Toshiba

11 (10-11)

FBP
AIDR 3D mild

11 (10-11)

9 (7-9)

6 (5-7)

<0.001

AIDR 3D strong

13 (12-13)

10 (9-11)

7 (7-8)

<0.001

7 (7-8)

6 (6-7)

4 (4-4)

<0.001

GE

9 (9-10)

FBP
ASIR 20%

8 (7-9)

6 (6-7)

4 (4-5)

<0.001

ASIR 80%

11 (10-12)

9 (8-10)

6 (5-7)

<0.001

Veo

15 (14-15)

14 (12-15)

11 (10-11)

<0.001

Siemens

16 (15-17)

FBP
SAFIRE level 1
SAFIRE level 5

14 (13-15)

11 (11-12)

7 (7-8)

<0.001

16 (15-17)

12 (12-13)

8 (8-9)

<0.001

28 (25-29)

22 (20-24)

15 (13-17)

<0.001

Cardiac B filter, Cardiac low contrast filter
FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose Reduction 3D; ASIR, Adaptive
Statistical Iterative Reconstruction; SAFIRE, Sinogram-Affirmed Iterative Reconstruction; Protocol
A, reference protocol with CTDIvol ≈ 4.1 mGy; protocol B, CTDIvol ≈ 3.0 mGy; protocol C, CTDIvol ≈
1.9 mGy; protocol D, CTDIvol ≈ 0.8 mGy
a

b

Signal-to-noise Ratio
For all vendors, decreased radiation doses resulted in significantly decreased
SNRs (P<0.001 for all) and IR resulted in increased SNRs (Table 4, Figure 5).
Higher IR levels resulted in higher SNRs. Again, the maximum noise reduction
was achieved with model-based IR. At reference protocol A, median SNRs were
11 (10-11), 11 (10-11), 9 (9-10), and 16 (15-17) for Philips, Toshiba, GE and Siemens,
respectively. At the lowest radiation dose protocol D, median SNRs decreased
to 5 (4-5), 5 (4-5), 4 (4-4), and 7 (7-8) for Philips, Toshiba, GE and Siemens,
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Figure 5. Relative signal-to-noise ratios (SNR) within the spine per vendor at different computed

tomography dose indices (CTDIvol). FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose
Reduction 3D; ASIR, Adaptive Statistical Iterative Reconstruction; SAFIRE, Sinogram-Affirmed
Iterative Reconstruction.

respectively. These SNRs increased to 8 (8-9), 7 (7-8), 6 (5-7), and 15 (13-17) with the
highest levels of hybrid IR for Philips, Toshiba, GE and Siemens, respectively.
SNR further increased with the model-based algorithms to 13 (11-14) and 11 (1011) for Philips and GE, respectively. Only the two model-based IR algorithms
were able to increase SNRs at the lowest dose protocol D to similar levels as the
reference protocol A.
Contrast-to-noise Ratio
For all vendors, decreased radiation doses resulted in significantly decreased
CNRs (P<0.001 for all) and IR resulted in increased CNRs (Table 5, Figure
6). Higher IR levels resulted in higher CNRs. In line with the other results,
the maximum CNRs were achieved with the model-based IR algorithms. At
reference protocol A, median CNRs were 78 (73-80), 66 (65-68), 64 (62-71), and
110 (107-112) for Philips, Toshiba, GE and Siemens, respectively. At the lowest
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Table 5: Median contrast-to-noise ratios with interquartile ranges

Contrast-to-noise ratio
Protocol

A

B

78 (73-80)

C

D

P-value

Philips

66 (60-71)

52 (49-57)

33 (31-34)

<0.001

iDose4 level 1a

73 (66-79)

59 (55-64)

37 (35-38)

<0.001

iDose level 6

116 (106-129)

92 (87-104)

60 (56-61)

<0.001

IMR level 1b

114 (109-119)

97 (89-102)

60 (57-64)

<0.001

IMR level 3

148 (142-158)

131 (119-141)

78 (75-88)

<0.001

61 (59-63)

46 (44-48)

29 (27-32)

<0.001

FBPa
4

a

b

Toshiba
FBP

66 (65-68)

AIDR 3D mild

63 (60-65)

49 (47-51)

36 (32-38)

<0.001

AIDR 3D strong

72 (70-75)

59 (57-63)

45 (39-46)

<0.001

56 (52-59)

46 (43-46)

29 (27-32)

<0.001

GE
FBP

64 (62-71)

ASIR 20%

61 (56-63)

50 (47-51)

32 (30-35)

<0.001

ASIR 80%

82 (76-86)

66 (63-69)

43 (40-47)

<0.001

105 (99-112)

94 (90-100)

76 (71-79)

<0.001

Veo
Siemens

95 (88-103)

77 (75-81)

52 (47-55)

<0.001

SAFIRE level 1

105 (97-114)

87 (83-89)

57 (52-62)

<0.001

SAFIRE level 5

176 (167-185)

151 (143-164)

104 (96-111)

<0.001

FBP

110 (107-112)

Cardiac B filter, b Cardiac low contrast filter.
FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose Reduction 3D; ASIR, Adaptive
Statistical Iterative Reconstruction; SAFIRE, Sinogram-Affirmed Iterative Reconstruction; Protocol
A, reference protocol with CTDIvol ≈ 4.1 mGy; protocol B, CTDIvol ≈ 3.0 mGy; protocol C, CTDIvol ≈
1.9 mGy; protocol D, CTDIvol ≈ 0.8 mGy
a

radiation dose protocol D, median CNRs decreased to 33 (31-34), 29 (27-31), 29
(27-32), and 52 (47-55) for Philips, Toshiba, GE and Siemens, respectively. These
CNRs increased to 60 (57-64), 45 (39-46), 43 (40-47), and 104 (96-111) with the
highest levels of hybrid IR for Philips, Toshiba, GE and Siemens, respectively.
CNR further increased with the model-based algorithms to 78 (75-88) and 76 (7179) for Philips and GE, respectively. Only the two model-based IR algorithms
were able to increase CNRs at the lowest dose protocol D to similar levels as the
reference dose protocol A.
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Figure 6. Relative contrast-to-noise ratios (CNR) per vendor at different computed tomography

dose indices (CTDIvol). FBP, filtered back-projection; AIDR 3D, Adaptive Iterative Dose Reduction
3D; ASIR, Adaptive Statistical Iterative Reconstruction; SAFIRE, Sinogram-Affirmed Iterative
Reconstruction.

Discussion
To our knowledge, this is the first study that directly compared the noise
reducing effects of hybrid and model-based IR algorithms from the major
vendors on CT scans of the chest. Our multivendor-study showed that modelbased IR algorithms reduce image noise more strongly compared to hybrid IR
algorithms. Image noise, SNR and CNR were similar between reference-dose
FBP and 80%-reduced dose model-based IR.
Many studies have been conducted on the noise reducing effects of IR
algorithms.3,5,15-18 In accordance with our results, all studies reported decreased
image noise, and increased SNR and CNR with IR compared to FBP. Most studies
evaluated the effects of only one IR algorithm and some studies evaluated the
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effects of a hybrid and a model-based IR algorithm,4,12,19 but none compared
multiple vendors. The current study showed differences in the strength of noise
reduction of different IR algorithms. AIDR 3D is the hybrid IR algorithm with
the mildest noise reduction, whereas SAFIRE is the strongest noise-reducing
hybrid IR algorithm. For all vendors, strong level hybrid IR algorithms at
27% reduced dose (protocol B) resulted in similar or better image quality as
compared to reference dose protocol A. For three vendors this was also the case
at 54% reduced dose (protocol C). This indicates that hybrid IR has the potential
to reduce radiation dose with 27% to 54%, dependent on the vendor. However,
noise was reduced the strongest with the two model-based IR algorithms.
Image noise, SNR and CNR of 80%-reduced dose model-based IR algorithms
were similar or even superior compared to reference-dose FBP. These results
are relevant since they give an indication of the potential dose reduction that
can be achieved with these algorithms. Our results suggest that model-based
IR algorithms potentially allow for more radiation dose reduction compared
to hybrid IR algorithms. Therefore, this study indicates that FBP is likely to
be replaced by IR in the future given the noise reducing potential. Although,
it should be noted that besides objective image quality also other measures
such as diagnostic value and detectability of lesions are of importance for dose
reduction evaluation. Reduced noise may for instance result in less sharper
images or in losing subtle details. The objective image quality as measured in
the current study gives an indication of the potential dose reduction levels, but
in-vivo human research with clinically used indications should be conducted to
assess the optimal dose-level and IR settings.
An interesting finding is the substantial difference in noise levels, SNRs and
CNRs at all radiation doses between vendors. A potential explanation for this
finding is the use of different reconstruction kernels, since a sharper filter results
in more noise. Furthermore, differences in bowtie filters, detector characteristics
and anti-scatter grids could have contributed to the differences of noise levels,
SNRs and CNRs. Due to these differences, the actual noise reducing strengths
of the IR algorithms per se remain somewhat nebulous. Therefore, we also
analysed relative noise levels, SNRs and CNRs (Figures 4 to 6), which give an
indication of the objective image quality regardless of the reference dose noise
level. These relative values clearly showed that the strongest noise reducing
hybrid IR algorithm resulted in a median relative CNR of 96% at 80%-reduced
radiation dose. The effects of this hybrid IR algorithm on objective image quality
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measures are almost similar to the model-based IR algorithms. Taking the
longer reconstruction times of model-based IR algorithms into account, these
results suggest that this algorithm does not need to be replaced by an advanced
model based algorithm for improving objective image quality. The model-based
IR algorithms reduced noise more strongly than hybrid IR algorithms with
median relative CNR values of over 100% at 80%-reduced radiation dose.
Theoretically, one would expect that the strength of noise reduction of these
IR algorithms correlates with reported achieved dose reductions. However, this
hypothesis does not hold true since reported dose reductions range from 29
to 76% for iDose4, from 52 to 64% for AIDR 3D, from 23 to 90% for ASIR, and
from 40 to 56% for SAFIRE.5,20 This discrepancy is probably due to the fact that
most studies did not take the maximum achievable radiation dose reduction
into consideration, hence the effect of IR at greater or smaller radiation dose
reduction levels was not evaluated. Furthermore, the routine radiation dose
levels differ between institutions and some IR algorithms have been analysed
more extensively than others, resulting in a broader range of achieved dose
reduction percentages.5
The strength of the current study is the objective image quality comparison
of different IR algorithms at the same radiation dose levels. Nevertheless, this
study has limitations. First, we imaged a chest phantom since it is unethical to
examine humans with multiple CT systems at multiple radiation dose levels.
Second, image quality was only assessed with objective measures. We did
not evaluate subjective image quality since this is only relevant for clinically
used examinations, which was not the case with our phantom scans. Third,
GE’s model-based IR algorithm is not yet compatible with cardiac triggering.
Therefore, Veo images were acquired with a helical protocol instead of a
sequential protocol. This might have led to variations in the results. In order to
limit these variations, all other parameters, such as CTDIvol, were kept the same.
In conclusion, our multi-vendor study showed that hybrid IR algorithms
have the potential to reduce the radiation dose with 27% to 54%, dependent
on the vendor. Furthermore, model-based IR algorithms reduce image noise
more strongly compared to hybrid IR algorithms. Image noise, SNR and CNR
of 80%-reduced dose model-based IR images were similar or even superior
compared to reference-dose FBP images. These results suggest that modelbased IR allows for greater radiation dose reductions compared to hybrid IR.
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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.
Materials and 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 found with iDose4
and IMR were compared to FBP reconstruction (routine dose) as well as objective
image quality.
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.
Conclusions
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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Introduction
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.
Materials and 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 The total calcium
score of calcifications was determined. All measurements were performed using
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commercially available semiautomatic software on the workstation (Cardiac
Calcium Scoring, Heartbeat CS, Philips Healthcare, Best, The Netherlands).
By placing a cursor in a calcified area and by clicking with the mouse, the user
instructed the software to automatically delineate the calcified area and quantified
the Agatston score, calcification mass and calcification volume. A single observer
assessed the calcium scores. All reconstructions per dose level were assessed at the
same time to ensure that the same calcifications were measured.
The number of reclassifications from predefined Agatston categories was
investigated. The following risk groups based on Agatston score were used: 0
(normal); 1-10 (low); 11-100 (low-intermediate); 101-400 (intermediate); >400
(high).
Image Quality
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 diameter of 18 mm was drawn within the spine and the lung and the mean
HU and the standard deviation (SD) were determined. The CNR was computed
using the following equation:
The SNR was defined as the ratio between the mean HU and the SD of the same
ROI.
Statistical Analysis
Statistical analysis was performed using SPSS (version 20.0 for Microsoft
Windows). The Shapiro-Wilk 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
considered statistically significant for the Friedman test and a Bonferroni
correction was made for the post-hoc Wilcoxon test with a significance level set
at a p-value below 0.007. Values are given as medians with interquartile ranges
unless otherwise stated. Interscan variability was measured using the intraclass
correlation coefficient as well as a Bland-Altman plot.
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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.

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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iDose4 level 1

397 (211 – 1411)
122 (60 - 411)
323 (172 - 1115)

397 (212 - 1413)

122 (61 - 410)

335 (173 - 1115)

Agatston score

Mass

Volume

122 (64 – 416)
378 (181 - 1132)

122 (65 – 416)

379 (185 - 1134)

Mass

Volume

119 (60 - 392)
346 (184 - 1067)

120 (62 - 393)

356 (188 – 1071)

Mass

Volume

390 (221 – 1448)
121 (56 - 415)
320 (197 - 1132)

122 (67 – 417)

415 (203 - 1136)

Mass

Volume

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)

120 (53 – 412)

380 (205 - 1395)*
p=0.005

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

*Significant difference compared to FBP at routine dose. FBP = filtered back projection

Agatston score

392 (230 – 1462)

82% reduced dose

389 (212 – 1368)

391 (214 -1376)

Agatston score

55% reduced dose

395 (216 - 1442)

395 (218 - 1443)

Agatston score

27% reduced dose

Routine dose

FBP

308 (175 - 1083)*
p=0.005

121 (49 - 414)

376 (201 - 1401)*
p=0.003

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

121 (48 - 415)

376 (199 – 1399)*
p=0.003

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

309 (170 - 1078)*
p=0.003

121 (48 - 416)

377 (198 - 1403)*
p=0.004

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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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.

5
4
3
2
1
0
-1
-2
-3
-4
-5
-6

5
4
3
2
1
0
-1
-2
-3
-4
-5
-6

Routine dose

Agatston
Volume
Mass
FBP

iDose4 iDose4 iDose4 IMR
IMR
IMR
level 1 level 4 level 7 level 1 level 2 level 3

55% reduced dose
Agatston
Volume
Mass

FBP

IMR
IMR
iDose4 iDose4 iDose4 IMR
level 1 level 4 level 7 level 1 level 2 level 3

5
4
3
2
1
0
-1
-2
-3
-4
-5
-6

5
4
3
2
1
0
-1
-2
-3
-4
-5
-6

27% reduced dose
Agatston
Volume
Mass

FBP

iDose4 iDose4 iDose4 IMR
IMR
IMR
level 1 level 4 level 7 level 1 level 2 level 3

82% reduced dose
Agatston
Volume
Mass

FBP

IMR
IMR
iDose4 iDose4 iDose4 IMR
level 1 level 4 level 7 level 1 level 2 level 3

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). FBP = filtered back projection; IMR = iterative model reconstruction

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
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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).
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 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.
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196
51.3
(48.20 - 56.4)
40.5
(35.7 - 43.7)
28.0
(26.2 - 28.7)

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

5.5
(5.1 - 6.1)
4.1
(3.9 - 4.6)
3.0
(2.7 - 3.2)

4.9
(4.6 - 5.5)

3.7
(3.4 - 4.1)

2.6
(2,4 - 2.8)

27% dose reduction

55% dose reduction

82% dose

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)

64.8
(60.0 - 70.7)

75.5
(70.5 - 78.9)

iDose4 level 4

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

6.4
(5.8 - 6.7)

5.8
(5.2 - 6.0)

Routine dose

SNR Spine

60.1
(56.5 - 62.8)

53.8
(50.6 - 56.2)

iDose4 level 1

Routine dose

CNR

FBP

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)

99.6
(91.9 - 109.5)

117.3
(109.1 - 121.9)

iDose level4 7

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)

113.9
(104.7 - 127.3)

146.4
(132.2 - 155.6)

161.1
(158.1 - 172.9)

IMR level 1

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)

139.4
(129.0 - 158.0)

180.0
(160.3 - 193.1)

194.0
(189.3 - 206.4)

IMR level 2

Table 2: CNR and SNR per dose level and per reconstruction method. Values are presented as medians (interquartile range).

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)

233.3
(228.0 - 248.7)

IMR level 3
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Figure 3: CNR per dose level. Reference line represents the median CNR with FBP (at routine dose).

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)

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.
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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.

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 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
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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.
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 followup, 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
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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 modelbased 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
Purpose
To assess the impact of hybrid iterative reconstruction (IR) and novel model-based
iterative reconstruction (IMR) and dose reduction on prosthetic heart valve (PHV)
related artifacts and objective image quality.
Materials and Methods
One transcatheter and two mechanical PHVs were embedded in diluted contrastgel, inserted in an anthropomorphic phantom and imaged stationary with
retrospectively ECG-gated computed tomography. Eight acquisitions were
obtained of each PHV at 120 kV, 600 mAs (routine), 300 mAs and 150 mAs
(reduced-dose). Data were reconstructed with filtered back-projection (FBP), IR
and IMR. Hypodense and hyperdense artifact volumes were quantified using two
threshold-filters. Signal-to-noise (SNR) and contrast-to-noise (CNR) ratios were
calculated.
Results
Artifact volumes differed significantly between reconstruction algorithms for all
PHVs (P<0.005). Compared to FBP, iterative reconstruction decreased overall
hypodense and hyperdense artifact volumes; at 150 mAs by 53% and 20% (IR)
and 67% and 23% (IMR), respectively and significantly increased SNR and CNR
at all doses (P<0.012). Even at reduced-dose, IMR resulted in higher image quality
than routine-dose FBP and IR.
Conclusions
Iterative reconstruction and particularly IMR significantly reduce PHV-related
artifacts and improve objective image quality in non-pulsatile conditions, even in
reduced-dose images. Also, this study suggests that IMR allows for more radiation
dose reduction in comparison to hybrid IR while maintaining high image quality.
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Introduction
Over the last decade, prosthetic heart valve (PHV) assessment with multidetectorrow computed tomography (MDCT) has expanded. MDCT has shown significant
benefits complementary to echocardiography and cinefluoroscopy, since it may
detect periprosthetic masses, false aortic aneurysms and leaflet motion restriction
that cannot be found otherwise.1-6 However, diagnostic analysis with retrospectively
gated MDCT remains hampered by the PHV-related artifacts which limit the
interpretation of PHV images and is associated with relatively high radiation doses
which may exceed 15 mSv per acquisition.7,8 Artifacts may hamper assessment of
valve related disease by obscuring the periprosthetic anatomy, thereby impairing
accurate diagnosis of pannus or thrombus as PHV obstruction cause, periprosthetic
leakage and endocarditis vegetations, pseudoaneurysms and valve dehiscence.
Multiple techniques have become commercially available in order to reduce
the radiation dose for cardiac MDCT.9 One part of these techniques concerns
the reconstruction of MDCT data into images. The conventional filtered back
projection (FBP) is a robust algorithm for MDCT image formation, however
this fairly simple technique is hampered by increased amounts of image noise
at reduced radiation doses.10 Therefore, iterative reconstruction algorithms have
been developed, which allow imaging at reduced radiation doses while preserving
image quality. By now, all major MDCT vendors offer iterative reconstruction
algorithms ranging from basic hybrid algorithms to more advanced model-based
algorithms.11 The basic hybrid iterative reconstruction algorithms iterate within the
raw data and/or in the image domain and compare the updated data to the original
data and/or image. Herewith an optimized image with reduced noise is generated.
Numerous studies have investigated the impact of hybrid iterative reconstruction
algorithms on image quality,11,12 but only few have investigated the effects of a
more sophisticated model-based iterative reconstruction algorithm (Veo, GE
Healthcare).13-16 With relation to PHV-related artifacts, only hybrid iterative
reconstruction was evaluated and compared to FBP in solely two studies.17,18 All
studies suggested that iterative reconstruction may achieve significant MDCT
radiation dose reduction without reduction of image quality.
Recently a new model-based iterative reconstruction algorithm has been
introduced called Iterative Model Reconstruction (IMR, Philips Healthcare, Best,
The Netherlands).11,19 The most important difference between hybrid and modelbased iterative reconstruction methods is that in the latter approach not only the
quantum noise statistics but also non-random noise intrinsic to the geometry and
optics of the imaging system are modeled. Furthermore, model-based algorithms
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are fully iterative with forward and backward reconstructions, which could result
in reduced cone-beam, spiral or other artifacts.11,20 However, to our knowledge the
effects of the new model-based iterative reconstruction algorithms on PHV-related
artifacts have never been evaluated. Therefore, the purpose of this study was to
investigate the impact of this novel model-based iterative reconstruction technique
in comparison with a hybrid iterative reconstruction technique and FBP on PHVrelated artifacts and objective image quality with routine and reduced dose MDCT.

Materials and Methods
Heart Valve Prostheses
Three different PHVs were studied: (1) St. Jude mechanical bileaflet (SJ; St. Jude
Medical Inc., St Paul MN, USA), (2) Medtronic Hall tilting disc (MH; Medtronic
Inc., Minneapolis MN, USA) and (3) Edwards Sapien XT transcatheter valve (ES;
Edwards Lifesciences, Irvine, CA, USA). All valves were inserted and attached
in open position in the center of a plastic holder containing diluted contrast gel; a
mixture of contrast (Ultravist 300mg/ml; Bayer B.V., Mijdrecht, The Netherlands)
and gel in a ratio of 1:20 (Figure 1). The PHVs were attached to the holder by
sutures under an angle of 45 degrees to simulate the same aortic PHV position
in relation to the tube angle as in patients. For simulation of human thoracic
radiation absorption, the PHV holder was placed in a commercially available
anthropomorphic thoracic phantom (QRM GmbH, Möhrendorf, Germany).

Figure 1: A prosthetic heart valve mounted in a static contrast gel containing holder (a) placed in

the commercially available anthropomorphic thoracic phantom (b) (QRM GmbH, Möhrendorf,
Germany)

208

Impact of Iterative Reconstruction on Prosthetic Heart Valve Artifacts

MDCT
MDCT images were acquired on a 256-slice MDCT scanner (Brilliance iCT,
Philips Healthcare, Best, The Netherlands) with retrospective ECG-gating. For
all three valves (SJ, MH and ES) eight image acquisitions were performed. The
acquisition protocol was based on the standard clinical retrospectively ECG-gated
MDCT protocol for PHV evaluation: slice collimation of 128 x 0.625 mm, gantry
rotation time of 0.27 seconds, matrix size of 512 x 512 pixels, pitch of 0.16, tube
voltage of 120 kV and tube current-time product of 600 mAs. All acquisitions
were also repeated at tube current-time products of 300 mAs and 150 mAs to
examine the effects of reduced radiation doses compared to routine radiation
dose. The volume CT dose index (CTDIvol) was registered. Thus, eight series with
three different radiation dose acquisitions were obtained resulting in a total of 24
acquisitions for each of the three PHVs. For retrospective ECG-gating an ECGgenerator was used to simulate a heart rate of 75 beats per minute.
Data Reconstruction
Raw data were transferred to a dedicated CT workstation with a prototype software
package of a novel model-based iterative reconstruction algorithm (IMR prototype
release 7, Philips Healthcare, Best, The Netherlands). Herewith, MDCT data could
be reconstructed in three different ways: FBP, hybrid iterative reconstruction (IR;
iDose4, Philips Healthcare) and model-based iterative reconstruction (IMR; IMR,
Philips Healthcare). The strength of noise reduction ranges from 1 to 7 for iDose4
and from 1 to 3 for IMR, in which higher levels result in less image noise. For the
current study, we used iDose4 level 4 as recommended by the vendor and used in
a previous study,17,21 and IMR level 3 to analyze the maximum achievable effect.
Images were reconstructed using the cardiac routine filter. Furthermore, images
were reconstructed in 75% of the RR interval, slice thickness was 0.9 mm with
0.45 mm increment and field of view was 250 x 250 mm, as is common in our
clinical practice.
Image Analysis
Reconstructed images were transferred to another dedicated workstation (Extended
Brilliance Workstation version 4.5.5, Philips Healthcare, Best, The Netherlands)
for objective analysis by one observer. Hypodense and hyperdense artifact
volumes were measured automatically by the software in three-dimensional
volume rendered images, after excision of the thoracic phantom, by applying two
predefined threshold filters based on the attenuation of the surrounding structures
according to previously described methods (Figure 2).17,22
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Figure 2: Three-dimensional volume rendered images showing hypodense artifact volumes

(top) measured and excised from reduced dose 300mAs MDCT images (bottom; axial view) of
the Medtronic Hall tilting disc valve reconstructed with FBP, IR and IMR, respectively. MDCT
multidetector-row computed tomography
FBP filtered back projection; IR hybrid iterative reconstruction; IMR model-based iterative
reconstruction

Accurately defined lower and upper thresholds include all required voxels based
on Hounsfield unit (HU) values beneath and above the threshold, respectively. To
enable solely artifact volume measurements, the surrounding structures needed
to be excluded, in this case the contrast media. Therefore, the mean HU-value
of the contrast agent was the basis for both thresholds. From this, the lower and
upper thresholds were defined by subtracting and adding three times the standard
deviation (SD) of the mean contrast HU-value, respectively. The PHVs were
surrounded by diluted contrast gel with a mean density of 380 ± 85 Hounsfield
units (HU ± standard deviation; SD) at 150mAs.
Thus, the lower threshold value for hypodense artifacts was set at 125 HU
(380 HU – 3SD) and the upper threshold value for hyperdense artifacts at 635
HU (380 HU + 3SD). PHV components were included in the hyperdense artifact
measurements.
To evaluate objective image quality we used the signal-to-noise ratio (SNR)
and contrast-to-noise ratio (CNR) as described before.21 SNR and CNR are
calculated by using the general equations:
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in which signal is the mean signal of the tissue in HU and SD is the standard
deviation of the signal as measure of noise. For reliable and reproducible results,
a homogenous signal of sufficient volume is required. For this reason we used the
contrast material and sternum of the thoracic phantom for signal measurements in
this study.
In all acquisitions of the ES PHV regions of interest (ROI) with a diameter of
20 mm were drawn in the contrast and sternum at exactly the same locations to
measure the mean image signal and SD as a measure of noise. From this signal-tonoise ratios (SNR) and contrast-to-noise ratios (CNR) were calculated.
Statistical Analysis
Data were analyzed by two observers using the IBM SPPS Statistics software
version 20.0 for Windows. Non parametric data were presented as medians with
interquartile range (IQR) and statistically analyzed using the Friedman test with
the significance level set at P<0.05. The Wilcoxon signed-rank test was conducted
for post-hoc analysis with appliance of the Bonferroni correction for multiple
testing resulting in a significance level of P<0.017.

Results
One complete MH series including three different radiation dose acquisitions
was excluded due to technical failure during reconstruction of one 300 mAs scan,
therefore 21 MH acquisitions were available for analysis. The CTDIvol values were
38.5, 19.3 and 9.6 mGy for 600 mAs, 300 mAs and 150 mAs, respectively.
Absolute artifact volumes measured are presented in Table 1. For all PHVs,
significant artifact differences were found between the reconstruction algorithms
(all P<0.005). Figure 3a shows the artifact volume decrease for the SJ PHV, related
to the reconstruction algorithms. All PHVs showed similar volume decrease
patterns. Decrease of artifact volumes was greatest for hypodense artifacts
and reduced dose acquisitions. At routine dose, differences between absolute
hypodense artifact volumes were relatively small.
The effects of dose reduction on hypodense and hyperdense artifact volumes
are given in Table 1 as well. Artifact volumes increased significantly with FBP at
reduced radiation dose in all PHVs (all P<0.002). In contrast, images reconstructed
with IR and IMR showed less variation between artifact volumes at different
radiation doses and even inclined to remain equal (Figure 3b). An example of the
effects of different radiation doses and reconstruction techniques on prosthetic
heart valve related artifacts is presented in Figure 4.
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FBP

362
(349-388)
1461
(1392-1516)

381
(370-411)

1522
(1464-1568)

Medtronic Hall

Edwards Sapien

2198
(2156-2206)
1595
(1545-1615)

2207
(2169-2217)

1613
(1563-1634)

Medtronic Hall

Edwards Sapien

1525
(1468-1543)

2096
(2048-2103)

1836
(1832-1847)

1507
(1443-1563)

382
(370-412)

865
(821-920)

IMR

1735
(1705-1767)

2258
(2229-2263)

1915
(1882-1937)

1575
(1542-1646)

449
(426-468)

910
(874-944)

FBP

1675
(1638-1701)

2228
(2193-2229)

1888
(1855-1906)

1410
(1383-1470)

386
(368-413)

802
(768-841)

IR

300 mAs

1571
(1543-1596)

2116
(2086-2123)

1865
(1838-1891)

1331
(1312-1371)

327
(316-346)

763
(722-825)

IMR

2302
(2247-2330)

2782
(2778-2864)

2331
(2266-2361)

2672
(2549-2831)

1053
(1021-1332)

2083
(2058-2175)

FBP

150 mAs

1712
(1692-1771)

2276
(2268-2285)

1957
(1930-1987)

1418
(1372-1598)

439
(388-534)

955
(920-1010)

IR

FBP = filtered back projection; IR = hybrid iterative reconstruction; IMR = model-based iterative reconstruction; IQR = interquartile range

1859
(1855-1866)

1868
(1865-1875)

St. Jude

Hyperdense artifacts, median (IQR); mm3

866
(812-908)

899
(844-947)

St. Jude

IR

600 mAs

Hypodense artifacts, median (IQR); mm3

algorithm

Reconstruction

Table 1: Artifact volume measurements in three prosthetic heart valves

1587
(1568-1623)

2174
(2152-2180)

1934
(1873-1948)

975
(916-1149)

258
(174-329)

777
(723-828)

IMR
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Figure 3: Hypodense artifact volumes in the St. Jude prosthetic heart valve (a and b) and the effects of

FBP, IR and IMR reconstructions at 150 mAs (a) and IMR reconstructions at 600 mAs, 300 mAs and
150 mAs (b). Also presented, the SNRs at 150 mAs for the three different reconstruction algorithms
(c) and CNRs at 600 mAs, 300 mAs and 150 mAs for IMR (d). The reference lines (*) represent the
minimal and maximal FBP values at 600 mAs.
FBP filtered back projection; IR hybrid iterative reconstruction; IMR model-based iterative
reconstruction; SNR signal-to-noise ratio; CNR contrast-to-noise ratio

The noise measured in contrast is presented in Table 2. The SNR was significantly
higher with IR and IMR when compared to FBP in both contrast and sternum, and
in all acquisitions (all P<0.012). The SNR of the ROI placed within the contrast
solution at 150 mAs is presented in Figure 3c. In all reconstructions IMR also
resulted in higher SNR than IR (P<0.012) (Table 2). Likewise, the CNR was
significantly higher in IMR reconstructions compared to FBP and IR (P<0.012)
(Table 2).
The CNR and SNR differed significantly between all radiation doses with
all reconstruction algorithms (all P<0.006). However, in post hoc analysis IMR
showed no significant differences for the CNR and SNR between 600 and 300 mAs
acquisitions and between 300 and 150 mAs acquisitions (P>0.034) (Figure 3d).
Table 3 provides an overview of the results presenting the relative change for artifact
volume and image quality based on reconstruction technique and radiation dose.

213

214
29.3
(28.9-30.5)
13.1
(12.6-13.4)
13.4
(13.2-13.5)

40.1
(39.4-41.9)

9.6
(9.2-9.8)

9.7
(9.5-9.8)

SNR

CNR

44.0
(41.6-44.3)

37.2
(36.0-37.4)

10.3
(10.2-10.7)

IMR

7.0
(6.9-7.1)

6.9
(6.7-7.2)

55.8
(54.0-58.0)

FBP

9.7
(9.5-9.9)

9.7
(9.2-10.0)

40.1
(38.5-42.1)

IR

300 mAs

41.1
(38.0-44.2)

36.1
(32.2-38.4)

10.7
(10.0-12.0)

IMR

5.1
(5.0-5.2)

5.1
(5.0-5.2)

75.3
(75.0-77.3)

FBP

7.3
(7.2-7.4)

7.3
(7.2-7.4)

52.8
(52.2-53.7)

IR

150 mAs

38.1
(35.2-38.6)

33.0
(30.2-34.0)

11.7
(11.3-12.8)

IMR

- 1%
- 4%
+ 560%
+ 353%

- 4%

- 1%

+ 40%

+ 38%

+ 40%

+ 41%

- 2%
+ 490%

+ 729%

- 6%

- 20%

IMR

300 mAs

- 12%

IR

+ 44%

+ 43%

- 20%

+ 649%

+ 903%

- 23%

- 67%

IMR

150 mAs

- 53%

IR

SNR = signal-to-noise ratio; CNR = contrast-to-noise ratio; IR = hybrid iterative reconstruction; IMR
= model-based iterative reconstruction

CNR

SNR

Hyperdense artifacts

Hypodense artifacts

IMR

IR

600 mAs

reconstruction techniques compared to the reference standard (600mAs, filtered back projection)

Table 3: Relative change for artifact volumes and image quality presented for all radiation doses and

Noise = standard deviation of the mean contrast signal; IQR = interquartile range; SNR = signal-to-noise ratio; CNR = contrast-to-noise ratio; MDCT =
multidetector-row computed tomography; FBP = filtered back projection; IR = hybrid iterative reconstruction; IMR = model-based iterative reconstruction

(IQR)

IR

FBP

600 mAs

Noise, median

algorithm

Reconstruction

Table 2: Noise, SNR and CNR in contrast at routine and reduced dose MDCT with three different reconstruction algorithms
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Figure 4: Multidetector-row computed tomography images of the Edwards Sapien XT prosthetic

heart valve reconstructed with FBP, IR and IMR at 600 mAs (routine dose) and 300 mAs and 150
mAs (reduced dose).
FBP filtered back projection; IR hybrid iterative reconstruction; IMR model-based iterative
reconstruction

Discussion
The main findings of our study are twofold. First, PHV artifact volumes are
significantly reduced in all PHVs by IR and particularly by IMR. Artifact
volumes of FBP reconstructions increase significantly with reduced radiation
doses, however artifact volumes remain relatively unchanged with IR and IMR
at reduced radiation doses. Second, IMR significantly increases objective MDCT
image quality as quantified by SNR and CNR when compared to FBP and IR.
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Even at 75% reduced dose the objective image quality with IMR is higher than
with FBP and IR at routine dose. Therefore this phantom study suggests that IMR
allows radiation dose reduction while objective image quality is maintained and
even can be improved.
This is, to our best knowledge, the first study that evaluates the novel IMR
algorithm and the impact of IMR on metal related artifacts in commonly implanted
PHVs. Since IMR offers full iterative reconstruction and modeling of both quantum
and non-random noise, a different and greater impact is expected on metal related
artifacts compared to IR. Our study showed that this is indeed the case.
Previously, several studies have assessed the effects of various other
reconstruction algorithms and artifact reduction filters on metal artifacts in MDCT
images.17,18,23 Our group previously found increased PHV-related hypodense
and hyperdense artifact volumes with FBP at 50% reduced radiation dose in a
pulsatile phantom set-up.17 Furthermore, no significant artifact reduction was
found with 50% reduced dose IR compared to routine dose FBP. In that study,
image noise was also evaluated and equal results were found in 50% reduced
dose IR and routine dose images reconstructed with FBP. In another study a metal
artifact reduction filter was evaluated, but this filter introduced new interpolation
artifacts.18 In accordance with previous results, we found similar artifact volumes
with 50% reduced dose IR and routine dose FBP. However, artifact volumes with
routine dose FBP did not increase much with 50% reduced dose FBP, but artifacts
increased considerably with 75% reduced radiation dose. Possibly this is due to
the use of contrast agent rather than water. Since current threshold values are
based on the attenuation of contrast agent they differ from the thresholds applied
formerly which were based on the attenuation of water. Therefore the amount of
noise included in artifact measurements could alter between studies. Also, in our
study artifact volumes were even further reduced by IMR compared to IR, even at
75% reduced radiation dose.
Noise in projection data is believed to be an important cause of metal streak
artifacts, next to beam hardening and patient motion.23 Boas et al. studied the
impact of linear interpolation, a metal detection technique and a selective algebraic
reconstruction technique on metal streak artifacts with disturbance by Poisson
noise, beam hardening and motion. With all techniques, Poisson noise showed
greatest metal streak artifacts. Hence, by reducing noise in projection data one
would presume reduction of metal streak artifacts which was emphasized in this
study.
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Reduction of PHV artifacts will likely improve diagnostic evaluation in
patients with suspected prosthetic heart valve complications. By reducing both
hypodense and hyperdense artifacts one might visualize the periprosthetic anatomy
as required to specify the underlying problem. For example, with high amounts of
MDCT artifacts in a patient with PHV obstruction on echocardiography, it might
not be possible to diagnose pannus tissue as the cause of obstruction. In addition,
reduction of noise and increase of SNR and CNR might allow for more detailed
evaluation of the periprosthetic region and might improve for instance evaluation
of periprosthetic leakage.
As noted earlier, PHV evaluation with retrospectively ECG-gated MDCT
involves patient exposure to high radiation doses. In this study IMR allowed even
75% radiation dose reduction while maintaining image quality and reducing PHVrelated artifacts. Objective IMR image quality at 150 mAs acquisitions was even
higher compared to routine FBP image quality at 600 mAs. By this means, IMR
offers important potential for significant patient radiation dose reduction, even
beyond the radiation dose reduction offered by IR.
Iterative reconstruction has one known disadvantage; its longer reconstruction
time. However, several studies showed the reconstruction time delay with
hybrid iterative reconstruction to be without clinical relevance.24,25 On the other
hand, reconstruction time delay with model-based iterative reconstruction is
significantly more time consuming.26 With our protocol, it took approximately 20
minutes per reconstruction for acquired IMR data. It is stated that with the latest
version, reconstruction times are reduced to 5 minutes. For application of IMR in
emergency settings this could be a drawback, although outpatient imaging should
not be hampered. Hence, the feasibility of the IMR algorithm in patient studies
needs to be assessed more extensively.
This study has several limitations. First, a different kernel was used than the
clinical cardiac B filter. Thus, artifact volumes reconstructed with FBP and IR
might differ from volumes measured with the routine cardiac filter. However, since
the same kernel was used for FBP, IR and IMR, the effects on artifact volume could
still be evaluated. Second, only the objective image quality without subjective
image quality or clinical diagnostic value was assessed since we performed a
phantom study. Furthermore, images could not be evaluated in a blinded manner
since the different reconstruction algorithms can easily be distinguished visually.
Subjective evaluation could therefore introduce bias. Third, image noise could
not entirely be excluded from artifact volume measurements. Complete exclusion
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of image noise might result in different artifact volume quantifications. Fourth,
a static PHV model was used. For clinical implementation it would be valuable
to evaluate the effect of IMR on motion artifacts in a pulsatile setting as well.
Furthermore, a pulsatile experiment would allow assessment of the impact of heart
rate on artifacts and image quality, since a high heart rate might negatively affect
both.
In conclusion, we evaluated a novel model-based iterative reconstruction
algorithm and found in comparison to FBP and IR significantly decreased
hypodense and hyperdense artifact volumes at reduced radiation doses in all
PHVs. Furthermore, IMR increased objective MDCT image quality of all PHVs.
Objective image quality with IMR was higher than at routine dose with FBP, even
at a 75% reduced radiation dose.

Acknowledgements
We thank Jamal Moumni for technical assistance and Chris van Kesteren for
his help with edition of the figures. This study was supported by a grant of The
Netherlands Heart Foundation [Grant number 2009B014]. The department of
Radiology, University Medical Center Utrecht received Research Support from
Philips Healthcare.

218

Impact of Iterative Reconstruction on Prosthetic Heart Valve Artifacts

References
1.

Caudron J, Fares J, Hauville C, Cribier A, Dacher JN, Tron C et al. Evaluation of multislice
computed tomography early after transcatheter aortic valve implantation with the Edwards
SAPIEN bioprosthesis. Am J Cardiol 2011;108:873-881.

2.

Willson AB, Webb JG, Labounty TM, Achenbach S, Moss R, Wheeler M et al. 3-dimensional
aortic annular assessment by multidetector computed tomography predicts moderate or
severe paravalvular regurgitation after transcatheter aortic valve replacement: a multicenter
retrospective analysis. J Am Coll Cardiol 2012;59:1287-1294.

3.

LaBounty TM, Agarwal PP, Chughtai A, Bach DS, Wizauer E, Kazerooni EA. Evaluation of
mechanical heart valve size and function with ECG gated 64-MDCT. American Journal of
Roentgenology 2009;193:W389-W396.

4.

Symersky P, Budde RP, de Mol BA, Prokop M. Comparison of multidetector-row computed
tomography to echocardiography and fluoroscopy for evaluation of patients with mechanical
prosthetic valve obstruction. Am J Cardiol 2009;104:1128-1134.

5.

Tsai IC, Lin YK, Chang Y, Fu YC, Wang CC, Hsieh SR et al. Correctness of multi-detectorrow computed tomography for diagnosing mechanical prosthetic heart valve disorders using
operative findings as a gold standard. Eur Radiol 2009;19:857-867.

6.

Habets J, Budde RP, Symersky P, van den Brink RB, de Mol BA, Mali WP et al. Diagnostic
evaluation of left-sided prosthetic heart valve dysfunction. Nat Rev Cardiol 2011;8:466-478.

7.

Hausleiter J, Meyer T, Hermann F, Hadamitzky M, Krebs M, Gerber TC et al. Estimated
radiation dose associated with cardiac CT angiography. JAMA 2009;301:500-507.

8.

Symersky P, Budde RP, Westers P, de Mol BA, Prokop M. Multidetector CT imaging of
mechanical prosthetic heart valves: quantification of artifacts with a pulsatile in-vitro model.
Eur Radiol 2011;21:2103-2110.

9.

Lee TY, Chhem RK. Impact of new technologies on dose reduction in CT. Eur J Radiol
2010;76:28-35.

10.

Willemink MJ, de Jong PA, Leiner T, de Heer LM, Nievelstein RA, Budde RP et al. Iterative
reconstruction techniques for computed tomography Part 1: Technical principles. Eur Radiol
2013;23:1623-1631.

11.

Kachelrieß M. Iterative Reconstruction Techniques: What do they Mean for Cardiac CT?
Current Cardiovascular Imaging Reports 2013;6:268-281.

12.

Willemink MJ, Leiner T, de Jong PA, de Heer LM, Nievelstein RA, Schilham AM et al. Iterative
reconstruction techniques for computed tomography part 2: initial results in dose reduction
and image quality. Eur Radiol 2013;23:1632-1642.

13.

Scheffel H, Stolzmann P, Schlett CL, Engel LC, Major GP, Karolyi M et al. Coronary artery
plaques: cardiac CT with model-based and adaptive-statistical iterative reconstruction
technique. Eur J Radiol 2012;81:e363-369.

219

Chapter 3.5 | Part I - Cardiac Imaging

14.

Singh S, Kalra MK, Do S, Thibault JB, Pien H, O’Connor OJ et al. Comparison of hybrid and
pure iterative reconstruction techniques with conventional filtered back projection: dose
reduction potential in the abdomen. J Comput Assist Tomogr 2012;36:347-353.

15.

Vardhanabhuti V, Loader RJ, Mitchell GR, Riordan RD, Roobottom CA. Image quality
assessment of standard- and low-dose chest CT using filtered back projection, adaptive
statistical iterative reconstruction, and novel model-based iterative reconstruction algorithms.
AJR Am J Roentgenol 2013;200:545-552.

16.

Katsura M, Matsuda I, Akahane M, Yasaka K, Hanaoka S, Akai H et al. Model-based iterative
reconstruction technique for ultralow-dose chest CT: comparison of pulmonary nodule
detectability with the adaptive statistical iterative reconstruction technique. Invest Radiol
2013;48:206-212.

17.

Habets J, Symersky P, de Mol BA, Mali WP, Leiner T, Budde RP. A novel iterative reconstruction
algorithm allows reduced dose multidetector-row CT imaging of mechanical prosthetic heart
valves. Int J Cardiovasc Imaging 2012;28:1567-1575.

18.

Habets J, Symersky P, Leiner T, de Mol BA, Mali WP, Budde RP. Artifact reduction strategies for
prosthetic heart valve CT imaging. Int J Cardiovasc Imaging 2012;28:2099-2108.

19.

Willemink MJ, De Jong PA. Pediatric chest computed tomography at a radiation dose
approaching a chest radiograph. Am J Respir Crit Care 2013;188:626-627.

20.

Nielsen T, Manzke R, Proksa R, Grass M. Cardiac cone-beam CT volume reconstruction using
ART. Med Phys 2005;32:851-860.

21.

Willemink MJ, Habets J, de Jong PA, Schilham AM, Mali WP, Leiner T et al. Iterative
reconstruction improves evaluation of native aortic and mitral valves by retrospectively ECGgated thoracoabdominal CTA. Eur Radiol 2013;23:968-974.

22.

van der Schaaf I, van Leeuwen M, Vlassenbroek A, Velthuis B. Minimizing clip artifacts in
multi CT angiography of clipped patients. AJNR Am J Neuroradiol 2006;27:60-66.

23.

Boas FE, Fleischmann D. Evaluation of two iterative techniques for reducing metal artifacts in
computed tomography. Radiology 2011;259:894-902.

24.

Gervaise A, Osemont B, Lecocq S, Noel A, Micard E, Felblinger J et al. CT image quality
improvement using Adaptive Iterative Dose Reduction with wide-volume acquisition on
320-detector CT. Eur Radiol 2012;22:295-301.

25.

Willemink MJ, Schilham AM, Leiner T, Mali WP, de Jong PA, Budde RP. Iterative reconstruction
does not substantially delay CT imaging in an emergency setting. Insights Imaging 2013;4:391397.

26.

Yamada Y, Jinzaki M, Tanami Y, Shiomi E, Sugiura H, Abe T et al. Model-based iterative
reconstruction technique for ultralow-dose computed tomography of the lung: a pilot study.
Invest Radiol 2012;47:482-489.

220

Part I

3.6

Coronary calcium scores are
systematically underestimated
at a large chest size:
a multivendor phantom study

Martin J. Willemink1, Bronislaw Abramiuc2, Annemarie M. den Harder1, Niels R. van der Werf2,
Pim A. de Jong1, Ricardo P.J. Budde1,3, Joachim E. Wildberger4, Rozemarijn Vliegenthart 2,5,
Tineke P. Willems2, Marcel J.W. Greuter2, Tim Leiner1
1
2

University Medical Center Utrecht, Department of Radiology, Utrecht, the Netherlands

University of Groningen, University Medical Center Groningen, Department of Radiology, Groningen, the Netherlands
3
4
5

Erasmus Medical Center Rotterdam, Department of Radiology, Rotterdam, the Netherlands

Maastricht University Medical Center, Department of Radiology, Maastricht, the Netherlands

University of Groningen, University Medical Center Groningen, Center for Medical Imaging-North East Netherlands,
Groningen, the Netherlands
Accepted for publication in the Journal of Cardiovascular Computed Tomography 2015

Chapter 3.6 | Part I - Cardiac Imaging

Abstract
Purpose
To evaluate the effect of chest-size on coronary calcium score (CCS) as assessed
with new-generation computed tomography (CT) systems from four major
vendors.
Materials and Methods
An anthropomorphic small-sized (300×200mm) chest-phantom containing 100
small calcifications (diameters 0.5-2.0mm) was evaluated with and without an
extension ring on state-of-the-art CT-systems from four vendors. The extension
ring was used to mimic a patient with a large chest-size (400×300mm). Image
acquisition was repeated five times with small translations and/or rotations.
Routine clinical acquisition and reconstruction protocols for small and heavy
patients were used. CCS was quantified as Agatston and mass-scores with
vendor software.
Results
The small-sized phantom resulted in median (interquartiles) Agatston-scores
of 10 (9-35), 136 (123-146), 34 (30-37) and 87 (85-89) for Philips, GE, Siemens and
Toshiba, respectively. Mass-scores were 4 (3-9), 23 (21-27), 8 (8-9) and 20 (20-20) mg,
respectively. Adding the extension ring resulted in reduced Agatston-scores for
all vendors (17-48%) and mass-scores for two vendors (11-49%). Median Agatstonscores decreased to 9 (5-10), 79 (60-80), 27 (24-32) and 45 (29-53) units, and median
mass-scores remained similar for Philips at 4 (4-6) and Siemens at 8 (7-8) and
decreased for the other vendors to 13 (11-14) and 10 (8-13) mg, respectively.
Conclusions
This multivendor phantom-study showed that CCS can be underestimated up
to 50 (49-66)% for Agatston-scores and 49 (36-59)% for mass scores at a larger
chest-size, which may be relevant for women and large patients. However, CCS
underestimation by chest-size differs considerably by vendor.
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Introduction
Coronary calcification is a strong predictor for future cardiovascular events.1-3
Therefore, computed tomography (CT) is commonly used for assessing the
coronary calcium score (CCS) as part of individual risk evaluation. The number
of CCS examinations is expanding rapidly and it is already the most common
type of CT screening in the United States.4 Recent American Heart Association
guidelines recommend CCS for asymptomatic individuals at low-to-intermediate
and intermediate cardiovascular risk.5 It is expected that this recommendation
will result in a further increase in the number of CCS examinations.
Previous studies have shown that obesity is associated with higher CCS6-8 and
increased body weight is also associated with poorer CT image quality.9-11 This
might influence calcium scoring since body weight is positively correlated with
chest size.12,13 Furthermore, women have relatively more thoracic fat and breast
tissue. With the expanding prevalence of obesity and growing number of CCS
examinations it is essential to assess whether the CCS derived in patients with
a large chest size is accurate. Since tube voltage of CCS acquisition protocols is
fixed at 120 kV, raised CCS could be caused by either overestimation due to poor
image quality at an increased body size or due to actually increased amount of
coronary calcification in obese individuals. However, the effect of chest size has
not been evaluated yet on routinely used protocols of current state-of-the-art
CT systems. The purpose of the current study is to evaluate the effect of chest
size on CCS as assessed with new-generation CT systems from the four major
vendors.

Methods
Phantom
An anthropomorphic chest phantom (QRM Thorax, QRM GmbH, Möhrendorf,
Germany) was used that consisted of artificial lungs, a spine and a cylindrical
recess. A cardiac phantom was placed within this cylindrical recess, which
contained 100 small cylindrical calcifications varying in size and density.14
Calcification diameters ranged from 0.5 to 2.0 mm and densities ranged from
90 to 540 mg hydroxyapatite per cm3. Image acquisition was performed without
and with an extension ring (QRM Thorax, QRM GmbH, Möhrendorf, Germany)
(Figure 1). The phantom dimensions without extension ring were 300 mm × 200
mm and with extension ring 400 mm × 300 mm, respectively. The density of the
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Figure 1: Phantom with calcification inserts

extension ring was comparable to fat density (approximately -100 Hounsfield
units). The phantom without extension ring was used to mimic a patient with
a small chest size and the extension ring was used to mimic a patient with a
large chest size. Retrospective analysis of clinically acquired cardiac CT data
found that these dimensions match true patient chest sizes. In 26 patients who
underwent a cardiac CT examination, the lateral dimensions ranged from 340.1
mm in a patient weighing 67 kg to 522.1 mm in a patient weighing 120 kg.
CT Protocol
Image acquisition was performed using state-of-the-art CT systems from the
four major vendors (Brilliance iCT, Philips Healthcare, Best, The Netherlands;
Discovery CT 750
HD, GE Healthcare, Waukesha, WI, United States; Somatom Definition
Flash, Siemens Healthcare, Forcheim, Germany and Aquilion One Vision,
Toshiba Medical Systems, Otawara, Japan). Routine acquisition protocols for
small patients were used for the phantom without extension ring and routine
acquisition protocols for large patients were used for the phantom with extension
ring (Table 1). Vendor recommended protocols were used with a fixed tube
voltage of 120 kV and different tube currents based on body size. Prospectively
electrocardiography triggered sequential modes were used with a simulated
heart rate of 60 beats per minute. Image acquisition was repeated five times with
small translations and/or rotations to assess the effects of interscan variation.
CCS was quantified as Agatston and mass scores with semi-automatic software
from the same manufacturer as the CT systems. Images were reconstructed with
vendor recommended kernels.
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Table 1: Acquisition and reconstruction parameters
Acquisition parameters

Acquisition mode
Tube voltage (kV)

Tube current time product –
small/heavy (mAs)
Volumetric computed tomography
dose index (mGy)
Rotation time (s)
Collimation (mm)
Reconstruction parameters

Slice thickness (mm)
Increment (mm)
Field of view (mm)
Reconstruction kernel

Philips

GE

Siemens

Toshiba

Sequential
120

Sequential
120

Sequential
120

Sequential
120

4.1 / 4.9

10.0 / 10.6

0.8 / 2.4

1.6 / 6.4

0.27
128×0.625

0.35
64×0.625

0.28
32×1.2

0.35
240×0.5

3.0
3.0
250
XCA

2.5
2.5
250
Standard

3.0
1.5
250
B35f

3.0
3.0
250
FC12

50 / 60

175 / 193

22 / 70

13 / 53

Statistical Analysis
Statistical analysis was performed using SPPS (version 20.0 for Microsoft
Windows). The Shapiro-Wilk test was used to identify normally distributed
data. To evaluate whether median values differed statistically significantly, data
were compared using the Wilcoxon signed rank test. A P-value below 0.05 was
considered statistically significant. CCS values are given as medians of the five
measurements with interquartile ranges.

Results
Agatston Scores
Median Agatston scores for the phantom without extension ring varied from 10.3
(8.6-34.8) to 136.0 (123.0-146.0) for CT systems from different vendors. Agatston
scores decreased with the extension ring to median scores ranging from 8.6
(5.0-10.0) to 79.0 (60.0-80.0) for CT systems from different vendors. However,
decrease was statistically significant (P = 0.043) for one vendor with Agatston
scores decreasing from 87.0 (85.0-89.0) to 45.0 (29.0-53.0). Example images of the
phantom without and with extension ring are displayed in Figure 2. Agatston
and mass scores for the small and the large sized phantom are displayed in
Figure 3. These figures indicate that re-scan variability differs between vendors
and variability was largest in GE and Toshiba scans.
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Figure 2: Example images

Calcium Mass
Median calcium mass for the phantom without extension ring varied from 3.6
(2.5-8.9) mg to 23.4 (21.1-27.3) mg for CT systems from different vendors. Mass
scores decreased with the extension ring to median scores ranging from 4.4 (4.25.5) mg to 10.3 (7.8-13.1) mg for CT systems from different vendors. Differences
were statistically significant for only one vendor (P = 0.04) with mass scores
decreasing from 20.0 (19.7-20.2) mg to 10.3 (7.8-13.1) mg.

A

B

Agatston scores

140

136.0

25
23.4

120

P = 0.043

P = 0.043

Mass score (mg)

Agatston score

Mass scores
30

160

100
87.0

80

79.0

60

20

20.0

15
12.5
10.3

10

45.0

40

8.4
7.5

33.5

5

27.1

20

4.4
3.6

10.3

Medium size phantom
Large size phantom

8.6

0

0

Philips

GE

Siemens

Toshiba

Philips

GE

Figure 3: Effect of body size on Agatston scores (A) and mass scores (B)

Siemens

Toshiba

Significant differences are indicated with P-values, other values do not differ significantly.
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Discussion
This multivendor phantom study found that Agatston scores and calcium mass
decreased for all major vendors by adding an extension ring, even with routinely
used weight adjusted acquisition protocols. This implicates that Agatston scores
and calcium mass are underestimated in patients with large chest size when
compared to small chest size. Depending on the vendor, this underestimation
can be up to 50% for CCS.
Incorrect CCS quantification can result in incorrect reclassification of
individuals, which may lead to withdrawal of treatment or to overtreatment.1,15
Inadequate CCS quantification in individuals with a large chest size is especially
important due to the increasing prevalence of obesity. Furthermore, women
have a larger chest size for a given body weight than men due to breast tissue,
therefore our results are also important for CCS evaluation in women; larger
breasts may result in lower coronary calcium scores.
Prior studies found that obesity is associated with raised CCS6-8 and CT
image quality deteriorates with increased body weight.9-11 Both of these factors
might influence the absolute CCS. On the other hand, obese patients often
have multiple elevated risk factors for cardiovascular disease, which might also
explain raised CCS.16 Our study sought to answer the question to what extent
variations in chest size are responsible for variations in CCS. Our study showed
that CCS are underestimated at a larger chest size, even with weight-adapted
CT acquisition protocols for all major vendors. These results suggest that the
association between obesity and raised CCS is even stronger. For the current
study an extension ring with fat density was added to simulate an individual
with a large chest size. However, besides a heavy individual this extension ring
can also be used to simulate breast tissue. Therefore, our results also suggest
that CCS can be underestimated in women. Part of the observed difference
between women and men, especially in the pre-menopausal age group,17 may be
attributable to underestimated calcium scores.
Agatston scores are influenced by the threshold above which a lesion is
classified as a calcification, by the size of the calcification and by the highest
Hounsfield unit value of a calcification.18 The threshold used for the Agatston
score is 130 Hounsfield units. Therefore, attenuation values have an influence
on Agatston scores. Attenuation values may differ between body sizes and CT
hardware. Nelson et al.10 found that differences in attenuation values up to 15%
occur depending on scanner type and body size. Furthermore, they found lower
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attenuation values in patients with a higher body mass index. Stanford et al.11
and Raggi et al.19 also found that a higher body mass index is associated with
a lower mean density which can result in lower calcium scores. A solution for
this problem might be the use of calcium calibrations or the use of a different
threshold for the assessment of coronary calcifications in patients with a large
chest size.19,20 An individual threshold based on the calcium density will probably
be more accurate, however this should be evaluated with future research.18,19,21
Also an alternative method for quantifying coronary calcium without using
a fixed threshold has been proposed by Liang and colleagues, which deserves
further attention.22
Calcium mass scores are strongly influenced by the density of calcifications
whereby an increase in density leads to a higher score. One would thus expect that
an increased density would result in an increased risk of a cardiovascular event.
However, the relationship between a higher density of coronary calcifications
and an increased risk of a cardiovascular event is controversial because the
risk of cardiovascular disease is higher in patients with non-calcified plaques
compared to calcified plaques.23 Recently a large multicenter prospective study
by Criqui et al.24 found that higher calcium density is inversely related to the risk
of future cardiovascular disease, suggesting that the mass score may not be the
optimal assessment tool for the risk of a future cardiovascular event.
Another reason for the decrease in Agatston score and calcium mass in
heavy patients is the generally diminished image quality in patients with
increased body size 9,25,26 caused by an increase in image noise and radiation
scatter in heavy patients.19 The effect of noise can be reduced by using iterative
reconstruction techniques.27 A previous multivendor study showed that iterative
reconstruction algorithms from four vendors did not affect CCS in a small sized
phantom indicating that iterative reconstruction can be used for small sized
patients.28 The application of iterative reconstruction algorithms for CCS in
heavy patients remains to be evaluated.
Our study also found that state-of-the-art CT systems from the four largest CT
vendors result in different Agatston scores and, in some cases, a wide variation
between the five scans. The effect of older CT systems from different vendors
on CCS has been investigated by McCollough et al.29 They found differences in
Agatston scores and calcium mass scores of 4.0% and 4.7%, respectively. In the
current study larger differences in Agatston scores and calcium mass scores
were found, similar to the results from Willemink et al.15 These results indicate
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that calcium quantification should be validated not only for body size but also
for CT system and software.
Variability of the 5 scans was substantial for some vendors. This was probably
caused by the different protocols between the vendors. One would expect that
higher noise levels result in increased variability. However, no correlation
between dose level and interscan variability was found in the current study.
Furthermore, the wide interquartile ranges (and thus the large variability) may
have contributed to the finding that decreased Agatston and mass scores were
only significant for one vendor.
A reference standard is not available for Agatston scores. However, the total
mass of the 100 cylindrical calcifications within the phantom was known (50.2
mg). This was not used as a reference standard in the current study, since most
calcifications were too small to be detected by the CT systems. Therefore, all
CT systems underestimate true calcification mass. The large variability between
vendors may also be caused by these small calcifications. Not all vendors
detected the same calcifications.
The current study has limitations. First, it concerns an in-vitro study. Since
it is not possible to evaluate the same individual with different chest sizes, an invivo design was not feasible. Second, only small uniform non-anthropomorphic
calcifications were inserted in the phantom. Therefore, it could be possible that
results differ for larger calcifications. However, small calcifications are more
interesting, since relevant reclassification of individuals is more likely at low
CCS. Third, a non-dynamic phantom was used. The influence of cardiac motion
could therefore not be taken into account.
In conclusion, this multivendor phantom study showed that Agatston scores and
calcium mass decrease when using an extension ring suggesting a systematic
underestimation of Agatston scores and calcium mass in patients with larger
chest sizes.
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Abstract
Purpose
To evaluate the influence of iterative reconstruction (IR) on pulmonary nodule
volumetry with chest computed tomography (CT).
Materials and Methods
Twenty patients (12 women and 8 men, mean age 61.9, range 32-87) underwent
evaluation of pulmonary nodules with a 64-slice CT-scanner. Data were
reconstructed using filtered back projection (FBP) and IR (Philips Healthcare,
iDose4-levels 2, 4 and 6) at similar radiation dose. Volumetric nodule
measurements were performed with semi-automatic software on thin slice
reconstructions. Only solid pulmonary nodules were measured, no additional
selection criteria were used for the nature of nodules. For intra-observer
and inter-observer variability, measurements were performed once by one
observer and twice by another observer. Algorithms were compared using
the concordance correlation-coefficient (pc) and Friedman-test, and post-hoc
analysis with the Wilcoxon-signed ranks-test with Bonferroni-correction
(significance-level p<0.017).
Results
Seventy-eight nodules were present including 56 small nodules (volume<200
mm3, diameter<8 mm) and 22 large nodules (volume≥200 mm3, diameter≥8
mm). No significant differences in measured pulmonary nodule volumes
between FBP, iDose4-levels 2, 4 and 6 were found in both small nodules and
large nodules. FBP and iDose4-levels 2, 4 and 6 were correlated with pc-values of
0.98 or higher for both small and large nodules. Pc-values of intra-observer and
inter-observer variability were 0.98 or higher.
Conclusions
Measurements of solid pulmonary nodule volume measured with standardFBP were comparable with IR, regardless of the IR-level and no significant
differences between measured volumes of both small and large solid nodules
were found.
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Introduction
Since the widespread introduction of chest computed tomography (CT),
pulmonary nodules have become a common incidental finding.1 Despite the
fact that the vast majority of pulmonary nodules are benign,2 they are important
radiographic predictors for lung cancer and pulmonary metastases. Although
some nodules show typical benign characteristics (e.g. calcifications, diameter
smaller than 4 mm, peri-fissural location),3-5 nodule size and growth rate remain
the most important imaging predictors for malignancy.6 Therefore, accurate
measurements of nodule size at baseline and growth at follow-up CT are
important to differentiate between benign and malignant nodules. Pulmonary
nodule size can be calculated using diameter measurements or semi-automated
nodule volumetry. Semi-automated software is the preferred method since its
repeatability and ability to detect growth is superior to manual two-dimensional
diameter measurements.7
Currently, CT images are reconstructed using standard filtered back
projection (FBP). Other reconstruction algorithms for CT imaging have been
developed, such as iterative reconstruction (IR). IR algorithms reduce noise
and artifacts which potentially can be used to lower CT radiation dose,8-11 or
to improve image quality at constant dose.12,13 With most IR algorithms the
level of noise reduction can be selected, higher levels result in stronger noise
reductions.14 Several in-vivo studies focused on dose reduction and volumetric
analysis of pulmonary nodules.15,16 For solid pulmonary nodules no dose
dependency was found and volumetry performed equally well on normaldose and low-dose CT reconstructed with FBP.15,16 However the overall image
quality of FBP reconstructed chest CTs decreases with low-dose acquisitions,17
suggesting that IR may be a good option to improve overall image quality of lowdose chest CT scans which is important for evaluation of additional pathological
findings. Nevertheless, the in-vivo effects of IR on pulmonary nodule volume
measurements have not been systematically investigated and it may be that IR
introduces systematic differences in lung nodule volumetry compared to FBP.
Therefore, the objective of this study was to compare solid pulmonary nodule
volumes measured with semi-automatic software at standard FBP and multiple
IR levels.
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Materials and Methods
Subjects
Twenty patients (12 women, mean age 61.9 ± 12.0 (standard deviation) years)
who underwent a CT of the chest between August 2011 and December 2012
were selected by one observer during clinical duty. These patients were
retrospectively included in the study if pulmonary nodules were present. The
study population is not a truly consecutive sample of all patients with nodules
during the study period. The Utrecht Medical Research Ethics Committee
approved this study and agreed to a waiver. Informed consent was waived as
the study retrospectivelly used CT scans obtained in routine care in anonymous
fashion and no additional CT scans were obtained for the purpose of this study.
CT scans were reconstructed using FBP and different IR levels. Scan indications
were suspected or known lung carcinoma (N=11), lung metastases (N=8) and
neuroendocrine lung tumor (N=1).
CT Protocol
Image acquisition was performed on a 64-slice scanner (Brilliance 64,
Philips Healthcare, Best, The Netherlands) with moderate edge enhancing
reconstruction filter C. Patients underwent a contrast-enhanced chest CT. Image
acquisition depended on indication and body weight; tube voltages were either
100 kVp (N=10) or 120 kVp (N=10), with a median tube current-time product
of 100 mAs (quartile range 77-115 mAs). Reconstructed slice thickness was 0.9
mm with 0.7 mm increment. Volume CT dose index (CTDIvol) and dose lengthproduct (DLP) were recorded for each CT exam. An estimate of the effective
dose was calculated by multiplying the DLP with the effective dose estimate of
0.0145 mSv/(mGy×cm) for the chest.18
Image Reconstruction
Reconstruction of raw data was performed using standard FBP and three levels
of a commercially available IR algorithm (iDose4, Philips Healthcare, Best,
the Netherlands).13,19-21 IR algorithms are developed to allow reduction of CT
radiation dose by reducing noise and artefacts. The iterative process comprises
the optimization of measured raw data or image data based on the noise
reducing IR model, and evaluation of the optimized data by comparison with
the measured raw data or image data. With every iteration, the image is updated
into an image with less noise, resulting in an optimized final image. Currently
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available IR techniques range from basic algorithms which only reduce noise
of the image data to advanced algorithms that fully iterate with forward and
backward reconstruction steps.14,22 The version of iDose used in the current
study, is the fourth generation of Philips’ IR algorithm and reduces noise of
both the raw data and the image data. First a Poisson statistics based maximum
likelihood denoising algorithm is used to identify and correct the noisiest raw
CT data while preserving edges.21 Subsequently, images are reconstructed from
the denoised raw data. Uncorrelated noise in the images is decreased by iterative
filtering. Noise reduction level can be adjusted by choosing one of seven levels.
Higher levels lead to more noise reduction. We used iDose4 levels 2, 4 and 6 in
the present study. According to the manufacturer these levels result in 16, 29 and
45% noise reduction, respectively.23
Volumetry Protocol
Volumetric measurements of pulmonary nodules were performed using
commercially available semi-automatic software (IntelliSpace version
4.0.0.40259, Philips Healthcare, Best, the Netherlands) on a dedicated CT
workstation. Only solid nodules were measured, no additional selection criteria
were used for the nature or location of nodules. Criteria for solid nodules were
in accordance with the Fleischner Society and included well or poorly defined
rounded or irregular homogenous opacities with a diameter smaller than 3
cm (smaller than approximately 14,000 mm3).24 All measurements were done
using the thinnest reconstructed slices (0.9 mm). The software automatically
delineated the nodule and quantified its volume after placing the cursor
within the nodule and clicking with the mouse. No manual adjustments were
made, because automatic measurements were visually judged acceptable. For
assessment of inter-observer and intra-observer variability, all measurements
were performed once by two observers (MW and RT), and twice by one observer
(MW) with a time interval of one week.
Data Analysis
Volumetric measurements of pulmonary nodules with standard FBP and three
IR levels were compared within each subject. Lin’s concordance correlation
coefficient (pc) was used to assess the agreement of measurements, because this
method takes into account the correlation as well as the distance to the line
of identity.25 Poor agreement is defined as pc <0.90, whereas higher pc-values
represent moderate (0.90≤ pc <0.95), good (0.95≤ pc ≤0.99), or excellent (pc >0.99)
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agreement.26 Statistical differences of variables within subjects were compared
using the Friedman test and post-hoc tests were performed with the Wilcoxon
signed ranks test. The statistical significance level of the Friedman test was set
at a p-value below 0.05 and for post-hoc tests at a p-value below below 0.017
based on the Bonferonni correction for three comparisons (FBP with level 2,
level 4 and level 6, respectively). Measured volume differences of 25% or more
were defined to be clinically relevant, based on the findings of De Hoop and
colleagues.1 Values are given as medians with quartile ranges, unless otherwise
stated. Statistical analyses were performed by using SPSS version 20.0 (SPSS
Inc, Chicago, Illinois, USA) and MedCalc statistical package version 12.2.0.0
(MedCalc Software, Mariakerke, Belgium).

Results
The mean age of the twenty included subjects (12 female, 60%) was 61.9 (range
32-87) years. The median CTDIvol was 4.3 mGy (3.5-7.1 mGy), the median DLP was
207.8 mGy*cm (156.7-313.1 mGy*cm), and the median effective dose was 3.1 mSv
(2.3-4.5 mSv). Within these twenty subjects, 78 nodules were found including
56 small nodules (volume <200 mm3, diameter <8 mm) and 22 large nodules
(volume ≥200 mm3, diameter ≥8 mm). Numbers of nodules per patient ranged
from 1 to 15 and therefore nodules are not fully independent. The measured
pulmonary nodule volumes are listed in Table 1.
Small Nodules
In small nodules (volume <200 mm3, diameter <8 mm), the median pulmonary
nodule volume at FBP, iDose4 levels 2, 4 and 6 was 77.5, 74.5, 72.8 and 73.8 mm3,
respectively. The Friedman test showed that differences were not significant
(p=0.910). Two small nodules were measured with differences ≥25% compared
with FBP (-31% (nodule volume 193.0 mm3, iDose4 level 6) and +44% (nodule
volume 59.8 mm3, iDose4 level 6)). All IR levels showed substantial agreement
with FBP measurements with a concordance correlation coefficient (pc) of 0.98
for iDose4 level 2, 0.99 for iDose4 level 4, and 0.97 for iDose4 level 6. Figure 1 shows
an example of a small pulmonary nodule. Results of the measured volumes for
small nodules are demonstrated in Figure 2.
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74.5 (45.8-127.4)
525.0 (363.8-912.7)

77.5 (40.8-127.0)

520.8 (346.2-881.4)

Small nodules (mm3)

Large nodules (mm )

NS

NS

p-value

526.5 (347.1-870.8)

72.8 (43.1-119.0)

iDose4 L4

NS

NS

p-value

531.3 (318.0-864.3)

73.8 (39.4-120.8)

iDose4 L6

NS

NS

p-value*

iDose4 level 2), 113.5 mm3 (C, iDose4 level 4), and 115.1 mm3 (D, iDose4 level 6).

Figure 1: Axial CT images of a small pulmonary nodule. Measured volumes were 112.2 mm3 (A, FBP), 113.2 mm3 (B,

4

CT measured pulmonary nodule volumes using filtered back projection (FBP) and iterative reconstruction (iDose level 2, 4 and 6). Values are presented as
medians with interquartile range.
p-value Based on Wilcoxon signed ranks test; FBP Filtered back projection; L2 Level 2; L4 Level 4; L6 Level 6; NS Not significant

3

iDose4 L2

FBP

Table 1: Results of pulmonary nodule measurements
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Figure 2: Agreement of small pulmonary
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nodule measurements. Bland-Altman plots of
CT measured nodule volume at filtered back
projection (FBP) and iterative reconstruction
(iDose4 level 2 (A), 4 (B) and 6 (C)) for small
nodules. The horizontal axis shows the
mean value of the measured nodule volume
with FBP and iterative reconstruction. The
vertical axis shows the difference between the
measured nodule volume with FBP and iterative
reconstruction. FBP Filtered back projection; L2
Level 2; L4 Level 4; L6 Level 6;

Large Nodules
In large nodules (volume ≥200 mm3, diameter ≥8 mm), the median pulmonary
nodule volume measured with iDose4 levels 2, 4 and 6 was 525.0, 526.5 and 531.3
mm3, respectively, which was slightly larger compared to FBP (520.8 mm3).
Again, no significant differences were found between measured nodule volumes
at FBP, iDose4 level 2, 4 and 6 (p=0.684). No large nodules were measured
with differences ≥25% compared with FBP. Furthermore, all IR levels showed
substantial agreement with FBP measurements (pc was 0.99 at iDose4 levels 2
and 6, and 0.98 at iDose4 level 4). Results of the measured volumes for large
nodules are demonstrated in Figure 3.
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Intra-observer and Inter-observer Variability
The results of the intra-observer and inter-observer variability assessment are
listed in Table 2. There were no significant differences between nodule volume
measurements of the two observers (all p>0.05) for both small and large nodules.
Intra-observer and inter-observer variability were good or excellent for small
nodules as well as for large nodules (all pc≥0.98).
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Table 2: Intra-observer and inter-observer variability
Small nodules

p-value

pc-value

p-value

pc-value

0.068

0.98

0.317

0.99

Observer 1-1 vs observer 2

0.075

0.98

0.317

0.99

Observer 1-2 vs observer 2

0.854

1.00

0.317

1.00

Observer 1-1 vs observer 1-2

0.655

1.00

0.655

1.00

Observer 1-1 vs observer 2

0.465

1.00

0.317

1.00

Observer 1-1 vs observer 1-2

FBP

iDose L2
4

iDose4 L4

iDose L6
4

Large nodules

Observer 1-2 vs observer 2

0.593

1.00

0.285

1.00

Observer 1-1 vs observer 1-2

0.080

0.99

1.000

1.00

Observer 1-1 vs observer 2

0.109

1.00

0.180

1.00

Observer 1-2 vs observer 2

0.285

1.00

0.180

1.00

Observer 1-1 vs observer 1-2

0.500

0.99

0.317

1.00

Observer 1-1 vs observer 2

0.463

0.99

0.317

1.00

Observer 1-2 vs observer 2

0.893

1.00

1.000

1.00

P-values and concordance correlation coefficients (pc-values) of measured pulmonary nodule
volumes using filtered back projection (FBP) and iterative reconstruction (iDose4 level 2, 4 and 6)
by two observers. p-value Based on Wilcoxon signed ranks test; pc-value Concordance correlation
coefficient; FBP Filtered back projection; L2 Level 2; L4 Level 4; L6 Level 6; Observer 1-1 First
measurement by first observer; Observer 1-2 Second measurement by first observer; Observer 2
Measurement by second observer

Discussion
Iterative CT reconstruction is an interesting method for noise reduction and
improving image quality that is now provided on the CT scanners of all major
vendors. Previous studies have shown that nodule volumetry is possible on lowdose chest CT and that IR allows for radiation dose reduction of chest CT while
image quality is maintained at low-dose CT.8,27,28 Thus, it is to be expected that
IR will soon be widely implemented for clinical use, but it is unknown whether
nodule volumetry is affected by IR. We found that pulmonary nodule volumes
measured with standard FBP were comparable with IR, regardless of the IR level
and no significant differences between measured volumes of both small solid
nodules and large solid nodules were found.
To our knowledge, no in-vivo study has been performed to analyze the effects
of IR on pulmonary nodule volume measurements. One study researched
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the effect of IR on the performance of a pulmonary nodule computer-aided
detection system in terms of sensitivity and specificity,29 however the effect
on nodule volumetry was not analyzed. Another study evaluated the effect
of IR in a phantom on in-vitro lung nodule volumetry, resulting in similar
results as our current findings.30 The finding of the current study that IR does
not affect solid pulmonary nodule volume measurements is relevant, since it
demonstrates that it is safe to convert FBP protocols to IR for solid pulmonary
nodule volumetry. This also accounts for patients who are already in a followup scheme. Since reducing the radiation dose affects the overall image quality
of FBP reconstructed chest CTs, IR may be applied to reduce the radiation dose
without compromising on overall image quality. This is important, because
chest CTs are not only used for lung nodule volumetry but also for evaluation of
other pathological findings. Our study suggests that IR has no clinically relevant
effect on pulmonary nodule volume measurements. This is probably because
IR algorithms do not only reduce noise but also preserve edges which prevents
tissue borders from becoming blurry. Moreover, contrasts between air and
pulmonary tissues are intrinsically large. These volume measurement effects
might be different in other parts of the body that have less contrast on CT.
In our study we had some outliers. De Hoop et al.1 found 16.4% to 22.3%
variability in pulmonary nodule volumetry between different scans. A change
in measured nodule volume of 25% is exceeding the normal variability of
subsequent scans and can be regarded as nodule growth. As IR provides similar
results compared to FBP it is expected that the 25% rule is maintained when
using IR although we did not study interscan variation. Two small nodules were
measured with clinically relevant differences of ≥25% between FBP and IR. Remeasuring these nodules resulted in the same values. The large differences
in these small nodules can possibly be explained because minor absolute
differences result in large relative differences.
The intra-observer and inter-observer variability of our study was good
to excellent. This is in accordance with previous studies who have shown
that nodule volume measurements with semi-automatic software have good
reproducibility.31,32 Note that the only manual observer interaction with the
software was selection of the seed point.
The present study has limitations. CT scanners, IR technique and semiautomatic software package were used from a single vendor and we cannot
comment on other vendors or software packages. Therefore, future research
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with hardware from other vendors is recommended. Furthermore, volumetry
was performed on routine chest CTs and the effect of lowering radiation dose on
nodule volumetry was not analyzed. Nevertheless, prior work has demonstrated
that pulmonary nodule volumetry was not affected by dose.15,16 But future
research on the effects of even lower radiation doses with IR would be of great
interest.
In conclusion, this study found that CT volumetry of solid pulmonary nodules
did not result in clinically relevant differences with iterative reconstruction.
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Abstract
Purpose
To determine the influence of iterative reconstruction (IR) on quantitative
computed tomography (CT) measurements of emphysema, air trapping, and
airway wall and lumen dimensions, compared to filtered back-projection (FBP).
Materials and Methods
Inspiratory and expiratory chest CTs of 75 patients (37 male; 38 female, mean
age 64.0 ± 5.7 yrs) were reconstructed using FBP and IR. CT emphysema, CT
air trapping and airway dimensions of a segmental bronchus were quantified
using several commonly used quantification methods. The two algorithms
were compared using the concordance correlation coefficient (pc) and Wilcoxon
Signed Rank test.
Results
Only the E/I-ratioMLD as a measure of CT air trapping and airway dimensions
showed no significant differences between the algorithms, while all CT
emphysema and the other CT air trapping measures were significantly different
at IR when compared to FBP (P<0.001).
Conclusions
The evaluated IR algorithm significantly influences quantitative CT measures
in the assessment of emphysema and air trapping. However, the E/I-ratioMLD as a
measure of CT air trapping, as well as the airway measurements, are unaffected
by this reconstruction method. Quantitative CT of the lungs should be
performed with careful attention to the CT protocol, especially when iterative
reconstruction is introduced.
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Introduction
The use of Computed Tomography (CT) increases rapidly, resulting in a marked
increase in radiation exposure for the population.1 Therefore, radiation dose
saving has received much attention and has been pursued by introducing lowdose protocols using the conventional filtered back-projection (FBP) algorithm
for image reconstruction. However, the constraint on radiation dose increases
image noise.2 Recent advances in computational power allowed the introduction
of iterative reconstruction (IR) algorithms for image reconstruction. Data suggest
that IR allows radiation dose reduction by 50% or more compared to standard
dose acquisition, while maintaining image quality.3-6 Such a dose reduction
would be a major step forward, especially in case of repeated evaluations and
follow-up as regularly applied in chest imaging. However, the influence of IR
on quantitative CT measurements, e.g. measurement of lung density and airway
dimensions used in the evaluation of chronic obstructive pulmonary disease
(COPD), is not yet known. Therefore, the aim of this study is to determine the
influence of IR on quantitative CT measurements of pulmonary emphysema,
air trapping and airway dimensions, compared to the standard FBP algorithm.

Materials and Methods
Subjects
This study was performed in subjects participating in the population-based
Dutch and Belgian randomized lung cancer screening trial (NELSONtrial). Inclusion criteria of the trial and study population characteristics have
previously been described in detail.7 Briefly, participants were at baseline
current and former smokers (who quit ≤10 years ago) between the age of 50 and
75 years, who smoked >15 cigarettes per day during >25 years or >10 cigarettes per
day during >30 years. In the present study we included 83 consecutive subjects
who received a paired inspiratory and expiratory CT between June 2011 and
August 2011 for lung cancer screening purposes. All CTs were reconstructed
using both standard FBP and IR. We excluded a total of eight subjects due to
CT protocol violation (n=1), post-operative changes after lobectomy of the right
upper lobe (n=1), and failure of the automatic lung segmentation (n=6) (see
paragraph ‘Quantitative analysis of emphysema and air trapping’). The final
study population thus comprised 75 subjects.
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CT Data Acquisition and Image Reconstruction
Chest CT was performed using one of using two available CT systems: 44 subjects
were examined using 64-slice CT (Brilliance 64; Philips Healthcare, Best, The
Netherlands) with a smooth reconstruction filter (C-filter, Philips); 31 subjects
were examined using 256-slice CT (Brilliance iCT; Philips Healthcare, Best, The
Netherlands) using either a smooth B-filter (n=24) or C-filter (n=7). Slices of 1
mm thickness with 0.7 mm increment were reconstructed. Dose settings were
adjusted to patients body weight: 120 kVp at 30 mAs for inspiratory CT and 80
kVp at 30 mAs for expiratory CT in subjects weighing less than 80 kg, and 140
kVp at 30 mAs for inspiratory CT and 120 kVp at 20 mAs for expiratory CT in
subjects weighing 80 kg or more.
Raw CT data of the study subjects were reconstructed using both standard
FBP and hybrid IR (iDose; Philips Healthcare, Best, The Netherlands). iDose
is a recently introduced reconstruction algorithm using two denoising
components,3,6,8 which provides image noise reduction without changing
the image characteristics. Technically, iDose applies an iterative maximum
likelihood denoising algorithm, based on Poisson statistics, on the raw projection
data. Subsequently, the reconstructed images are iteratively adjusted in order
to decrease uncorrelated noise. The level of noise reduction is adjustable by
selecting one of seven levels (with level 1 having the least noise reduction, and
level 7 having the most noise reduction). iDose level 6 was used in the present
study, resulting in a theoretical noise reduction of 45% compared to FBP.8
Quantitative Analysis of Emphysema and Air Trapping
Specialized software automatically segmented the lungs from the chest wall,
mediastinum, diaphragm and airways 9 in the inspiratory and expiratory CT
images of both reconstruction algorithms. Additionally, all lung segmentation
results were visually checked and those with major errors excluded, as
previously described.10 Attenuation of each voxel within the segmented lung
volume was assessed, and several commonly used CT emphysema and CT
air trapping measures were calculated from the attenuation distribution
histogram. CT emphysema was defined as the percentage of voxels below
-950HU in inspiratory CT (IN-950) 11 and as the Hounsfield Unit (HU) value at the
15th percentile of the attenuation curve (Perc15).12 CT air trapping was defined as
the percentage of voxels below -856HU in expiratory CT (EXP-856),13 the change
in relative lung volume with attenuation values between -860HU and -950HU
(RVC-860to-950),14 and as the expiratory to inspiratory ratio of the mean lung density
(E/I-ratioMLD).15
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Quantitative Analysis of Airway Dimensions
We used the apical segmental bronchus of the right upper lobe (RB1) to assess
airway dimensions.16 Airway dimensions of RB1 were measured using validated
custom software based on the full-width-at-half maximum method (EmphylxJ;
University of British Columbia, Vancouver, BC, Canada).16,17 In short, the RB1 was
visually identified on the inspiratory CT by a trained observer, who manually
placed a seed point in the lumen centre. The software then calculates the x-ray
attenuation along rays placed from the lumen centre outwards in all directions.
The airway boundaries are assumed halfway to the maximum on the lumen
side, and halfway to the minimum on the parenchymal side.17,18 Using these
airway wall boundaries we calculated absolute values of lumen area (LA), wall
area (WA) and internal perimeter (Pi) of the RB1 for each subject. Additionally,
wall area was expressed as percentage of total airway area: 100% x WA / (WA
+ LA) = WA%. The airway measurements were performed similarly and at the
exact same location in both inspiratory CT series.
Data Analysis
Quantitative CT measures of emphysema, air trapping and airway dimensions
for the conventional FBP and the IR algorithm were compared within each
subject. The agreement of the quantitative CT measures using the two
algorithms was assessed by the concordance correlation coefficient (pc), which
takes into account both the correlation and the distance to the line of identity.19
A pc <0.90 is considered to represent poor agreement in a continuous variable,
whereas higher pc-values represent moderate (0.90≤ pc ≥0.95), substantial (0.95≤
pc ≥0.99), or almost perfect (pc >0.99) agreement.20 The non-parametric Wilcoxon
Signed Rank test was used in all variables to test for statistical differences within
the subjects.
Statistical analyses were performed using SPSS software v15.0 (SPSS Inc,
Chicago, Illinois, USA) and MedCalc v11.3.8.0, Mariakerke Belgium. A P-value
below 0.05 was considered statistically significant. Values given are medians
with interquartile range, unless indicated otherwise.

Results
Subjects in our study population were on average 64.0 ± 5.7 (SD) years of age,
and male (n=37, 49%) and female subjects (n=38, 51%) were equally represented.
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Comparison of Quantitative CT Measures
Comparison of quantitative CT measures using FBP and IR showed significant
differences for all CT emphysema measurements. Also most CT air trapping
measures differed significantly between FBP and IR, except for the E/I-ratioMLD
as a measure of CT air trapping. Finally, airway measurements showed no
significant differences between the algorithms. Table 1 lists the quantitative
results per reconstruction algorithm. The absolute differences in CT emphysema
were 3.04% (interquartile range, 1.86 – 4.62) for IN-950 and 11HU (interquartile
range, 10 – 13) for Perc15. The absolute differences in CT air trapping were 8.0%
(interquartile range, 6.1 – 11.2) for EXP-856 and 7.6% (interquartile range, 4.2 –
10.2) for RVC-860to-950. Except for E/I-ratioMLD, all CT measures of emphysema
and air trapping showed poor agreement between standard FBP and IR. CT
measures of the apical segmental bronchus of the right upper lobe showed on
average substantial agreement. The results of quantitative CT assessment using
both reconstruction algorithms are presented in Figure 1 and Figure 2, further
illustrating the systematic differences. Figure 3 shows an example of quantitative
assessment of CT emphysema using either the conventional FBP and the IR
algorithm.
Table 1: Differences in quantitative CT measurements of emphysema, air trapping and airway

dimensions using filtered back projection (FBP) and iDose reconstruction algorithms
FBP

CT emphysema

IN-950 (%)

iDose

pc-value

P-value

0.486

<0.001

Perc15 (HU)

3.81 (2.17 – 7.46)

0.57 (0.25 – 2.26)

-918 (-907 – -931)

-906 (-896 – -920)

EXP-856 (%)

24.3 (17.0 – 32.6)

14.4 (7.4 – 22.3)

CT air trapping

RVC-860to-950 (%)

-35.3 (-43.1 – -26.3) -42.6 (-54.7 – -30.6)

E/I-ratioMLD (%)

87.9 (83.9 – 90.9)

88.1 (84.3 – 90.8)

Lumen Area (mm2)

10.3 (7.6 – 14.6)

10.2 (7.3 – 14.5)

Wall Area (mm )

34.9 (29.4 – 41.7)

34.4 (28.8 – 44.3)

WA% (%)

77.0 (73.1 – 81.4)

77.6 (73.4 – 80.7)

Pi (mm)

11.8 (10.2 -13.8)

11.7 (10.0 – 13.7)

Airway measurements
2

0.866
0.777
0.873
0.998
0.991
0.960
0.935
0.990

<0.001
<0.001
<0.001
NS
NS
NS
NS
NS

Values given are median with interquartile range. HU Hounsfield Units; IN-950 CT emphysema
as percentage of voxels below -950HU; Perc15 CT emphysema as 15th percentile of attenuation
distribution curve; EXP-856 CT air trapping as percentage of voxels below -856HU; RVC-860to-950 CT
air trapping as relative change in lung volume with attenuation between -860HU and -950HU; E/IratioMLD Expiratory to inspiratory ratio of mean lung density; WA% Wall area percentage as 100% x
(WA / WA+LA); Pi Internal perimeter of the airway; pc-value Concordance correlation coefficient, a
correlation <0.90 represents poor agreement. See Figure 1 and Figure 2 for a visual representation.
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reconstruction. Structural differences between iterative reconstruction (iDose, Philips Healthcare, Best, The Netherlands) and filtered back projection (FBP)
are shown for CT emphysema as percentage of voxels below -950HU (IN-950) and as 15th percentile of attenuation distribution curve (Perc15) (upper row) and
CT air trapping as percentage of voxels below -856HU (EXP-856) and as relative change in lung volume with attenuation between -860HU and -950HU (RVC) (lower left en middle). The only quantitative CT measure with a concordance correlation coefficient (pc) ≥0.90, and thus insensitive to the iterative
860 to -950
reconstruction, is the expiratory to inspiratory ratio of mean lung density (E/I-ratioMLD; lower right).

Figure 1: Scatter plots of quantitative CT measures of emphysema and CT air trapping using conventional filtered back projection and hybrid iterative
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Figure 2: Scatter plots of quantitative CT measures of the apical segmental bronchus of the right

upper lobe using conventional filtered back projection and hybrid iterative reconstruction.
No structural differences between iterative reconstruction (iDose, Philips Healthcare, Best, The
Netherlands) and filtered back projection (FBP) were found for lumen area (upper left), wall area
(upper right), wall area percentage (WA%, lower left) and internal perimeter (Pi, lower right),
because all concordance correlation coefficients (pc) were ≥0.90.

Discussion
This study found that noise-reducing IR significantly alters most of the
quantitative measures of CT emphysema and CT air trapping generally used
in respiratory research. However, it seems that the E/I-ratioMLD as a measure
of CT air trapping and quantitative measurements of a relatively large airway
lumen and wall remain unchanged between the two reconstruction algorithms.
These findings may be important given that CT quantification of the lungs is
increasingly used, while dose-reduction and IR methods are introduced at the
same time.
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Figure 3: Quantitative assessment of CT emphysema using the conventional filtered back projection

and iterative reconstruction algorithm (iDose, Philips Healthcare). Axial CT images in inspiration.
The lungs are automatically segmented from the chest wall, airways and mediastinum using
dedicated software. Attenuation of each voxel in the segmented lung volume is calculated and
CT emphysema is defined as voxels with an attenuation below -950HU; voxels within this range
are colored white (right images). Note the denoising effect and the difference in CT emphysema
between the filtered back projection (upper images) and the iterative reconstruction algorithm
(lower images).

Previous studies have shown that quantitative CT emphysema measures are
influenced by several technical factors such as slice thickness 21,22 and type of
CT equipment used.23 However, research into the factors which may influence
CT air trapping assessment and airway measurements has been limited.18 Our
study offers insight into the influence of IR in several widely used quantitative
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CT measures of emphysema, air trapping and airway dimensions. Given the
significant differences that we have shown between the two reconstruction
methods for several measures, our findings underline that comparison of
quantitative CT results of lung densitometry should always be performed
with careful attention to the protocols used for CT data acquisition and image
reconstruction/analysis.18,24
Regarding the application of CT air trapping, our findings suggest that
E/I-ratioMLD is the preferred method given its insensitivity to differences in
the evaluated reconstruction algorithms. This insensitivity may be due to the
fact that denoising in IR affects the extremes of the attenuation distribution
histogram. As a consequence, threshold methods (e.g. EXP-856 or RVC-860to-950 for
CT air trapping) are substantially altered while the mean lung density is hardly
affected and this in combination with the use of an inspiratory to expiratory
ratio apparently makes this measure independent of a denoising algorithm.
If this insensitivity also applies to other protocol differences, such as kVp and
mAs, this might imply that E/I-ratioMLD is preferable over other CT air trapping
measures.
Further, our findings suggest that the denoising process in IR does not affect
the delineation of segmental airway structures, given that the differences in
airway measurements for the right apical segmental bronchus between both
reconstruction methods were not significantly different from zero.
Our study has potential limitations. Firstly, it is important to note the lack
of a pathological reference standard, which would be needed to judge which
method is closed to a ‘pathological truth’, although we would like to emphasize
that this study specifically aimed to investigate and describe the differences
that occur when IR is applied instead of conventional FBP. Secondly, it is noted
that our results might differ between altering IR denoising levels and other
IR algorithms and CT manufacturers, given that the results were obtained
from testing the IR algorithm of a single vendor at one denoising level. Future
research might focus on ways to correct for structural differences in quantitative
measures when IR algorithms are applied. Thirdly, we focussed on a commonly
used segmental airway and based on our findings it cannot be concluded that
measurements on smaller airways are unaffected by IR.
In conclusion, our study shows that the evaluated IR algorithm significantly
alters quantitative CT measures in the assessment of all emphysema and most
commonly air trapping measures, compared to FBP. However, both the E/IratioMLD as a measure of CT air trapping and the quantitative measurements in
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a segmental airway are unaffected by this reconstruction method. Quantitative
CT lung densitometry should always be performed with careful attention to the
CT protocol, especially in an era of increased used of quantitative CT where
dose-reduction and iterative reconstruction are introduced.
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Abstract
Purpose
To evaluate the effects of iterative reconstruction (IR) on reconstruction time
and speed in two commonly encountered acquisition protocols in an emergency
setting: pulmonary CT angiography (CTA) and total body trauma CT.
Materials and Methods
Twenty-five patients underwent a pulmonary CTA for evaluation of pulmonary
embolisms and fifteen patients underwent a total body CT after a traumatic
event on a 256-slice CT. Images were reconstructed with filtered back-projection
(FBP), and two IR-levels. Reconstruction time and speed were quantified using
custom written software.
Results
Mean reconstruction time delay for pulmonary CTAs was 10±10 and 12±12
seconds for IR-levels 2 and 4, respectively, and 44±8 and 45±7 seconds for total
body trauma CTs for IR-levels 1 and 6, respectively. Mean reconstruction time
and speed for pulmonary CTAs were 26±7, 36±9 and 38±12 seconds, and 26.7±5.6,
18.7±2.3 and 18.0±2.8 slices/second for FBP, IR-levels 2 and 4, respectively. For
total body trauma CTs these values were 87±15, 132±17 and 132±18 seconds, and
20.1±1.6, 13.2±0.8 and 13.2±0.6 slices/second for FBP, IR-levels 1 and 6, respectively.
Conclusions
IR does not result in clinically important CT image reconstruction delays in an
emergency setting. No substantial differences in reconstruction time and speed
were found between different IR-levels.
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Introduction
Iterative reconstruction (IR) for computed tomography (CT) is a promising noise
reducing technique with the potential to substantially reduce radiation dose
while preserving study interpretability.1-7 Currently, reconstruction algorithms
for CT data use filtered back projection (FBP). Image reconstruction with FBP is
fast and robust since it is based on simple mathematical assumptions concerning
the CT system. However, with low-dose CT and with obese patients this
algorithm leads to noisy images which are susceptible to artefacts.8-10 All major
vendors have recently introduced noise and artefact reducing IR algorithms for
CT data. IR has been used for many years in nuclear medicine,11 but complexity
of CT data impeded the introduction of IR for CT image reconstruction until
recently. Improvements in computational power of CT workstations has allowed
the recent introduction of IR for CT as well.12 IR algorithms filter in the raw
data domain, image data domain, or both. Measured raw data or image data is
iteratively optimized based on the noise reducing model. Since iterative filtering is
more computationally demanding compared to conventional filtering methods,
they are associated with longer reconstruction times, especially when iterative
filtering takes place in the raw data domain.9 These longer reconstruction times
are one of the major drawbacks of IR. The delay in image reconstruction can
be especially problematic in the emergency setting where it is imperative that
CT images are available for analysis rapidly after image acquisition. The noise
reducing effect and potential decrease of radiation dose with IR have been
studied before,1-7 however the impact of IR on reconstruction time in clinical CT
procedures has not been investigated in detail yet.
The aim of this study was to evaluate the effects of IR on CT image
reconstruction time and speed compared to FBP in two commonly encountered
acquisition protocols in an emergency setting: pulmonary CT angiography
(CTA) and total body trauma CT.

Materials and methods
Subjects
Twenty-five adults (mean age ± standard deviation (SD): 58.4±14.9 years)
underwent pulmonary CTA for evaluation of pulmonary embolism and fifteen
patients (13 adults and 2 children, mean age ± SD: 49.3±24.2 years) underwent
total body CT after a traumatic event on a 256-slice CT. Our local institutional
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review board approved this study and waived the need for informed consent
since anonymized data were obtained from routine care image acquisition and
patients were not exposed to additional radiation dose.
Pulmonary CTA Protocol
Pulmonary CTA examinations were performed on a 256-slice CT (Brilliance
iCT, Philips Healthcare, Best, The Netherlands) at end-inspiration in the craniocaudal direction ranging from above the lung apices to below the diaphragm
to include the entire lungs. A circular region of interest was drawn within the
pulmonary trunk on the locator image. A dose of 80 mL non-ionic iodinated
contrast material (Ultravist, 300 milligrams iopromide per milliliter, Schering
Nederland BV, Weesp, The Netherlands) was injected intravenously to patients
weighing 65 kg or more at a rate of 6 mL/s. For patients weighing less then 65 kg,
the dose was 65 mL and the injection rate was 5 mL/s. At the time the region of
interest reached a mean signal density of 150 Hounsfield units (HU), the patient
was instructed to maintain a breath hold and image acquisition started after
eight seconds. The following parameters were used: detector collimation 128 x
0.625 mm; pitch 1.0; rotation time 0.5 seconds and matrix size 512 x 512. Routine
clinical care tube voltage and tube current-time product with automatic current
selection (Automatic DoseRight ACS, Philips Healthcare) and z-axial dose
modulation were used that depended on individual patients’ weight and were
80 kVp and approximately 350 mAs, respectively for patients <60 kg; 100 kVp
and approximately 250 mAs, respectively for patients ≥60 and <100 kg, and 120
kVp and approximately 200 mAs, respectively for patients ≥100 kg.
Trauma CT Protocol
CT trauma examinations were performed on the same 256-slice CT in craniocaudal direction ranging from the skull base to the ischium. A circular region
of interest was drawn within the descending aortic arch at the locator image.
Non-ionic iodinated contrast material (Ultravist, 300 milligrams iopromide per
milliliter, Schering Nederland BV, Weesp, The Netherlands) was administered
intravenously using a split bolus technique. The first bolus of 100 mL was
injected with a rate of 4 mL/s and the second bolus of 50 mL was injected with
a rate of 3 mL/s. For children, a single bolus with a volume of 2 mL/kg was
administered with a rate of 2 or 3 mL/s. Image acquisition started at the time
the region of interest reached a mean signal density of 160 HU. The following
parameters were used: detector collimation 128 x 0.625 mm; pitch 1.0; rotation
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time 0.5 seconds and matrix size 512 x 512. Routine clinical care tube voltage
and tube current-time product with automatic current selection (Automatic
DoseRight ACS, Philips Healthcare) and z-axial dose modulation were used: 120
kVp and approximately 300 mAs for adults, and 80 and 100 kVp and 90 and 160
mAs for children, depending on their weight.
Image Reconstruction
iDose4 is the fourth version of Philips’s IR algorithm, which filters in both
raw data and image data domain. The noisiest raw CT data is identified and
corrected with a Poisson statistics based maximum likelihood denoising
algorithm.13 Subsequently, reconstructed images are propagated to the image
domain where uncorrelated noise is decreased by iterative filtering. The noise
reducing strength can be selected by choosing one of seven levels. According to
the manufacturer, level 1, 2, 4 and 6 correspond to 10.6%, 16.3%, 29.3% and 45.2%
noise reduction, respectively.13
All CTAs and total body CTs (including cervical, thoracic and abdominal
region) were reconstructed on an Extended Brilliance Workstation (Philips
Healthcare) from the raw data. Both FBP and two IR-levels (Philips Healthcare,
iDose4) were used. For pulmonary CTA levels 2 and 4 and for trauma CT levels 1 and
6 were used. Levels 1 and 6 were evaluated because we expected that differences
in reconstruction time and speed would be most evident between two extreme
noise reducing levels. Levels 2 and 4 were evaluated to assess differences between
two less extreme noise reduction levels. Pulmonary CTAs were reconstructed
with 0.9 mm thick axial slices (slice-increment: 0.45 mm). Total body CTs were
reconstructed with 5 mm thick axial slices (slice-increment: 4 mm) over the total
region of image acquisition (total body) and additional 0.7 mm thick axial slices
(slice-increment: 0.5 mm) for the cervical region and 0.9 mm thick axial slices for
the abdominal and thoracic region (both slice-increment: 0.7 mm). Thus in total
4 datasets were reconstructed for the trauma scans (entire scan range, cervical
spine, thorax and abdomen). Eight total body trauma CTs were reconstructed
twice in order to evaluate the reproducibility of our method and mean values of
these two measurements in these eight patients are used for analysis.

Assessment of Reconstruction Time and Speed
Reconstruction time and speed of these emergency setting CT protocols with
thick and thin slices and overlapping reconstructions were quantified based on
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Digital Imaging and Communications in Medicine (DICOM) information using
a self-written plug-in for ImageJ (US National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij, version 1.46e) for all scans. This plug-in
identified the date and time of reconstruction of each slice. Reconstruction time
was calculated as the time difference between the first and the last slice of each
acquisition. Reconstruction speed was calculated by dividing the reconstruction
time by the number of reconstructed images.
Data Analysis
The Kolmogorov-Smirnov test showed that data were normally distributed.
Statistical differences were therefore analyzed with the parametric dependent
t-test and all values were described with means ± standard deviation (SD),
unless otherwise stated. Statistical analyses were performed with SPSS version
15.0 (SPSS Inc, Chicago, Illinois, USA).

Results
Compared to FBP reconstruction the time delay for reconstruction of an entire
pulmonary CTA was on average 10±10 (40%) and 12±12 (47%) seconds for iDose4levels 2 and level 4, respectively (Figure 1A). For the four datasets of an entire
total body trauma CT the combined time delay was 44±8 (51%) and 45±7 (51%)
seconds for iDose4-levels 1 and 6, respectively compared to FBP (Figure 1B).
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Figure 1: Mean reconstruction time delay of the pulmonary CTAs (A) and the total body trauma CTs

(B) with iterative reconstruction compared to filtered back projection
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Total body

20.7±0.6

L1

FBP

Abdominal c

18.7±0.5

26.7±1.1

c

CTA b

L2

FBP

Speed (slices/s)

13.2±0.6

15.4±0.4

14.2±0.3

14.9±0.3

7.3±0.2

L6

18.0±0.6

L4

-33%

-34%

-49%

-29%

-28%

-35%

delay

Percentual

delay

Percentual

Table 2: Mean reconstruction speed for filtered back projection and iterative CT reconstructions

a

based on dependent t-test; b n=25; c n=15
FBP = Filtered back projection; L2 iDose4-level 2; L4 iDose4-level 4

Total body

CTA b

L2

FBP

Time (s)

Table 1: Mean reconstruction time for filtered back projection and iterative CT reconstructions

<0.001

<0.001

<0.001

<0.001

<0.001

FBP vs L1

<0.001

FBP vs L2

<0.001

<0.001

<0.001

<0.001

<0.001

FBP vs L1

<0.001

FBP vs L2

<0.001

<0.001

<0.001

<0.001

<0.001

FBP vs L6

<0.001

FBP vs L4

P-value a

<0.001

<0.001

<0.001

<0.001

<0.001

FBP vs L6

<0.001

FBP vs L4

P-value a

0.753

0.683

0.475

0.103

0.237

L1 vs L6

0.040

L2 vs L4

0.921

0.780

0.633

0.139

0.255

L1 vs L6

0.057

L2 vs L4

1740.1±213.5

476.2±16.1

389.6±16.3

674.1±21.8

200.2±6.6

647.8±16.6

Slices (N)

1740.1±213.5

476.2±16.1

389.6±16.3

674.1±21.8

200.2±6.6

647.8±16.6

Slices (N)
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Mean reconstruction time and speed are listed in Table 1 and 2. The mean
reconstruction time was significantly longer with IR compared to FBP
for pulmonary CTAs as well as for total body trauma CTs (all p<0.001),
whereas differences between IR-levels were not significant (all p>0.05). Mean
reconstruction speed was significantly slower with IR compared to FBP for
pulmonary CTAs as well as for total body trauma CTs (all p<0.001), and
differences between IR-levels were not significant for total body trauma CTs (all
p>0.05). However, mean reconstruction speed for pulmonary CTAs with iDose4level 4 was slightly slower compared to level 2 (18.0 slices/s versus 18.7 slices/
second for iDose4-levels 4 and 2, respectively, p=0.04).
Eight total body trauma CTs were reconstructed twice, and the total average
reconstruction time slightly differed by 3 (4%), 1 (<1%) and 4 (3%) seconds, and
speed differed 0.7 (4%), 0.1 (<1%), 0.4 (3%) slices/second for FBP, iDose4-levels 1
and 6, respectively (Table 3). For both reconstruction time and speed, differences
between the two FBP reconstructions were significant (p<0.05) and differences
between the IR reconstructions were not significant (p>0.05).

Table 3: Mean overall reconstruction time and speed for the first and second total body trauma CT

reconstructions (n=8)

Reconstruction time (s)

FBP

First

Second

Difference (%)

P-value a

reconstructions

reconstructions

85.1±18.5

88.5±20.0

3.4 (4%)

0.024

L1

131.6±23.8

131.0±23.2

0.6 (<1%)

0.687

L6

132.4±25.8

128.8±24.4

3.6 (3%)

0.289

FBP

20.0±1.6

19.3±1.8

0.7 (4%)

0.030

L1

12.8±0.8

12.9±0.6

0.1 (<1%)

0.756

L6

12.8±0.6

13.2±0.8

0.4 (3%)

0.263

Reconstruction speed (slices/s)

based on dependent t-test
FBP = Filtered back projection; L1 iDose4-level 1; L6 iDose4-level 6
a
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14

Abdominal CT

2010

2012

Gervaise 20

Yamada 21

Head CT
Chest CT

Lumbar spine CT
MBIR

AIDR 3D

IRIS

IRIS

ASIR

ASIR

SAFiRE

iDose4

iDose
4

IR
technique

< 60

33

25 (22-27)

-

-

-

-

-

-

FBP

3,600

35

68 (61-74)

-

-

-

-

-

-

IR

Reconstruction
time (s)

5900

6

172

-

-

40-60

-

-

-

Time
delay (%)

9.2

14.1

-

5.4

15

-

40

22

31

FBP

0.2

13.3

-

0.9

10

-

20

16

22

IR

Reconstruction
speed (slices/s)

98

6

-

83

33

-

50

27

29

Speed
delay (%)

Iterative Dose Reduction, Toshiba Medical Systems; ASIR = Adaptive Statistical Iterative Reconstruction, GE Healthcare; iDose4, Philips Healthcare;
SAFiRE = Sinogram Affirmed Iterative Reconstruction, Siemens Medical Solutions; MBIR = Model-Based Iterative Reconstruction, GE Healthcare

FBP = Filtered back projection; IR = Iterative reconstruction; IRIS = Iterative Reconstruction in Image Space, Siemens Medical Solutions; AIDR 3D = Adaptive

2011

2012

Korn 19

Abdominal CT

Coronary CTA

Coronary CTA

2011

2011

2011

2

Coronary CTA

Pulmonary CTA

2012

2011

Application

Year

May 18

Marin

17

Scheffel 16

Moscariello

Funama 15

Kligerman

Author

Table 4: Reported IR reconstruction time and speed in literature
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Discussion
The principle result of this study is that IR causes an increase in CT image
reconstruction time but this difference is clinically insignificant. IR is a promising
technique which allows CT image acquisition with lower radiation dose and
similar or better image quality.1-7 One of the major drawbacks of IR is the longer
reconstruction time, which can theoretically be problematic in the emergency
setting. It is well established that survival rate of traumatic patients is greatest
if care is given within a short time period, especially the first “golden” hour.
Thus, it is important not to lose time in the diagnostic process of these patients.
Currently, CT image acquisition is essential for the triage of hemodynamic
stable trauma patients. A substantial delay in reconstruction time of CT data
can therefore theoretically decrease the survival rate of traumatic patients.
Furthermore, lowering the CT radiation dose is important for traumatic patients
since they are often relatively young. Therefore our findings are important and
reassuring.
The effects of IR on reconstruction time and speed in clinical CT procedures
have not been evaluated in detail yet. Some studies reported limited data on
reconstruction time and/or speed. The reported reconstruction times and
speed values are listed in Table 4. This table shows that reported values have
a wide variety, which is presumably caused by the different application areas
and IR techniques. Especially long reconstruction times were reported with the
model-based iterative reconstruction algorithm (MBIR, GE Healthcare), which
are probably explained by the fact that this is the most advanced IR algorithm
currently available These studies did not investigate reconstruction time and/or
speed systematically, but mostly relied on a single measurement. Because of this
lack of systematic evaluation of the effects of IR on reconstruction time in clinical
CT procedures we have investigated the impact of IR on reconstruction time and
speed in emergency CT imaging and found that IR is not a substantially delaying
factor for pulmonary CTA and total body trauma CT imaging. Furthermore,
we found no substantial differences in reconstruction time and speed between
different IR-levels.
The total delay in reconstruction time due to IR of both pulmonary CTAs
(approximately 10-12 seconds) and total body trauma CTs (approximately 4445 seconds) was short and will not be problematic in the emergency setting.
In clinical practice the first reconstruction of a trauma total body scan in our
institution that is processed is the entire scan range with 5 mm thick slices for
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immediate evaluation to detect acute pathology such as tension pneumothorax
or hemorrhage. On average this reconstruction took 10 seconds longer with IR
compared to FBP. During assessment of this dataset the cervical spine, chest
and abdominal reconstructions are performed. Reconstruction time and speed
were significantly longer and slower with both IR-levels compared to FBP.
However, these differences are still very small and not clinically relevant since
they will not delay CT imaging in an emergency setting. One should note that
CT image reconstruction is only one link in the emergency time chain. Besides
the direct effect of IR on reconstruction time IR may also influence reading time,
for example due to a potential reduction in artefacts. Differences between both
IR-levels were not significant, except for the pulmonary CTA reconstruction
speed (p=0.04). iDose4-level 4 reconstructed slower compared to level 2, however
a difference of 0.7 slices per second is very small and certainly not clinically
relevant.
Kligerman and colleagues 14 also evaluated pulmonary CTAs with iDose4 and
measured a reconstruction speed of 31 slices per second with FBP and 22 slices
per second with IR, resulting in a 29% speed delay. These results are similar to
our measured mean reconstruction speed of 27 slices per second with FBP and
18 slices per second with IR, resulting in 33% speed delay.
To evaluate the reproducibility of our method, eight total body trauma CTs
were reconstructed twice. Differences between both reconstruction times and
speed were small (ranging from <1% to 4%). Differences were significant for
FBP measurements, however, differences of 3 seconds and 0.7 slices per second
are small and certainly not clinically relevant. One would expect identical
reconstruction times and speed at first and second reconstructions using the
same raw CT data and reconstruction parameters. This discrepancy is probably
caused by the computational power. Reconstruction time and speed depend on
the computational power of the workstation. With more queued reconstruction
tasks, greater computational power is demanded and reconstruction speed may
decrease.
The most important limitation of this study is the fact that only a single IR
algorithm of a single vendor was used, and therefore it is unknown whether our
results apply to IR algorithms of other vendors. Thus, future research concerning
the reconstruction time and speed of different IR algorithms is recommended.
This study shows that IR is not substantially delaying reconstruction time, but
future research on the effects of IR on the total emergency time chain (including
reading time) is recommended.
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In conclusion, this study showed that IR is not a clinically important delaying
factor for CT image reconstruction in an emergency setting. No substantial
differences in reconstruction time and speed were found between iDose4-levels
2 and 4, and between levels 1 and 6.

280

Iterative Reconstruction does not Substantially Delay CT Imaging in an Emergency Setting

References
1.

Sato J, Akahane M, Inano S, Terasaki M, Akai H, Katsura M, Matsuda I, Kunimatsu A, Ohtomo
K. Effect of radiation dose and adaptive statistical iterative reconstruction on image quality of
pulmonary computed tomography. Jpn J Radiol 2011;30:146-153.

2.

Moscariello A, Takx RA, Schoepf UJ, Renker M, Zwerner PL, O’Brien TX, Allmendinger T,
Vogt S, Schmidt B, Savino G, Fink C, Bonomo L, Henzler T. Coronary CT angiography: image
quality, diagnostic accuracy, and potential for radiation dose reduction using a novel iterative
image reconstruction technique-comparison with traditional filtered back projection. Eur
Radiol 2011;21:2130-2138.

3.

Singh S, Kalra MK, Gilman MD, Hsieh J, Pien HH, Digumarthy SR, Shepard JA. Adaptive
statistical iterative reconstruction technique for radiation dose reduction in chest CT: a pilot
study. Radiology 2011;259:565-573.

4.

Pontana F, Duhamel A, Pagniez J, Flohr T, Faivre JB, Hachulla AL, Remy J, Remy-Jardin M.
Chest computed tomography using iterative reconstruction vs filtered back projection (Part 2):
image quality of low-dose CT examinations in 80 patients. Eur Radiol 2011;21:636-643.

5.

Leipsic J, Labounty TM, Heilbron B, Min JK, Mancini GB, Lin FY, Taylor C, Dunning A, Earls
JP. Estimated radiation dose reduction using adaptive statistical iterative reconstruction in
coronary CT angiography: the ERASIR study. AJR Am J Roentgenol 2010;195:655-660.

6.

Willemink MJ, de Jong PA, Leiner T, de Heer LM, Nievelstein RAJ, Budde RPJ, Schilham AMR.
Iterative reconstruction techniques for computed tomography Part 1: Technical principles. Eur
Radiol 2013;23:1623-1631.

7.

Willemink MJ, Leiner T, de Jong PA, de Heer LM, Nievelstein RAJ, Schilham AMR, Budde
RPJ. Iterative reconstruction techniques for computed tomography Part 2: Initial results in dose
reduction and image quality. Eur Radiol 2013;23:1632-1642.

8.

Katsura M, Matsuda I, Akahane M, Sato J, Akai H, Yasaka K, Kunimatsu A, Ohtomo K. Modelbased iterative reconstruction technique for radiation dose reduction in chest CT: comparison
with the adaptive statistical iterative reconstruction technique. Eur Radiol 2012;22:1613-1623.

9.

Nelson RC, Feuerlein S, Boll DT. New iterative reconstruction techniques for cardiovascular
computed tomography: how do they work, and what are the advantages and disadvantages? J
Cardiovasc Comput Tomogr 2011;5:286-292.

10.

Pan X, Sidky EY, Vannier M. Why do commercial CT scanners still employ traditional, filtered
back-projection for image reconstruction? Inverse Probl 2009;25:1230009.

11.

Fleischmann D, Boas FE. Computed tomography--old ideas and new technology. Eur Radiol
2011;21:510-517.

281

Chapter 4.3 | Part II - Pulmonary Imaging

12.

Yanagawa M, Honda O, Kikuyama A, Gyobu T, Sumikawa H, Koyama M, Tomiyama N.
Pulmonary nodules: Effect of adaptive statistical iterative reconstruction (ASIR) technique
on performance of a computer-aided detection (CAD) system-Comparison of performance
between different-dose CT scans. Eur J Radiol 2012;81:2877-2886.

13.

Noel PB, Fingerle AA, Renger B, Munzel D, Rummeny EJ, Dobritz M. Initial performance
characterization of a clinical noise-suppressing reconstruction algorithm for MDCT. AJR Am
J Roentgenol 2011;197:1404-1409.

14.

Kligerman S, Mehta D, Farnadesh M, Jeudy J, Olsen K, White C. Use of a Hybrid Iterative
Reconstruction Technique to Reduce Image Noise and Improve Image Quality in Obese
Patients Undergoing Computed Tomographic Pulmonary Angiography. J Thorac Imaging
2013;28:49-59.

15.

Funama Y, Taguchi K, Utsunomiya D, Oda S, Yanaga Y, Yamashita Y, Awai K. Combination of a
low-tube-voltage technique with hybrid iterative reconstruction (iDose) algorithm at coronary
computed tomographic angiography. J Comput Assist Tomogr 2011;35:480-485.

16.

Scheffel H, Stolzmann P, Schlett CL, Engel LC, Major GP, Karolyi M, Do S, Maurovich-Horvat P,
Hoffmann U. Coronary artery plaques: Cardiac CT with model-based and adaptive-statistical
iterative reconstruction technique. Eur J Radiol 2011;81:e363-e369.

17.

Marin D, Nelson RC, Schindera ST, Richard S, Youngblood RS, Yoshizumi TT, Samei E. Lowtube-voltage, high-tube-current multidetector abdominal CT: improved image quality and
decreased radiation dose with adaptive statistical iterative reconstruction algorithm--initial
clinical experience. Radiology 2010;254:145-153.

18.

May MS, Wust W, Brand M, Stahl C, Allmendinger T, Schmidt B, Uder M, Lell MM. Dose
reduction in abdominal computed tomography: intraindividual comparison of image quality
of full-dose standard and half-dose iterative reconstructions with dual-source computed
tomography. Invest Radiol 2011;46:465-470.

19.

Korn A, Fenchel M, Bender B, Danz S, Hauser TK, Ketelsen D, Flohr T, Claussen CD,

20.

Gervaise A, Osemont B, Lecocq S, Noel A, Micard E, Felblinger J, Blum A. CT image quality
improvement using adaptive iterative dose reduction with wide-volume acquisition on
320-detector CT. Eur Radiol 2012;22:295-301.

21.

Yamada Y, Jinzaki M, Tanami Y, Shiomi E, Sugiura H, Abe T, Kuribayashi S. Model-based
iterative reconstruction technique for ultralow-dose computed tomography of the lung: a pilot
study. Invest Radiol 2012;47:482-489.

282

Heuschmid M, Ernemann U, Brodoefel H. Iterative Reconstruction in Head CT: Image Quality
of Routine and Low-Dose Protocols in Comparison with Standard Filtered Back-Projection.
AJNR Am J Neuroradiol 2011;33:218-224.

Part II

5.1

Iterative reconstruction improves
evaluation of native aortic and
mitral valves by retrospectively
ECG-gated thoraco-abdominal CTA

Martin J. Willemink1, Jesse Habets1, Pim A. de Jong1, Arnold M.R. Schilham1, Willem P. Th. M.
Mali1, Tim Leiner1, Ricardo P.J. Budde1,2
1

University Medical Center Utrecht, Department of Radiology, Utrecht, the Netherlands
2

Gelre Hospital, Department of Radiology, Apeldoorn, the Netherlands
Published in European Radiology 2013

Chapter 5.1 | Part II - Cardiac Imaging

Abstract
Purpose
To compare native aortic (AV) and mitral valve (MV) image quality on
limited-dose retrospectively ECG-gated CTA of the thoraco-abdominal aorta
reconstructed with iterative reconstruction (IR) and filtered back projection
(FBP).
Materials and Methods
Fifty patients underwent routine care retrospectively ECG-gated thoracoabdominal limited-dose 256-slice CTA. At 30% (systole) and 75% (diastole) of the
R-R-interval AV and MV were reconstructed using FBP and IR. Objective image
quality (density and noise [SD of density measurement]) was measured. Two
independent observers scored subjective valve image quality using four-point
Likert scales.
Results
IR significantly decreased image noise, but did not alter the aorta and
interventricular septum density. Interobserver variability was moderate to good.
Valve image quality was scored at least moderate in most cases. IR scored one
or two Likert scale points higher than FBP in 10 (first observer) and 27 (second
observer) scores. Conversely, IR scored one Likert scale point lower than FBP in
1 (first observer) and 4 (second observer) scores.
Conclusions
Limited-dose retrospectively ECG-gated thoraco-abdominal CTA enables
moderate to excellent evaluation of AV and MV in most patients, in addition to
the primary diagnostic question. Image quality is further improved by IR.

286

Native and Aortic Mitral Valves with Iterative Reconstruction

Introduction
Despite the fact that valvular heart disease is less commonly seen than coronary
artery disease, heart failure and hypertension in Western countries, it is still
diagnosed frequently and surgical intervention is needed in approximately
25% of patients.1,2 Stenosis of the aortic valve (AV) and regurgitation of the
mitral valve (MV) are the most frequently observed native heart valve diseases.1
The most commonly used imaging technique for evaluation of valvular heart
disease is cardiac ultrasound. However, other imaging techniques such as
magnetic resonance imaging and multidetector computed tomography can also
assess the AV and MV. It has been shown that coronary computed tomography
angiography (CTA) allows for concomitant assessment of the AV and MV.3
Furthermore, limited-dose retrospectively ECG-gated thoraco-abdominal
CTA for dynamic aortic assessment allows for concomitant evaluation of the
coronary arteries.4 Potentially the AV and MV may be assessed from this same
dataset as well.
The most commonly used CT reconstruction method is filtered back
projection (FBP). This fast and robust analytical reconstruction technique
assumes that no noise is present in CT data.5 However, in reality considerable
noise is present in CT data, especially at low radiation dose settings. Recently,
iterative reconstruction (IR) algorithms for CT were introduced by all major
vendors.6-9 These algorithms are noise reducing methods aimed at either
improving image quality using constant CT radiation dose,10,11 or at lowering
radiation dose without impairing image quality.12-14
A major disadvantage of dynamic CTA for evaluation of the aorta is exposure
of patients to high-dose ionising radiation. Therefore, dose reduction is of great
interest for this technique. Also, obtaining as much information on the cardiac
structures as possible from the single CTA acquisition may be beneficial to the
patient. Potentially IR may improve the CT visualisation of native heart valves.
The objective of this study was to compare IR and FBP for objective and subjective
image quality of native aortic and mitral valves on limited-dose retrospectively
ECG-gated thoraco-abdominal CTA which may serve as a surrogate for lowdose retrospectively ECG-gated cardiac CT.
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Materials and Methods
Subjects
Fifty patients underwent retrospectively ECG-gated CTA of the thoracoabdominal aorta between October 2011 and February 2012 according to routine
care. Only examinations which were reconstructed with both systolic and
diastolic cardiac phase and examinations with diagnostic levels of contrast
enhancement were included. The fifty patients are therefore not a truly
consecutive sample. Indications for image acquisition were (pre-operative)
evaluation of an aortic aneurysm (n=36), standard work-up for transcatheter
valve replacement (n=9), post-operative evaluation (after thoracic endovascular
aortic repair) of an aortic aneurysm (n=3), evaluation of a subclavian artery
stenosis (n=1), and evaluation of a thrombus in the aorta (n=1). This study was
approved by the local institutional review board. The need for informed consent
was waived as anonymous data were obtained from routine care CT image
acquisitions and patients were not exposed to additional radiation dose.
CTA Protocol
Image acquisition of the retrospectively ECG-gated CTA of the thoracoabdominal aorta was performed on a multi-detector 256-slice CT (Brilliance iCT,
Philips Healthcare, Best, The Netherlands). An ECG trace was recorded during
the procedure. The region of acquisition ranged from above the aortic arch to
the groins. Based on a locator image, a circular region of interest was drawn
within the descending aorta. Non-ionic iodinated contrast material (Ultravist,
300 mg iopromide per mL, Schering Nederland BV, Weesp, The Netherlands)
was injected intravenously. As soon as the descending aorta reached a density
of 125 Hounsfield units (HU) within the region of interest, the patient was
instructed to maintain a breath hold. Seven seconds later image acquisition
started in a cranio-caudal direction with concurrent ECG-trace recording. The
following parameters were used: detector collimation 128 x 0.625 mm; pitch
0.30; and matrix size 512 x 512. Tube voltage and tube current–time product
depended on the patient’s weight and were 100 kVp and 300 mAs, respectively
for patients <70 kg, and 120 kVp and 250 mAs, respectively for patients ≥70 kg.
The mean heart rate, volume CT dose index (CTDIvol) and dose–length product
(DLP) were recorded for each examination. An estimate of the effective dose
(ED) was calculated with the following equation: ED = DLP × k, where k is the
effective dose estimate. As previously reported, we used a k-value of 0.0142 mSv/
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(mGy×cm), based on k-values of 0.0145, 0.0153 and 0.0129 mSv/(mGy×cm) for the
chest, abdomen and pelvis, respectively.15
Image Reconstruction
Raw CT data were reconstructed with FBP to axial images at eight phases of
the cardiac cycle (each 12.5% of the R-R interval) based on retrospective ECGgating. Furthermore, raw CT data of the systolic and diastolic phase (30% and
75% of the cardiac cycle, respectively) were reconstructed with both FBP and IR
(iDose4, Philips Healthcare, Best, The Netherlands). For this study, only systolic
and diastolic phase images were used. The reconstructed region of these two
phases ranged from 5 mm cranial until 5 mm caudal to the heart for both FBP
and IR. Standard reconstruction filter B (n=39), filter A (n=8), or moderate edge
enhancing reconstruction filter C (n=3) were used. Thus, systolic and diastolic
images were reconstructed of the heart using both FBP and IR, resulting in four
image sets per patient.
Iterative reconstruction can be performed in the raw data domain, image
domain or both. iDose4 is the most recently introduced IR technique by Philips
and filters in the raw data domain as well as in the image domain. The noisiest
raw data are identified and denoised while edges are preserved using a maximum
likelihood algorithm that reduces noise and artefacts based on Poisson statistics.16
The denoised raw data are reconstructed and finally the algorithm filters the
images to decrease uncorrelated noise. The level of noise reduction can be
adjusted by choosing one of seven levels. In this study iDose4 level 4 was used,
corresponding to a noise reduction of 29%, according to the manufacturer.17
Objective Image Quality Assessment
Both objective and subjective image quality were assessed by two observers (with
two and four years of radiological experience, respectively) on a CT workstation
using commercially available software (Cardiac Viewer, Extended Brilliance
Workspace version 4.5.2.40007, Philips Healthcare, Best, The Netherlands).
Objective image quality was analysed on the systolic phase images by drawing
two regions of interest (ROI), within homogeneous regions of the ascending aorta
at the level of the origin of the left coronary artery and within the interventricular
septum, diameters were 10 mm and 5 mm, respectively (Figure 1). By using the
copy function, ROIs were placed at exactly the same position for both FBP and
IR images. Within these ROIs the mean signal was measured in HU and the
standard deviation (SD) of the signal was quantified as a measure of noise.
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while edges are preserved using a maximum likelihood algorithm that reduces noise and
artefacts based on Poisson statistics.16 The denoised raw data are reconstructed and finally the
algorithm filters the images to decrease uncorrelated noise. The level of noise reduction can
be adjusted by choosing one of seven levels. In this study iDose4 level 4 was used,
corresponding to a noise reduction of 29%, according to the manufacturer.17

Objective Image Quality Assessment

Both objective and subjective image quality were assessed by two observers (with two and
four years of radiological experience, respectively) on a CT workstation using commercially
available software (Cardiac Viewer, Extended Brilliance Workspace version 4.5.2.40007,
Philips Healthcare, Best, The Netherlands). Objective image quality was analysed on the
systolic phase images by drawing two regions of interest (ROI), within homogeneous regions
of the
ascending
aorta
at the for
level
of theimage
originquality
of theassessment.
left coronary artery and within the
Figure
1: Regions
of interest
objective

Analysis of objective image quality on the systolic phase images by drawing two regions of interest,

interventricular
septum,aorta
diameters
wereof10
andof5the
mm,
(Figure
1). By back
using
within the ascending
at the level
themm
origin
leftrespectively
coronary artery
with filtered
projection (FBP) (A) and iDose4 level 4 (B) and within the interventricular septum with FBP (C) and

the copy
function, ROIs were placed at exactly the same position for both FBP and IR images.
iDose4 level 4 (D), diameters were 10 mm and 5 mm, respectively. Note that IR decreases the SD. Av =
Average signal density in Hounsfield units, ED = Effective diameter, FBP = Filtered back projection,

Within
these ROIs the mean signal was measured in HU and the standard deviation (SD) of
IR = Iterative reconstruction, SD = Standard deviation (measure of noise)
the signal was quantified as a measure of noise. Based on these values, the signal-to-noise

Based on these values, the signal-to-noise ratio (SNR) of both ROIs was
calculated as the ratio between mean signal in HU and the SD. Also the contrastAlsoto-noise
the contrast-to-noise
(CNR) was with
calculated
with the following
ratio (CNR) ratio
was calculated
the following
equation:equation:

ratio (SNR) of both ROIs was calculated as the ratio between mean signal in HU and the SD.

CNR =

Signal aorta − Signal septum
1
2
2
× ( SDaorta + SD septum )
2

,

where Signalaorta and Signalseptum are the mean signal (in HU) and SDaorta and
SDseptum are the standard deviations of both ROIs.
Subjective Image Quality Assessment
Heart valves (AV and MV) were analysed in axial, coronal, sagittal orientations
as well as in the AV and MV planes. Subjective image quality was assessed in
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both systolic and diastolic phases by scoring the interpretability of AV and MV
using a four-point Likert-scale: 1 = non-diagnostic, 2 = moderate visualisation, 3
= good visualisation, 4 = excellent visualisation. Criteria for classification of both
AV and MV interpretability were defined as non-diagnostic if leaflets were not
observable, moderate if details of leaflets were limited and were not traceable
for area measurements, good if leaflet details were adequate and traceable for
area measurement, and excellent if leaflet details were perfectly visible along
their entire circumference. Both observers were provided with sample images of
Likert scale points which were used during scoring (Figure 2).

Figure 2: Predefined Likert scales for subjective image quality assessment of aortic and mitral valves.

AV = Aortic valve, MV = Mitral valve
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Data Analysis
Inter-observer agreement of subjective image quality assessment was estimated
with the Cohen weighted kappa coefficient.18 Subjective image quality was shown
as a categorical variable and was compared between acquisitions reconstructed
with FBP and IR using Fisher’s Exact test for both observers independently.
Objective image measurements were averaged for both observers and FBP and
IR were compared with the Wilcoxon signed ranks test. P values below 0.05
were considered statistically significant. Unless otherwise stated, all values
are presented as medians with interquartile range. Statistical analysis was
performed with SPSS version 15.0 (SPSS Inc, Chicago, IL, USA).

Results
The mean age of the 50 subjects included (36 male, 72%) was 68.6 ± 11.4 (SD)
years. Image acquisition was performed with the <70 kg protocol (100 kVp, 300
mAs, CTDIvol 12.2 mGy) in 12 patients and 37 received the ≥70 kg protocol (120
kVp, 250 mAs, CTDIvol 16.9 mGy) and one patient received a protocol with 120
kVp, 200 mAs and CTDIvol 13.5 mGy. The median DLP was 1131.8 mGy×cm (872.8–
1193.1 mGy×cm) and the median estimated effective dose was 16.1 mSv (12.5–16.9
mSv). The mean heart rate was 71 ± 15 (SD) beats per minute.
Objective Image Quality
The measured median objective image quality values are listed in Table 1.
Median density measured within the ROIs of both aorta (P>0.05) and septum
(P>0.05) was not influenced by IR. IR significantly decreased noise (P<0.01) and
increased SNR (P<0.01) and CNR (P<0.01).
Subjective Image Quality
The weighted Cohen’s kappa values are listed in Table 2. Inter-observer
variability was moderate to good with a mean weighted Cohen kappa of
0.60±0.14 (SD). Subjective image quality scores of both observers are listed in
Tables 3 and 4, respectively. IR valve image quality was scored at least moderate
in systole and diastole in 40 and 49 (80% and 98%, respectively) by the first
observer and 43 and 48 (86% and 96%, respectively) by the second observer for
AV, and 43 and 47 (86% and 94%, respectively) by the first observer and 46 and
47 (92 and 94%, respectively) by the second observer for MV, respectively. In 10
(5.0%, first observer) and 27 (13.5%, second observer) scores, IR scored one or two
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Likert scales higher than FBP opposed to 1 (0.5%, first observer) and 4 (2.0%,
second observer) FBP scores being better (Figure 3). Subjective image quality
scores were significantly (P<0.001) in favour of IR for both observers at both the
diastolic and systolic phases.

Table 1: Objective image quality
Density aorta (HU)
Density septum (HU)

FBP

IR

P value*

366 (313–428)

365 (313–428)

NS

95 (81–114)

94 (83–113)

NS

Noise aorta

28 (23–35)

19 (16–23)

< 0.001

Noise septum

28 (22–39)

20 (15–25)

< 0.001

SNR aorta

13 (10–16)

20 (14–23)

< 0.001

3 (3–4)

5 (4–7)

< 0.001

13 (9–17)

19 (14–27)

< 0.001

SNR septum
CNR

Values are given as medians (interquartile range). * Based on Wilcoxon signed ranks test; CNR
= Contrast-to-noise ratio, FBP = Filtered back projection, HU = Hounsfield unit, IR = Iterative
reconstruction, SNR = Signal-to-noise ratio

Table 2: Inter-observer variability
Cardiac
phase

Reconstruction
algorithm

Diastolic

FBP
IR

Systolic

FBP
IR

Outcome
measure

Cohen’s
kappa

AV quality

0.59 ± 0.14

MV quality

0.65 ± 0.14

AV quality

0.56 ± 0.14

MV quality

0.60 ± 0.14

AV quality

0.69 ± 0.14

MV quality

0.45 ± 0.12

AV quality

0.69 ± 0.14

MV quality

0.55 ± 0.12

AV = Aortic valve, FBP = Filtered back projection, IR = Iterative reconstruction, MV = Mitral valve.
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1

Total

4

17

15

2

0

0

2

50

15

23

10

0
9

3

0
5

5

5
50

AV = Aortic valve, FBP = Filtered back-projection, MV = Mitral valve

33

Total

Excellent

Good

7

0

0

0

0

30

11

Total

0

0

Excellent

30

3

8
0

0

Moderate

0

FBP Non-diagnostic

Good

4

7

0

1

3

Moderate

Non-

10

0

0

0

10

FBP Non-diagnostic

0

MV quality: systolic

Total

Excellent

Good

Moderate

FBP Non-diagnostic

iDose4

20

0

19

1

0

3

3

0

0

0

8

0

0

8

0

26

1

25

0

0

9

8

1

0

0

Moderate Good Excellent

iDose4

17

0

0

16

1

NonModerate Good Excellent
diagnostic

diagnostic

Moderate Good Excellent Total

21

0

21

0

0

AV quality: systolic

diagnostic

Non-

0
11

0

Excellent

iDose

0

0

Good

MV quality: diastolic

1
10

1

0

Moderate

NonModerate Good Excellent Total
diagnostic

iDose4

FBP Non-diagnostic

AV quality: diastolic

Table 3: Subjective image quality assessed by first observer

50

9

26

8

7

Total

50

3

19

17

11

Total
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0
12

0

2

Excellent

Total

20

2

18

0

0

16

13

3

0

0

50

15

21

12

2

1
0
14

0

0

3

Good

Excellent

Total

25

0

18

7

0

8

7

1

0

0

50

7

20

19

4

AV = Aortic valve, FBP = Filtered back projection, MV = Mitral valve

12

0

Moderate

1

3

Moderate Good Excellent Total

FBP Non-diagnostic

diagnostic

Non-

0

0

iDose4

12

0

Good

MV quality: diastolic

0

2

Moderate

NonModerate Good Excellent Total
diagnostic

4

iDose

FBP Non-diagnostic

AV quality: diastolic

Table 4: Subjective image quality assessed by second observer

Total

Excellent

Good

Moderate

FBP Non-diagnostic

MV quality: systolic

Total

Excellent

Good

Moderate

FBP Non-diagnostic

AV quality: systolic

4

0

0

1

3

diagnostic

Non-

7

0

0

0

7

17

0

12

4

1

2

1

1

0

0

25

0

0

23

2

17

0

12

5

0

4

3

1

0

0

Moderate Good Excellent

iDose4

24

0

0

23

1

NonModerate Good Excellent
diagnostic

iDose4

50

1

13

27

9

Total

50

1

13

27

9

Total
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Figure 3: Image of aortic and mitral valve reconstructed with FBP (A and C, respectively) and iDose4

(B and D, respectively).
Aortic valve with a Likert scale score of 4 (both reconstruction methods, first observer) and improved
score from 3 to 4 (second observer) with iDose4, mitral valve with Likert scale scores of 3 for both
observers at both reconstruction methods

Discussion
Novel imaging techniques such as CTA and MRI are gaining importance for
the assessment of valvular heart disease. CTA of coronary arteries has already
proven to allow for concomitant assessment of heart valves.3 Other CTA
applications, such as ECG-gated evaluation of the aorta, are increasingly used
for simultaneous cardiac evaluation,19 and may therefore also allow for valvular
heart disease analysis. A major drawback of CTA is the considerable radiation
dose. Recently, all major CT vendors have introduced new noise-reducing IR
algorithms.6-9 Aims of these algorithms include improvement of image quality at
constant radiation dose and radiation dose reduction with similar image quality.
However, the influence of IR on the visualisation of native heart valves in limiteddose CTA for examination of the aorta has not been yet been investigated. The
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retrospectively ECG-gated thoraco-abdominal CTA acquisition protocol is used
in our centre for aortic analysis. It provides dynamic data over multiple phases
of the cardiac cycle that can be used for aortic endoprosthesis size matching and
also allows for motion free imaging in the case of aortic dissection. This study
showed that IR significantly improved objective image quality, and had superior
subjective image quality compared with FBP in 5.0–13.5% of native AV and MV.
As stated before, IR algorithms are developed with two aims, either to
improve image quality using a constant CT radiation dose, or to allow a reduced
CT radiation dose with similar image quality. As the mean signal remained the
same, and noise, SNR and CNR improved significantly with IR compared with
FBP, objective image quality improved with IR. The present study also showed
that IR improved subjective visualisation of AV and MV, which emphasises one
aim of IR, improving image quality at constant CT radiation dose.
Despite the fact that echocardiography is currently the most frequently
used imaging technique for the evaluation of valvular heart disease, CTA of
the coronary arteries can also be useful for the assessment of heart valves.3 The
finding that valve image quality for both IR and FBP was at least moderate in
most cases indicates that CTA of the aorta also allows for concomitant analysis
of valvular heart disease.
In the present study a CTA protocol of the total aorta was used with an
estimated median effective dose of 16.1 mSv, which is high compared with
normal non-gated thoraco-abdominal CTA. However, the latter cannot be
used for dynamic aortic assessment and may suffer from motion artefacts.
The effective dose depends, among other factors, on the length of the image
acquisition. Because CTA of the total aorta has a larger acquisition length than a
cardiac CTA, the effective dose is not a good parameter for comparing radiation
doses between the two protocols. Conversely, CTDIvol is independent of length
of the image acquisition and is therefore better for comparing doses at constant
tube current. In the present study a total aorta CTA protocol was used with
CTDIvol values of 12 or 17 mGy. Normal retrospectively ECG-gated cardiac CTA
dose indices are approximately 42 to 59 mGy,20,21 thus our CTA protocol can be
seen as a surrogate for low-dose cardiac CT.
The present study has limitations. First, image acquisition, the IR algorithm
and the semi-automatic software package were all from the same single vendor,
therefore we cannot comment on other vendors. Second, different reconstruction
filters were used which may affect attenuation values and objective image
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quality.22,23 However, all filters are standard filters that are commonly used in
our hospital. Therefore, this reflects clinical practice. Furthermore in each
patient both FBP and IR images were reconstructed with the same filter. Third,
subjective image quality was assessed using a Likert scale. As IR images have a
smoother appearance than FBP images, observers could not be blinded to the
reconstruction method. Thus, observers could have been prejudiced in their
scoring strategy. This bias was prevented as much as possible by providing the
observers with a Likert scale with sample images.
In conclusion, this study showed that limited-dose retrospectively ECGgated thoraco-abdominal CTA enabled moderate to excellent evaluation of
native aortic and mitral valves in most patients, in addition to the primary
diagnostic question. IR significantly further improved objective and subjective
image quality.
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Abstract
Purpose
To compare coronary plaque size and composition as well as degree of coronary
artery stenosis on coronary Computed Tomography angiography (CCTA) using
three levels of iterative reconstruction (IR) with standard filtered back projection
(FBP).
Materials and Methods
In 63 consecutive patients with a clinical indication for CCTA 55 coronary plaques
were analysed. Raw data were reconstructed using standard FBP and levels 2, 4
and 6 of a commercially available IR algorithm (iDose4). CT attenuation and noise
were measured in the aorta and two coronary arteries. Both signal-to-noise-ratio
(SNR) and contrast-to-noise-ratio (CNR) were calculated. The amount of lipid,
fibrous and calcified plaque components and mean cross-sectional luminal area
were analysed using dedicated software.
Results
Image noise was reduced by 41.6% (p< 0.0001) and SNR and CNR in the aorta were
improved by 73.4% (p< 0.0001) and 72.9% (p< 0.0001) at IR level 6, respectively.
IR improved objective image quality measures more in the aorta than in the
coronary arteries. Furthermore, IR had no significant effect on measurements
of plaque volume and cross-sectional luminal area.
Conclusions
The application of IR significantly improves objective image quality, and does
not alter quantitative analysis of coronary plaque volume, composition and
luminal area.
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Introduction
Coronary computed tomography angiography (CCTA) is a highly reliable noninvasive alternative for the assessment of coronary heart disease with excellent
diagnostic accuracy compared to invasive coronary angiography.1,2 In addition
to assessment of the degree of luminal stenosis, CCTA provides additional
information concerning the vessel wall, plaque volume, plaque composition and
positive vessel remodelling.3,4 CT assessment of coronary plaque volume shows
good reproducibility and is moderately accurate when compared to quantitative
intracoronary ultrasound.5,6 Non-calcified plaques are considered more active,
less stable, and therefore more clinically relevant.7,8 Moreover, recent data from
the CONFIRM (COronary CT Angiography EvaluatioN For Clinical Outcomes:
An InteRnational Multicenter) registry suggests that non-calcified plaques are
independent predictors of future cardiovascular events over calcified plaques
alone.9 Detection and quantification of non-calcified plaques or the noncalcified part of mixed plaques may allow for more effective risk stratification
and better therapy monitoring.10
In recent years, increasing attention has been paid to lower radiation
burden of CCTA while maintaining image quality through the use of iterative
reconstruction (IR).11,12 Currently, filtered back projection (FBP) is the standard
reconstruction technique for most CT imaging studies. Although fast and
robust, FBP is intrinsically flawed because it wrongly accepts data from every
angle as being equally valid and fully noise free, resulting in the propagation of
high levels of image noise throughout the reconstruction.13 In contrast to FBP,
a new hybrid IR technique (iDose4, Philips Healthcare, Best, The Netherlands)
identifies and corrects image noise, while at the same time preserving spatial
resolution.14 iDose4 is capable of achieving dose reductions up to 63% in
prospectively-triggered CCTA using 256-slice CT hardware without degradation
of image quality.15 IR could improve assessment of atherosclerotic plaque
composition, due to improved contrast-to-noise ratio (CNR) and by minimizing
blooming artefacts. A recent study by Fuchs et al. 16 investigated the in-vivo
effect of Advanced Statistical Iterative Reconstruction (ASIR, GE Healthcare,
Milwaukee, WI, USA) on plaque morphology and found no significant effect of
IR on mean plaque volume or plaque composition, however there are no in-vivo
data available investigating the impact of various iDose4 levels on the detection
of coronary stenosis and plaque morphology. Accordingly, the objective of this
study was to compare objective image quality and morphological characteristics
of plaque at standard FBP and multiple IR levels.
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Materials and Methods
Patient Population
Sixty-three consecutive patients underwent CCTA for exclusion of coronary
artery disease. The Medical Research Ethics Committee approved this study
and agreed to a waiver. Informed consent was waived as the study retrospectively
used CT data obtained in routine care in an anonymous fashion and no
additional CT scans were obtained for the purpose of this study.
CT Protocol
All CCTA studies were performed on a 256-slice scanner (Brilliance iCT, Philips
Healthcare, Best, The Netherlands). CCTA was performed using a prospectively
ECG-triggered step-and-shoot mode. The predefined time point at which data
acquisition was started was 78% of the RR interval. The images were acquired
in craniocaudal scan direction from above the ostia of the coronary arteries
to below the dome of the diaphragm during a single breath-hold. Acquisition
parameters were 128 × 0.625 mm with dual z-focal spot positions. Gantry rotation
time was 270 ms and temporal resolution 135 msec. Tube potentials and tube
current-time product were minimized based on patient weight, and ranged from
80 kV until 140 kV, and from 200 mAs-300 mAs, respectively. Contrast medium
enhancement was administered using a triphasic injection protocol consisting
of injection of 70 mL of pure, undiluted iodinated contrast material (Iopromide,
Ultravist 300 mgI/mL, Bayer, Berlin, Germany), followed by a constant volume
of 60 mL of a 70%:30% saline-to-contrast medium mixture, and finally 30
mL saline, with all phases injected at 6 mL/s through an 18 G intravenous
antecubital angiocatheter using a dual-syringe power injector (Stellant D,
Medrad, Indianola, PA, USA). Bolus tracking was performed with a region of
interest (ROI) placed in the ascending aorta. Image acquisition was started 8 s
after the signal density reached a predefined threshold of 100 Hounsfield units
(HU). No manual ECG-editing was performed and kernel parameters were kept
constant. FBP and IR reconstructions were performed directly on the CT system
at 0.90 mm slice thickness and 0.45 mm increment.
FBP and Iterative Reconstruction Series
Raw data were reconstructed using standard FBP and three levels (levels 2, 4 and
6) of a commercially available IR algorithm (iDose4, Philips Healthcare, Best, the
Netherlands). CT data consist of noise-free anatomical information and additive

306

Quantitative CT Assessment of Coronary Plaque Composition

statistical noise. The goal of IR algorithms is to differentiate information from
noise. Based on the specific model of the IR algorithm, noise is iteratively
reduced using a maximum likelihood method. iDose4 applies first a maximum
likelihood denoising algorithm based on Poisson statistics to identify and
correct the noisiest raw CT data while preserving edges. Subsequently, images
are reconstructed from the denoised CT data and uncorrelated noise in the
images is decreased by iterative filtering. An additional parameter, the iDose4
level (scale, 1–7), is used to define the strength of the iterative reconstruction
technique in reducing image noise. For a more detailed description of the
iterative reconstruction algorithm used in this study see Scibelli et al.17
CT Measurements
Objective image quality parameters were evaluated on a dedicated image
processing workstation (Extended Brilliance Workspace [EBW] Version
V4.0.2.145, Philips Healthcare, Best, The Netherlands). Identical circular regions
of interest (ROIs) were drawn on FBP and IR reconstructed images. ROIs were
placed in identical locations on identical sections in the ascending thoracic
aorta at the level of the left main (LM) coronary artery, and in the proximal
part of the left main (LM) and the right coronary artery (RCA). ROIs were used
to objectively measure CT attenuation values expressed as density (D) in HU
and image noise (standard deviation (SD) of D). Subsequently signal-to-noise
ratio (SNR) and contrast-to-noise ratio (CNR) were calculated according to the
methods used by Szucs-Farkas et al. 18 by using the following formulas:
1.
2.

SNR= DROI/noise
CNR= (DROI-Dsurrounding_tissue)/noise

Dsurrounding_tissue was measured within epicardial adipose tissue. Dose length
product (DLP), kV and mAs were recorded, and effective radiation dose was
determined by multiplying the DLP with a conversion coefficient of 0.014
mSvmGy−1cm−1.19
Plaque Analysis
Syngo Circulation plaque analysis (Syngo MMWP VE 36A, Siemens Healthcare
Sector, Forchheim, Germany) was used for vessel and plaque analysis. Coronary
arteries were automatically tracked and curved-multiplanar-reconstructions
were obtained.20 Lesion boundaries for measurement were manually set
immediately above and below the atherosclerotic plaque. The software
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automatically traced the plaque boundaries, determined the luminal area and
identified three different plaque components: lipid (-10-69 HU), fibrous (70-129
HU) and calcified (>400 HU) (Figure 1).21,22 The different ranges of CT attenuation
values were visually represented by a distinctive colour-coding overlay.

Figure 1: In the upper part of the figure curved-multiplanar-reconstructions of the left circumflex artery

reconstructed by FBP, iDose4 level 2 (IR2), iDose4 level 4 (IR4), and iDose4 level 6 (IR6) are displayed.
In the middle part the atherosclerotic plaque composition is automatically defined on cross-sectional
images and components are colour coded: lumen (orange), fibrous plaque (light green) and calcified
(pink). In the lower part cross-sectional images are shown without the colour coding.
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The volume of all voxels within the predefined CT attenuation range and spatial
region of interest were summed (Figure 2). Previous research demonstrated that
HU-based analysis provides accurate quantification of coronary plaque volume
with good reproducibility.23

Figure 2: Illustration of semi-automated volumetric assessment of

atherosclerotic plaque in the RCA. The atherosclerotic plaque composition is
automatically defined and components are colour coded: lumen (orange), lipid
plaque (dark green), fibrous plaque (light green) and calcified plaque(pink).
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Statistical Analysis
Continuous variables were expressed as means ± standard deviation (SD) and
categorical variables as frequencies. Percentage change in D, noise, SNR and
CNR between FBP and IR was calculated. Objective image quality parameters
were tested for normal distribution using the Shapiro-Wilk W test. Repeatedmeasures analysis of variance was used to determine statistical significance
in the means across the different reconstructions and post-hoc tests were
performed using paired two-tailed Student’s t-test. If the data were non-normally
distributed, logarithmic transformation was performed. When data remained
non-normally distributed a nonparametric Friedman test was performed
to determine statistical significance and the Wilcoxon signed ranks test was
computed to ascertain whether the differences between FBP and the IR groups
were statistically significant. Results from these tests were compared in pairwise
fashion using Bonferroni adjustment for the three comparisons. All statistical
analyses were performed using SPPS version 19 (SPSS Inc, Chicago, Illinois,
USA) and MedCalc statistical package 12.2.0.0 (MedCalc, Mariakerke, Belgium).

Results
Study Population
All 63 patients (18 females) underwent CCTA successfully and all scans were
considered of diagnostic image quality. In 30 patients coronary heart disease
was present and a total of 55 coronary plaques were analysed. Mean age was
50.8±13.0 years. DLP was 194±70 mGy cm. Patient demographics and scan data
are summarized in Table 1.
Table 1: Patient demographics and scan characteristics.
Patient data
Number of patients (n)
Female (n)
Age (year)
Body mass index (kg/m2)
Heart rate (beats per minute)
Scan data
Scan length (mm)
Tube voltage 80 kV (n)
Tube voltage 100 kV (n)
Tube voltage 120 kV (n)
Tube voltage 140 kV (n)
Tube current (mAs)
Effective dose (mSv)
Dose length product (mGycm)

Data are given as mean ± standard deviation
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63
18
50.8±13
26.1±3.8
65±11
137±15
2
26
34
1
212±15
2.7±1.0
194±70

390.5±81.3
390.5±81.3
390.6±81.3
390.8±81.3
380.9±86.2
380.1±86.2
379.8±86.3
378.8±85.5
366.7±83.7
365.1±83.6
364.1±83.6
362.0±82.9

FBP

IR2

IR4

IR6

FBP

IR2

IR4

IR6

FBP

IR2

IR4

IR6

-1.3*

-0.7

-0.4

-0.6*

-0.3

-0.2

0.1

0.0

0.0

% change

35.5±11.8

37.6±11.8

39.3±11.8

41.8±11.8

27.5±7.6

29.4±7.8

31.5±8.0

34.1±8.4

13.8±3.3

17.3±3.9

19.9±4.4

23.8±6.0

Noise

-15.7*

-10.6*

-6.2*

-19.4*

-14.0*

-7.8*

-41.6*

-27.0*

-16.0*

% change

11.1±4.2

10.4±3.6

9.9±3.3

9.3±3.0

14.8±5.5

13.8±4.7

12.8±4.1

11.7±3.6

29.3±7.4

23.3±5.5

20.2±4.8

17.0±4.2

SNR

18.6*

11.5*

6.3*

25.1*

16.6*

8.5*

73.4*

37.8*

19.4*

% change

13.8±5.0

13.0±4.3

12.3±3.9

11.6±3.5

18.2±6.4

16.9±5.4

15.7±4.7

14.5±4.1

35.9±8.2

28.5±6.2

24.8±5.3

20.9±4.7

CNR

18.7*

11.4*

6.2*

25.0*

16.4*

8.4*

72.9*

37.5*

19.2*

% change

* P < 0.0001 after Bonferroni correction. LM Left main, RCA Right coronary artery, SNR Signal-to-noise ratio, CNR Contrast-to-noise ratio. Data are given
as mean ± standard deviation and percentage change is compared to FBP

RCA

LM

Aorta

CT Attenuation

Reconstruction

and iDose4 level 6 (IR6) at three different regions of interest.

Table 2: Assessment of objective image quality measures in CCTA reconstructed with filtered back projection (FBP), iDose4 level 2 (IR2), iDose4 level 4 (IR4),
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Comparison of Objective Image Quality
Detailed objective image quality values are listed in Table 2. On average, iDose4
level 2 reduced image noise by 10.0% (p<0.0001) and SNR and CNR were
significantly higher (11.4% (p<0.0001) and 11.3% (p<0.0001), respectively) when
compared to FBP. iDose4 level 4 reduced image noise by 17.2% (p<0.0001). SNR
and CNR were also significantly higher (22.0% (p<0.0001) and 21.7% (p<0.0001),
respectively) when compared to FBP. iDose4 level 6 reduced image noise by
25.6% (p<0.0001). SNR and CNR also improved most (39.1% (p<0.0001) and
38.9% (p<0.0001), respectively) when compared to FBP. When comparing the
different regions, IR improved image noise most in the aorta (overall 28.2%
(p<0.0001)), followed by the LM (overall 13.8% (p<0.0001)) and the RCA (overall
10.8% (p<0.0001)). The average ROI area was 200 mm2 for the aorta, 9.5 mm2 for
the LM and 6.5 mm2 for the RCA.
Luminal Area
Mean cross-sectional luminal areas were not significantly different between
FBP and IR groups (p=0.613). The FBP, iDose4 levels 2, 4, and 6 values for mean
luminal area were 13.6±4.7 mm2, 13.6±4.6 mm2, 13.6±4.6 mm2 and 13.5±4.6 mm2,
respectively (Figure 3).
Plaque Composition
Mean coronary plaque volumes were similar over the different reconstructions,
with no significant differences. The FBP, IR2, IR4 and IR6 values for mean plaque
volume were respectively 53.0±63.9 mm3, 49.0±57.3 mm3, 51.6±61.7 mm3, 50.1±60.0
mm3 (p=0.184) (Fig. 4). Uniformly, the different plaque components also did not
differ significantly between FBP and IR groups. FBP, iDose4 levels 2, 4, and 6
values for lipid (-10-69 HU) plaque volume were 4.1±11.0 mm3, 2.9±7.4 mm3, 3.5±9.3
mm3, 3.3±9.4 mm3 (p=0.071); for fibrous (70-129 HU) 5.9±11.2 mm3, 4.8±7.5mm3,
5.4±9.4 mm3, 5.2±10.1 mm3 (p=0.275); and for calcified (>400 HU) 43.3±50.6 mm3,
42.2±48.5 mm3, 42.7±50.3 mm3, 41.5±48.2 mm3 (p=0.415), respectively. There were
no significant differences in plaque components throughout all IR algorithms.
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Figure 3: Bland-Altman plots of CT measured luminal area at filtered back projection (FBP) and

iterative reconstruction (iDose4 level 2 (A), 4 (B) and 6 (C)).
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Figure 4: Bland-Altman plots of CT measured plaque volume at filtered back projection (FBP) and

iterative reconstruction (iDose4 level 2 (A), 4 (B) and 6 (C)).

314

Quantitative CT Assessment of Coronary Plaque Composition

Discussion
The principal finding of this study is that iDose4 allows for improved image
quality of CCTA scans without affecting the reliability of plaque composition
assessment. IR techniques allow for improved image quality compared to FBP
by decoupling the relationship between spatial resolution and noise. However,
application of IR tends to change the noise texture. Careful evaluation will
therefore be required before IR can be accepted as the standard for CCTA
exams. With recent advances in computational power, IR techniques can now be
implemented in clinical routine.24 The capability of iDose4 in reducing radiation
exposure in CCTA exams while maintaining diagnostic image quality has
been demonstrated in previous studies, though the effect of iDose4 on plaque
composition was not investigated.25,26,15
Application of IR in combination with reduction in tube voltage holds the
potential to improve CNR, because contrast attenuation increases at lower KVsettings and image noise decreases with the use of IR.27 Moreover, a phantom
study demonstrated that iDose4 yielded similar or improved low-contrast
resolution, especially at lower tube current-exposure time product.28 However
IR techniques can change image texture, which could influence plaque
characterisation. To ensure uniform noise removal at all frequencies iDose4
applies multifrequency noise removal. In line with previous research we found
that the application of IR resulted in better objective image quality of coronary
arteries compared with FBP.29,25 Image noise was highest using FBP and lowest
using iDose4 level 6. IR improved SNR and CNR when compared to FBP. The
improved quantitative image parameters could have an important clinical
implication for the evaluation of coronary artery atherosclerotic plaque.
We found slightly lower mean CT numbers in the coronary lumen with iDose4
level 6 compared to FBP, though these differences are unlikely to be clinically
relevant (0.6% - 1.3% change). No significant differences were found among the
different reconstructions regarding the quantification of atherosclerotic plaque
composition. Thereby indicating that HU-based volumetric assessment of
plaque composition is applicable for longitudinal studies on plaque stabilization,
despite the use of different CT reconstruction methods.
When comparing different vascular locations, IR improved objective image
quality most in the aorta and least in the coronary arteries. These findings are
probably due to the smaller ROIs in the coronary arteries (200 mm2 vs. 9.5 mm2
vs. 6.5mm2). Smaller diameters are more affected by the partial-volume effect.
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Partial volume effect is caused by a limited spatial resolution and yields a CT
number representative of the average attenuation of the tissues within a voxel.30
In this case the partial volume effect plays an especially important role at the
interface between the contrast enhanced coronary lumen and coronary vessel
wall. Partial volume artefacts, like blooming and blurring, are best avoided by
using thin acquisition section width and a small reconstructed field of view.20
Previous research of in-vivo quantitative assessment of coronary plaque
composition with CCTA demonstrated similar results for the comparison of
IR from a different vendor with FBP. Fuchs et al.16 reported that total plaque
volume measurements did not differ significantly with increased percentage of
ASIR and that the calcified component of the plaque remained unaffected by
IR. However since the exact working mechanism of the IR algorithm of different
vendors remains proprietary information it was unclear whether iDose4 would
yield similar results.
Several potential limitations of our study have to be acknowledged. First, IR
reconstructions were performed on routine CCTA and the effect of radiation
dose reduction on plaque characterization was not analysed. Second, the
measurement technique for plaque composition was based on automatically
detection of plaque boundaries, however the proximal and distal extent of
the lesion had to be marked manually. Finally, we did not correlate our CT
imaging results with other imaging techniques like quantitative intracoronary
ultrasound.
Compared to FBP, application of iDose4 on CCTA exams improves
quantitative image quality parameters, while allowing for reliable assessment of
athero-sclerotic plaque composition and cross-sectional luminal area.
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Abstract
Purose
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.
Materials and 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)) 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%.
Conclusions
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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Introduction
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.4,5 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.

Materials and 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
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electrocardiogram (ECG) simulator was used at 60 beats per minute to trigger
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). 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, a β-blocker was administered.
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 ECG-triggered 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. 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 currenttime products depended on body size. Tube current-time products were 50, 30,
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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
< 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. Finally recommended CAC
scoring protocols were derived based on Agatston results from the phantom
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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).
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.

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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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). In contrast, with iterative
reconstruction all reconstructions were interpretable. The median body mass

Table 1: Patient characteristics
Variable
Number of Patients (n)
Gender (M = male, F = female)
Age (years)
Distribution over weight category (<80 kg / ≥80 kg)

Value

30
23 M / 7 F
55.0 (52.0-56.0)
11 / 19

Weight (kg)

87.5 (77.5-97.3)

Body mass index (kg/m2)

27.1 (25.1-30.0)

Heart rate (/min)

59.0 (52.5-63.0)

Results are presented as medians with interquartiles.

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.
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330
60
4.9
61.5
0.9

50
4.1
51.2
0.7

Tube current-time product (mAs)

CTDIvol (mGy)

DLP (mGy×cm)

Effective dose (mSv)

0.5

30.9

2.5

30

< 80 kg

0.5

36.9

3.0

36

≥ 80 kg

60% dose

0.3

20.6

1.7

20

< 80 kg

0.4

24.0

2.0

24

≥ 80 kg

40% dose

Results are presented as medians with interquartiles. CTDIvol Volume CT dose index; DLP Dose-length product

≥ 80 kg

Routine dose

< 80 kg

Table 2: Radiation dose

0.2

10.3

0.8

10

< 80 kg

0.2

12.0

1.0

12

≥ 80 kg

20% dose
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index (BMI) and heart rate of patients with non-interpretable 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 noninterpretable 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
ICC values for the assessment of inter-observer agreement are listed in Table 3.
Agatston score ICC values 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.

Table 3: Inter-observer agreement analysis with intraclass correlation coefficients
FBP

iDose4 level 1

iDose4 level 4

iDose4 level 7

Agatston scores

Routine dose 1.000 (1.000-1.000) 1.000 (0.999-1.000) 1.000 (0.999-1.000) 1.000 (0.999-1.000)
60% dose

0.999 (0.999-1.000) 1.000 (0.999-1.000) 1.000 (0.999-1.000) 1.000 (1.000-1.000)

40% dose

0.996 (0.992-0.998) 1.000 (0.999-1.000) 1.000 (1.000-1.000) 1.000 (1.000-1.000)

20% dose

0.999 (0.997-1.000) 0.999 (0.997-0.999) 1.000 (0.999-1.000) 1.000 (1.000-1.000)

Volume scores

Routine dose 0.990 (0.979-0.995) 0.999 (0.998-1.000) 0.999 (0.998-1.000) 0.999 (0.998-1.000)
60% dose

0.998 (0.996-0.999) 0.998 (0.996-0.999) 0.996 (0.992-0.998) 1.000 (1.000-1.000)

40% dose

0.944 (0.878-0.974)

0.986 (0.971-0.994)

0.969 (0.936-0.985) 0.966 (0.929-0.983)

20% dose

0.995 (0.987-0.998)

0.978 (0.955-0.990)

0.942 (0.882-0.972)

1.000 (0.999-1.000)

Mass scores

Routine dose 1.000 (1.000-1.000) 1.000 (0.999-1.000) 1.000 (0.999-1.000) 1.000 (0.999-1.000)
60% dose

1.000 (1.000-1.000) 0.998 (0.996-0.999) 0.998 (0.996-0.999) 1.000 (1.000-1.000)

40% dose

0.986 (0.968-0.994) 0.997 (0.995-0.999)

0.995 (0.989-0.997) 0.999 (0.999-1.000)

20% dose

0.998 (0.996-0.999) 0.996 (0.991-0.998)

0.935 (0.870-0.969)

1.000 (1.000-1.000)

Results are presented as intraclass correlation coefficients with 95% confidence intervals.

FBP Filtered back projection
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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
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 4, 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
Table 4: Median coronary artery calcium scores of patients with non-zero scores and interpretable

reconstructions

Agatston score

Volume score (mm3)

Mass score (mg)

(N=18)

(N=15)

(N=15)

26.1 (5.2-192.2)

21.1 (7.3-87.6)

4.5 (1.0-17.4)

Routine dose

FBP
iDose 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)

25.6 (13.6-166.6)

19.9 (13.8-94.0)

4.2 (2.2-18.3)

4

60% dose

FBP
iDose 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 (2.00-18.0)

iDose4 level 7

22.3 (13.1-158.3)

19.2 (11.0-87.9)

3.8 (1.8-17.5)

30.3 (9.7-191.2)

21.4 (11.4-148.4)

4.8 (1.9-28.7)
4.6 (1.8-23.9)

4

40% dose

FBP
iDose level 1

28.4 (8.1-188.2)

20.3 (11.1-137.3)

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)

60.5 (11.6-251.7)

21.4 (14.5-215.3)

3.3 (2.6-33.1)

iDose 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)

4

20% dose

FBP
4

Results are presented as medians with interquartiles. FBP Filtered back projection
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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 range of
reclassification rates for different IR levels were 13% (4/30) at 60% dose, 13% (4/30)
to 23% (7/30) at 40% dose, and 13% (4/30) to 43% (13/30) 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.
Risk category reclassification
12
Uninterpretable reconstruction

10

Increased risk level

6

Decreased risk level

6

1

4
4

4

0

6

5
3
1

3
1

4
2

1

1

1

2
3

-2

2

1
2

1

3

3

iDose L7

2

iDose L4

Patients being reclassified (n)

8

5

-4

60% dose

40% dose

iDose L1

FBP

iDose L7

iDose L4

iDose L1

FBP

iDose L7

iDose L4

iDose L1

FBP

-6

20% dose

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.

333

Chapter 6.1 | Part III - Cardiac Imaging

No reclassification

Up reclassification

Down reclassification

No reclassification

Up reclassification

400

100

1600

300

Agatston score

Down re

2200

400

100
15

10
300
50

50
200

1000

5
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B

0
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C

0

B
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No reclassification
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D

Reference

20%

100

C
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Up reclassification
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15
400

2200
100

400

10
300

1600

300

50
5
200
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10
0
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A
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0
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BD
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20% dose
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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 4).
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 5). Only protocols
were selected with less than 15% reclassifications.
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(mSv)

0.45
0.30
0.15

(mAs)

30

20

10

60% dose

40% dose

20% dose

12

24

36

(mAs)

0.18

0.36

0.54

(mSv)

Effective dose

≥ 80 kg
Tube current

For all protocols: 120 kVp, slice thickness and increment 3.0 mm, matrix size 512 x 512 pixels

Effective dose

Tube current

< 80 kg

Table 5. Recommended Agatston scoring protocols

iDose4 level 7

iDose4 level 1
iDose4 level 4

iDose level 4
iDose4 level 7
4

algorithm

Reconstruction

3.3% (1/30)

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

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

Up

Reclassification rate

10.0% (3/30)

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

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

Down
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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 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.3,19 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. 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 scan starting position result in reclassification in 10%
to 11%.18,21 These reclassification rates are comparable to the 15% 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:
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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.
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.8,10-12,23,24
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,
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. While the consequences of this are limited in the context of
risk re-stratification in non-symptomatic individuals, 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.

338

The Optimal Dose Reduction and Iterative Reconstruction Level for CCS

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 5) 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 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.

Conclusions
In 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 evaluate whether CCS is also feasible using low-radiation-dose CCTA in
combination with iterative-reconstruction.
Materials and Methods
Forty-three individuals without known coronary artery disease underwent
both non-contrast CCS (±1 millisievert) for reference Agatston-scores and lowdose-CCTA (±3 millisievert). Raw CCTA-data were reconstructed with filteredback-projection (FBP), hybrid-iterative-reconstruction (HIR) and modelbased-iterative-reconstruction (MIR). Calcification-volumes were derived
with thresholds of >351 and >600 Hounsfield units (HU) and converted to
proxy Agatston-scores with linear regression analysis. Agatston-scores versus
CCTA-volume-scores (FBP, HIR, MIR) reliability was assessed with intraclasscorrelation-coefficients (ICCs). Reclassification of CCS to standardized
categories for the coronary artery calcium (CAC) score was analyzed for all
CCTA-derived CCS.
Results
ICCs for Agatston-scores versus CCTA-volumes with FBP and iterativereconstruction were excellent (ranges 0.94-0.99 and 0.96-0.99 for >351HU and
>600HU thresholds, respectively). Median Agatston-scores were 27.2 (0.3-317.3).
A Bonferroni-corrected P-value of 0.008 was used to determine statistical
significance of the associations. The >351HU-threshold resulted in higher CCTAvolume-scores ranging from 65.9 (15.1-347.0) for HIR to 94.8 (42.0-423.0) for MIR
(P=0.001 and <0.001 respectively. The >600HU-threshold-scores ranged from 14.1
(0.0-159.3) for HIR to 28.6 (0.0-215.6) for MIR (P=0.003 and 0.027 respectively). At
>351HU reclassification occurred in 21 individuals (49%) for FBP and HIR and 25
(58%) individuals for MIR. Reclassifications decreased with >600HU to 10 (HIR,
23%), 8 (FBP, 19%) and 4 (MIR, 9%).
Conclusions
CCS is feasible using iteratively-reconstructed low-dose-CCTA with a calcium
threshold of >600HU. Using MIR, only 9% of individuals were reclassified.
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Introduction
Coronary artery calcium (CAC) assessed on non-contrast enhanced cardiac
computed tomography (CT) provides a non-invasive measure of coronary
atherosclerosis and is a strong independent predictor of future cardiovascular
events.1 Moreover, CAC is the most powerful cardiac risk prognosticator in
asymptomatic individuals with consistent superiority over currently used risk
factor-based models.2 Non-contrast CT for coronary calcium scoring (CCS)
is increasingly used as a tool to improve risk-stratification in asymptomatic
persons with low-to-intermediate and intermediate risk of cardiovascular
events.3 Elevated CAC scores are related to increased risk of cardiac events
and prevalence of obstructive coronary artery disease in asymptomatic as well
as symptomatic individuals.4 The Agatston score is the most commonly used
measure to quantify CAC and is often calculated on a separate nonenhanced
scan prior to coronary CT angiography (CCTA).5 Reported radiation doses for
CCS range from 0.8 to 2.5 mSv for modern generation CT systems.6
Recently the use of CCTA has been advocated as a potentially valuable
atherosclerosis imaging tool for risk stratification.7 CCTA, by virtue of contrast
enhancement has the ability to evaluate stenosis severity as well as overall
coronary plaque burden.8 In case of mild to moderate stenosis on CCTA, the
amount of CAC provides an extensively validated quantification of future
cardiovascular risk.
Furthermore, current guidelines support the use of CAC screening as a
guide to statin treatment decisions.9 Moreover, based on large patient databases,
the addition of CAC to CCTA adds a risk assessment component to CCTA
derived stenosis detection.10 The development of technical refinements such
as prospective or ‘step and shoot’ acquisition protocols with increased detector
range and iterative reconstruction have resulted in significant radiation dose
reductions of CCTA exams without loss of imaging quality.11 Prior studies have
shown that CAC can also be quantified on CCTA exams at routine radiation
dose levels (4.2 mSv to 19.1 mSv.12-14). This means that the dedicated non-contrast
acquisition for CCS that is frequently performed prior to CCTA can potentially
be omitted, thus reducing the total radiation burden. However, it is currently
unknown whether CAC can also be reliably quantified on low radiation dose
CCTA exams using standard filter back projection (FBP) techniques. Recent
advances in coronary computed tomography (CCTA) allow for the performance
of CCTA with very low radiation doses. Low dose is especially important when
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CT is used as a screening tool to rule out coronary heart disease. Therefore, the
purpose of this study was to evaluate if adequate CCS can also be performed on
low radiation dose CCTA using standard FBP and to assess whether the CCS
performance on low dose coronary computed tomography angiography (CCTA)
improves with iterative reconstruction techniques.

Materials and Methods
In this retrospective study, forty-three individuals free of known CAD underwent
CCS followed by a low radiation dose CCTA exam who were referred to our
institution for a CCTA for exclusion of coronary artery disease between
November 2012 and November 2013. Exclusion criteria included the presence of
coronary stents, pacemakers, prosthetic heart valves, allergy to contrast material,
and renal dysfunction. Our local ethical research board approved this study and
informed consent was waived since patient data were retrospectively analyzed.
Image Acquisition
Image acquisition was performed with a 256-slice CT system (Brilliance iCT,
Philips Healthcare, Best, The Netherlands) in accordance to guidelines defined
by the Society of Cardiovascular Computed Tomography.15 First a non-contrast
prospectively ECG-triggered CCS CT was acquired to calculate the CAC score.
Scan parameters were 120 kV (tube voltage) and a tube current of 60 mAs as
standard. Images were reconstructed at a slice thickness and increment of 3
mm. Participants with a heart rate of more than 65 beats/min received 5 to 20
mg metoprolol (Selokeen, AstraZeneca, Zoetermeer, Netherlands) intravenously
before CCTA. All participants received sublingual nitroglycerine immediately
before CCTA.
CCTA parameters were 120 kV; 210 mAs; 95-123 mL non-ionic contrast
material (Iopromide, 300 mg I/ml; Ultravist, Bayer Healthcare, Berlin, Germany)
injected at a speed of 6.0-6.7 ml/s followed by 30-40 ml saline injected at the
same speed. The CCTA was acquired with prospective ECG-triggering in middiastole (78% of the R-R interval). Volumetric CT dose indices (CTDIvol) were
recorded during the study and dose-length products (DLP) were calculated
by multiplying CTDIvol by scan length. Effective radiation dose estimation
was calculated by multiplying the DLP with the conversion factor 0.0145 mSv/
(mGy*cm) for chest imaging in adults.16 Raw CCTA data were reconstructed
with standard filtered back projection (FBP), a hybrid iterative reconstruction
(HIR, iDose4 level 5, Philips Healthcare, Best, The Netherlands) and a model-
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based iterative reconstruction (MIR, IMR level 3, Philips Healthcare, Best, The
Netherlands) technique.
Assessment of Agatston Scores
CAC was quantified as Agatston scores17 on the CCS images with a semi-automatic
software package (HeartBeat-CS, Philips Healthcare, Best, The Netherlands) For
Agatston scoring, CAC was defined as regions with ≥130 Hounsfield units (HU)
within coronary arteries. All regions with densities of 130 HU or more were
automatically indicated by the software package. Subsequently, the observer
only selected those regions located in the coronary arteries.
Assessment of CCTA Volume Scores
Calcification volumes were derived with a semi-automatic software package
(QAngioXA 7.3, Medis Medical Imaging Systems, Leiden, The Netherlands).
This semi-automated quantification software for coronary atherosclerosis
has been proven to be highly reproducible between observers in previous
research.18 The software package automatically segmented the lumen and wall
of the coronary arteries. Segmentations were visually examined and manually
adjusted when necessary. CAC volumes were assessed by measuring the volume
of regions with HU-values above a certain threshold (Figure 1). As recommended
by the software vendor and as previously described13,19,20 we used calcification
thresholds of >351 HU and >600 HU to separate the high density calcium from
the contrast material, respectively. Volumes of regions with HU-values above
these thresholds were quantified as CAC volumes. CCTA volume scores were
assessed for FBP, HIR and MIR. Inter- and intra-observer reliability has been
assessed previously for FBP techniques. To assess intra-observer reliability for
the iterative reconstructions, CCTA images reconstructed with HIR and MIR
from 14 individuals (33%) were evaluated twice with a minimum time of four
weeks between the two evaluations.
Statistical Analysis
Linear regression with the best line of fit and y intercept set through zero was
used to calculate coefficients for converting low-dose CCTA calcium volumes
above pre-defined HU threshold values as a proxy for Agatston scores (CCTA
volume scores) for FBP, HIR and MIR at thresholds of >351 HU and >600 HU.
Conversion factors were derived from the slope of the best line of fit (Figure
2). Subsequently, CCTA results were converted to proxy Agatston scores (CCTA
volume scores) by multiplying CCTA results with the conversion factors.
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Figure 1: Low-dose coronary computed tomography angiography images (upper two rows) and

corresponding volume graphs at two calcium thresholds (>351 and >600 Hounsfield units) with larger
calcium-volumes at a threshold of >351 Hounsfield units. Images were reconstructed with filtered
back projection (A), hybrid iterative reconstruction (B) and model-based iterative reconstruction (C).

Agatston scores and CCTA volume scores were tested for normality using the
Kolmogorov–Smirnov test. Reliability for Agatston scores versus CCTA volume
scores (FBP, HIR and MIR) was assessed using intra class correlation coefficients
(ICCs). ICCs were also used to evaluate intra-observer reliability for HIR and
MIR low-dose CCTA volume scores. Bland-Altman plots were used to assess
the agreement between Agatston scores and CCTA volume scores.21 Overall
differences between Agatston scores and CCTA volume scores were evaluated
with the Friedman test. If significance was found, a post-hoc analysis was
performed with Bonferroni corrected Wilcoxon signed ranks tests.
Individuals were classified into different strata according to their Agatston
scores: very low risk (0), low risk (1 - 10), moderate risk (11 - 100), moderately high
risk (101 - 400), high risk (401 - 1000) and very high risk (> 1000). Subsequently,
using these standard Agatston scores as the reference risk group classification,
individual reclassification in risk groups was evaluated for the different CCTA
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Figure 2: Linear regression analysis for Agatston scores and CCTA volume scores for thresholds of

>351 Hounsfield units (A-C) and >600 Hounsfield units (D-F) at filtered back projection (A,D), hybrid
iterative reconstruction (B,E) and model-based iterative reconstruction (C,F).

volume scores (FBP, HIR and MIR). Significance level was set at P<0.05. For
Bonferroni corrected post-hoc analysis the significance level was set at P<0.008.
Normally distributed values are presented as means ± standard deviation (SD) and
non-normally distributed values are presented as means (first interquartile – third
interquartile). Statistical analyses were performed with MedCalc version 12.7.5.0
(Mariakerke, Belgium) and SPSS version 20.0 (SPSS Inc, Chicago, Illinois, USA).
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Results
Forty-three individuals (age 57.5 ± 8.5, 91% men) who underwent both nonenhanced CCS and low-dose CCTA to rule out coronary artery disease were
analyzed. Patient demographics and scan characteristics are listed in Table 1.

Table 1: Baseline characteristics
N

Value

Age (years)

57.5 ± 8.5
180.4 ± 6.4
81.7 ± 12.9
25.0 ± 3.9
39 (91)
2 (5)
3 (7)
11 (27)
9 (21)

Height (cm)
Weight (kg)
BMI
Male (%)
Diabetes (%)
Current smoking (%)
Statin therapy (%)
Antihypertensive therapy (%)
Calcium scoring computed tomography
Volumetric computed tomography dose index (mGy)
Dose length product, (mGy*cm)
Effective dose (mSv)

5.0 (4.9-5.1)
72.1 (61.5-77.2)
1.0 (0.9-1.1)

Contrast-enhanced computed tomography angiography

Effective dose (mSv)

17.3 (16.8-18.0)
215.6 (215.5-252.6)
3.1 (3.1-3.7)

Total protocol effective dose (mSv)

4.3 (4.0-4.7)

Volumetric computed tomography dose index, (mGy)
Dose length product, (mGy*cm)

BMI, body mass index; mGy, milligray; mGy*cm, milligray-centimeter; mSv, millisievert.
Data are presented as mean ± SD, proportions (%) or median values (interquartile range).
The number in brackets indicate Q1-Q3, i.e. 25th and 75th percentile

All scans were of good diagnostic quality. The median total radiation doses
were 1.0 (0.9-1.1) mSv and 3.1 (3.1-3.7) mSv for non-enhanced CCS and CCTA,
respectively. The median CTDIvol were 5.0 (4.9-5.1) mGy and 17.3 (16.8-18.0) mGy
for non-enhanced CCS and CCTA, respectively. The dose length products were
72.1 (61.5-77.2) mGy*cm and 215.6 (215.5-252.6) mGy*cm for non-enhanced CSCT
and CCTA, respectively. Linear regression conversion factors were 1.98, 2.07, and
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1.90 for FBP, HIR and MIR at a threshold of >351 HU, respectively. At a threshold
of >600 HU, conversion factors were 3.72, 3.69 and 3.13 for FBP, HIR and MIR,
respectively. Figure 2 demonstrates the correlation and conversion factor for
one of the comparisons. Agatston scores were 0 (N=11), 1-10 (N=8), 11-100 (N=10),
101-400 (N=5), 401-1000 (N=5) and >1000 (N=4). The median (interquartiles)
reference Agatston score was 27.2 (0.3-317.3). The threshold of >351 HU for
converted CCTA volumes resulted in higher CCTA volume scores ranging
from 65.9 (15.1-347.0) for HIR to 94.8 (42.0-423.0) for MIR. The threshold of >600
HU resulted in median CCTA volume scores ranging from 14.1 (0.0-159.3) for
HIR to 28.6 (0.0-215.6) for MIR. ICCs for Agatston scores versus CCTA-derived
volume scores with a calcification threshold of >351 HU were 0.97 (range 0.950.99), 0.97 (range 0.94-0.98) and 0.98 (range 0.96-0.99), for FBP, HIR and MIR
respectively and with >600 HU threshold 0.98 (range 0.96-0.98), 0.97 (range 0.960.98) and 0.99 (range 0.98-0.99) for FBP, HIR and MIR respectively. The BlandAltman analyses comparing Agatston scores with CCTA volumes showed good
agreement, especially for lower Agatston scores (Figure 3).
ICCs for intra-observer reliability for HIR and MIR low-dose CCTA volume
scores were 0.95 (range 0.87-0.98) and 0.95 (range 0.84-0.98) respectively with
the >351 HU threshold and 0.99 (range 0.99-0.99) and 0.97 (range 0.90-0.99) with
the >600 HU threshold. The overall Friedman test showed that CCTA volume
scores differed significantly from reference Agatston scores (P<0.05). Post-hoc
analyses showed that all CCTA volume scores differed significantly from the
reference Agatston scores (P<0.008) except for the MIR CCTA volume scores at
a threshold of >600 HU (P=0.027).
Reclassification
Reclassification analysis showed that 21 (49%) individuals for FBP and HIR to 25
(58%) individuals for MIR were wrongly reclassified using a threshold of >350
HU, and all were overestimations of the risk category. With a >600 HU threshold
the number of reclassifications decreased to 10 (23%) with HIR, 8 (19%) with FBP
and 4 (9%) with MIR, with both overestimation and underestimation. Details
regarding the number and type of reclassifications are listed in Table 2.
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Figure 3: Bland Altman analysis demonstrating good correlation between Agatston scores and

CCTA volume scores for thresholds of >351 Hounsfield units (A-C) and >600 Hounsfield units (DF) at filtered back projection (A,D), hybrid iterative reconstruction (B,E) and model-based iterative
reconstruction (C,F).
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2

MIR
2

21 (100%)
0 (0%)

21 (100%)
0 (0%)

Up reclassifications
(% of reclassifications)

Down reclassifications
(% of reclassifications)

0 (0%)

25 (100%)

25 (58%)

2

6 (75%)

2 (25%)

8 (19%)

8 (80%)

2 (20%)

10 (23%)

14.1 (0.0-159.3)

HIR

>600 HU
2

2 (50%)

2 (50%)

4 (9%)

28.6 (0.0-215.6)3

MIR

2

1

presented as medians with first and third interquartiles
post-hoc analysis showed a significant difference with the reference score (p<0.008)
3
post-hoc analysis showed no significant difference with the reference score (p>0.008)
CCTA = Coronary Computed Tomography Angiography; FBP = Filtered back projection; HIR = Hybrid iterative reconstruction; HU = Hounsfield units; MIR
= Model-based iterative reconstruction

21 (49%)

FBP

18.7 (0.0-147.7)

CCTA

65.9 (15.1-347.0) 94.8 (42.0-423.0)

HIR

>351 HU

21 (49%)

67.9 (18.8-383.4)

27.2 (0.3-317.3)
2

FBP

FBP

Reference

Total reclassifications
(% of total n)

1

Agatston score

Reconstruction

Threshold

Non-enhanced CT

Table 2: Coronary artery calcium scores and reclassifications
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Discussion
Prior studies have shown that CAC can be quantified on CCTA exams at routine
radiation dose levels, however this has not yet been demonstrated for low
dose CCTA exams. We found that CAC quantification on low radiation dose
CCTA is also feasible and shows the best results when model-based iterative
reconstruction (MIR) is used to reduce noise. At a cut-off calcium threshold of
>600 HU with MIR, only 9% of individuals were reclassified, as compared to
19% with FBP and 23% with HIR. Our findings imply that CCS can be obtained
from CCTA using iteratively reconstructed low radiation dose CCTA without
the need for an additional CCS scan. Previous studies have found that CAC
can be quantified on CCTA by increasing threshold values from standard (130
HU) to 320,12 350,20 or 600,13 HU. However, the increase in attenuation thresholds
resulted in underestimation13,20 or overestimation19 of (proxy) CAC scores. We
also found an overestimation of CCTA volume scores when a fixed threshold
of >351 HU was used. Alternatively, two recent studies from Mylonas et al.14 and
Pavitt et al.22 used a patient specific threshold based on the average attenuation
of a region-of-interest placed in the ascending aorta and found similar results
for correlation. However, the drawback of a patient specific threshold is that it
has to be calculated individually for every patient undergoing CCTA. We used
fixed thresholds since these are more easily applied in clinical routine.
A study by Rubinshtein and colleagues23 showed similar results by using
a novel fully automatic tool and demonstrated that CAC can be quantified
on CCTA with good correlations for CAC values. However, they used a CCTA
protocol with a radiation dose of 9.6 mSv, which is substantially higher than the
median radiation dose of 3.1 mSv in the current study. Radiation doses in the
other studies were also higher with CCTA doses ranging from 4.2 mSv to 19.1
mSv.12-14 The current study extends this prior work by demonstrating that CAC
can also be quantified on CCTA at a low radiation dose, and MIR gives better
results than FBP for low dose scans. Therefore, the non-contrast enhanced CCS
examination can be omitted which would reduce the total radiation exposure
with approximately 1 mSv, about 25% of the current combined CCS and CCTA
dose.
It is already known that iterative reconstruction improves image quality
for CCTA.24-26 Furthermore, two studies evaluated the effect of low-dose CCTA
reconstructed with HIR on quantitative coronary plaque composition.27,28 Both
studies did not find any differences between FBP and HIR, however MIR was
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not evaluated and quantification results were not correlated to Agatston scores.
Furthermore, to our knowledge none of the previously published studies used
iterative reconstruction algorithms to evaluate whether this novel technique
improves CAC quantification on CCTA. We found that CAC quantification
substantially improved if CCTA images were reconstructed with an MIR
algorithm. The noise reducing effect of MIR algorithms is substantially stronger
than for HIR algorithms.29 Very low fluctuations in MIR image noise probably
explains the improved CAC quantification.
Some limitations need to be mentioned. First, manually adjusting
segmentations of the automated plaque quantification algorithm is timeconsuming and could depend on operator-skills. However, we demonstrated
an excellent intra-observer agreement and previous studies showed that interobserver agreement with this semi-automated volume measurement software
was excellent.18 Second, our study was relatively small and our results were
obtained using a single vendor CT scanner. Therefore our findings need to be
validated in larger prospective studies. Another potential limitation is that the
CCTA was performed with low iodinated contrast medium (Iopromide, 300
mg I/ml; Ultravist) and this might affect the accuracy of low-dose CCTA in the
assessment of CCS. However, although some studies report that intravenous
administration of contrast media with high iodine concentration yields higher
intravascular attenuation than contrast media with a lower iodine concentration,30
to date no consensus on the optimum contrast medium concentration has been
established. Finally, the >600 HU cut-off point was based on a previous study
by Glodny et al.13 without the use of MIR. Further research is needed to explore
whether this threshold value requires further refinement in combination with
MIR.
To conclude, our study showed that CAC can be adequately quantified on
low radiation dose CCTA, if iteratively reconstructed with a calcium threshold
of >600 HU. With model-based iterative reconstruction, only 9% of individuals
were reclassified.
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The number of CT examinations has increased rapidly since CT became
commercially available.1 More than 85 million CT examinations were performed
in 2011 in the United States alone with an annual growth rate of 10% over the last
years.1-3 This resulted in increased concerns regarding the risk of malignancies
induced by application of medical ionizing radiation.4-6 Therefore, radiation
dose reduction strategies for CT are needed and being developed.7
A recent dose reduction strategy focuses on optimization of image
reconstruction. Currently, FBP is the most widely used CT image reconstruction
algorithm.8 FBP is a fast and robust reconstruction method and works adequate
in most situations. However, when images are acquired at reduced radiation dose
or when heavy patients are examined, FBP results in noisy images, which are
susceptible to artefacts.9,10 IR is an alternative image reconstruction method, that
allows for image quality improvement at similar radiation dose or imaging at
lower radiation dose without compromising image quality compared to routine
dose FBP.11-15 Improved computational power of CT reconstruction workstations
has permitted the recent introduction of IR for CT.16 Consequently, all major CT
manufacturers have introduced new IR algorithms for CT imaging.17
The first chapter of this thesis comprised a general introduction.
In chapter 1.2 the technical principles of commercially available IRalgorithms for CT are explained and an overview of the achieved results with
these algorithms is given. This review showed that IR could be used to improve
image quality in routine dose CT, to lower the radiation dose without loss of
image quality, or with a combination of both strategies. Furthermore, it was
indicated that disadvantages of IR include blotchy image appearance and longer
computational time. These disadvantages were especially reported in the early
version of IR algorithms.
In chapter 1.3 an overview is presented of the initial clinical results of IR in
cardiopulmonary and body imaging. Fourty-nine studies concerning IR in CT
were identified, overall these studies found similar diagnostic value of lower dose
IR compared to routine dose FBP for both cardiopulmonary and body imaging.
Reported achieved radiation dose reductions varied widely from 23 to 76%, with
preserved image quality. Over the last years many studies were published on
IR for CT. This is emphasized by the large number of studies included in the
reviews and meta-analyses of chapters 1.4 and 1.5.
In chapter 1.4 a search on patient studies investigating the effect of IR on
CCTA yielded 54 relevant articles of which 28 evaluated multiple dose levels.
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The pooled effective dose of these 28 studies was 4.7 mSv with standard dose
(using FBP) and reduced with 45% to 2.6 mSv (using IR) at reduced dose levels.
Those studies that evaluated only a single dose level had a pooled effective dose
of 2.8 mSv. Objective and subjective image quality were similar or improved
with IR in most studies, even at reduced radiation dose. Therefore, chapter 1.4
showed that IR allows for CCTA acquisition with an effective dose below 3 mSv
without compromising image quality.
A similar review and meta-analysis was described in chapter 1.5, however
this concerned chest CT scans. The search yielded 36 relevant articles on human
subjects. For contrast-enhanced chest CT, the effective dose reduced from 5.7
mSv using FBP with 56% to 2.5 mSv using IR. The effective dose of plain chest
CT was reduced with 80% from 4.0 mSv using FBP to 0.8 mSv using IR. Image
quality remained the same or improved with IR compared to FBP in most
studies. Therefore, radiation dose can be reduced with IR algorithms to less than
3 mSv for contrast-enhanced chest CT and plain chest CT with IR is possible at
a submillisievert dose.
The second chapter of this thesis describes a preclinical project on optimizing
a pulmonary CT protocol.
In chapter 2.1 absolute nodule volumes were measured with IR and
compared to nodules measured with FBP at different CT parameters using
an anthropomorphic chest phantom. Five nodules with 100 HU and different
sizes (3, 5, 8, 10, and 12 mm) were inserted and measured by two observers using
semiautomatic software. For very small nodules (volume, 14.1 mm3; diameter, 3
mm), FBP and IR measurements exhibited large errors and overestimated the
nodule size by up to 160%. For larger nodules (volume ≥ 65.4 mm3; diameter ≥
5 mm), CT underestimated the actual size, but errors were small (within 25%)
and remained small when tube voltage and tube current–time product were
reduced, even without IR. This study showed no clinically relevant differences
beyond reported interscan variation levels between lung nodule volumes in
nodules 5 mm or larger at reduced tube voltage and tube current–time product,
with radiation dose reductions up to 90.6% for both FBP and IR. These results
suggest that it is safe to convert FBP protocols to IR and reduce tube voltage and
tube current–time product for lung nodule follow-up.
The third chapter describes optimization of cardiac imaging protocols by
preclinical research.
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In chapters 3.1 and 3.2 the robustness of current CT protocols were evaluated
before IR was implemented. In chapter 3.1 the variability of Agatston scores
between state-of-the-art CT systems from the four major vendors were
determined in an ex-vivo setup. Fifteen ex-vivo human hearts were placed in a
phantom and scanned at equal radiation dose settings for the four systems. Exvivo Agatston scores were used to simulate the effects of different CT scanners on
reclassification of 432 individuals aged 55 years or older from a population-based
study who were at intermediate cardiovascular risk based on Framingham risk
scores. Agatston scores differed substantially between different CT scanners,
with median Agatston scores ranging from 332 (interquartile range, 114-1135)
to 469 (interquartile range, 183-1381; P < 0.05). Simulation showed that these
differences resulted in a change in cardiovascular risk classification in 0.5%-6.5%
of individuals at intermediate risk. Therefore, this study showed that among
individuals at intermediate cardiovascular risk, state-of the-art CT scanners
made by different vendors produced substantially different Agatston scores,
which can result in reclassification of patients to the high- or low-risk categories
in up to 6.5% of cases. These results indicate that calcium scoring CT protocols
should be validated on new generation CT systems and when a patient is
scanned multiple times, the same CT system should be used.
In chapter 3.2 the effect of chest-size was evaluated on calcium scores assessed
with the same CT systems from four major vendors. An anthropomorphic
small-sized chest-phantom containing 100 small calcifications (diameters 0.52.0mm) was evaluated with and without an extension ring. The extension ring
was used to mimic a patient with a large chest-size. Routine clinical acquisition
and reconstruction protocols for small and heavy patients were used. The smallsized phantom resulted in median (interquartiles) Agatston-scores ranging from
10 (9-35) to 136 (123-146) for the four vendors. Mass-scores ranged from 4 (3-9) to
23 (21-27) mg. Adding the extension ring resulted in reduced Agatston-scores for
all vendors (17-48%) and mass-scores for two vendors (11-49%). Median Agatstonscores decreased to a range from 9 (5-10) to 79 (60-80) units, and median massscores to a range from 4 (4-6) to 13 (11-14) mg. This study showed that calcium
scores can be underestimated up to 50 (49-66)% for Agatston-scores and 49 (3659)% for mass scores at a larger chest-size, which may be relevant for women
and large patients. However, calcium score underestimation by chest-size differs
considerably by vendor. Similar to the previous study, this study also indicates
that current calcium scoring CT protocols on state-of-the-art CT systems are
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not validated properly. Validated protocols should be developed and if patients
are evaluated multiple times, they should be examined on the same CT system.
In chapter 3.3 the effects of radiation dose reduction and IR on calcium
scores were evaluated. Fifteen ex-vivo human hearts were examined in an
anthropomorphic chest phantom using CT systems from four vendors and
examined at four dose levels using unenhanced prospectively ECG-triggered
protocols. Data were reconstructed with FBP and reduced dose CT data with IR.
Calcium was quantified with Agatston, volume and mass scores. Fourteen hearts
showed coronary calcifications. Dose reduction with FBP did not significantly
change Agatston, volume and mass scores (P > 0.05). Maximum differences in
Agatston scores were 76, 26, 51 and 161 units, in volume scores 97, 27, 42 and 162
mm3, and in mass scores 23, 23, 20 and 48 mg, respectively. IR resulted in a trend
towards lower Agatston scores and volume scores with significant differences
for one vendor (P < 0.05). Median relative differences between reference FBP and
reduced dose IR for Agatston scores remained within 2.0-4.6%, 1.0-5.3%, 1.2-7.7%
and 2.6-4.5%, for volume scores within 2.4-3.9%, 1.0-5.6%, 1.1-6.4% and 3.7-4.7%,
for mass scores within 1.9-4.1%, 0.9-7.8%, 2.9-4.7% and 2.5-3.9%, respectively.
IR resulted in increased, decreased or similar calcification masses. This study
showed that calcium scores derived from standard FBP acquisitions were not
affected by radiation dose reductions up to 82%. IR resulted in a trend towards
lower Agatston scores and volume scores. A non-dynamic ex-vivo set-up was
used for this study and only hybrid IR algorithms were evaluated. Therefore,
this study only gave an indication that radiation dose could be reduced, but
these results needed to be evaluated in patients.
In chapter 3.4 a similar study was performed for one vendor with not only a
hybrid IR technique but also a model-based IR technique was used. Data were
reconstructed using FBP, hybrid IR (iDose4, levels 1, 4 and 7) and model-based IR
(IMR, levels 1, 2 and 3). Agatston, mass and volume scores found with iDose4 and
IMR were compared to FBP reconstruction (routine dose). 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 scores remained unchanged at reduced dose
levels while volume scores were significantly lower at 82% reduced dose with
IMR (maximum median difference 5.0%). This study also showed that calcium
scores were not affected by radiation dose reduction with FBP and low levels of
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hybrid IR. Therefore low-level hybrid IR has the potential to reduce radiation
dose of coronary calcium scoring with up to 82%.
In chapter 3.5 the same data as in chapters 3.1, 3.3 and 3.4 were used to
evaluate the effects of hybrid and model-based IR algorithms from different
vendors at multiple radiation dose levels on image quality of chest phantom
scans. Data were reconstructed with FBP and reduced-dose data also with IR
(iDose4, Adaptive Iterative Dose Reduction 3D, Adaptive Statistical Iterative
Reconstruction, Sinogram-Affirmed Iterative Reconstruction, prototype Iterative
Model Reconstruction, and Veo). CT numbers and noise were measured in the
spine and lungs. For all vendors, radiation dose reduction with FBP resulted in
significantly increased noise levels (≤148%) as well as decreased SNR (≤57%) and
CNR (≤58%) (P < 0.001). Conversely, IR resulted in decreased noise levels (≤48%)
as well as increased SNR (≤94%) and CNR (≤94%). The SNRs and CNRs of the
model-based algorithms at 80% reduced dose were similar to reference-dose
FBP. This study suggests that hybrid IR algorithms have the potential to reduce
radiation dose with 27% to 54% and model-based IR algorithms with up to 80%.
Besides objective image quality measures such as noise, SNR and CNR, other
measures are also important. Therefore, these algorithms should be evaluated
in patients with clinically used protocols in relation to diagnostic performance.
Another potential application of IR could be the reduction of metal artefacts.
To evaluate this, the impact of hybrid IR and model-based IR (IMR) and
dose reduction on prosthetic heart valve (PHV) related artefacts were evaluated
in chapter 3.6. One transcatheter and two mechanical PHVs were inserted
in an anthropomorphic phantom and imaged in a stationary fashion. Eight
acquisitions were obtained of every PHV at 120 kV, 600 mAs (routine), 300
and 150 mAs (reduced dose). Data were reconstructed with FBP, hybrid IR and
IMR. Hypodense and hyperdense artefact volumes were quantified using two
threshold filters. SNR and CNR were calculated. Artefact volumes differed
significantly between reconstruction algorithms for all PHVs (P < 0.005).
Compared to FBP, IR decreased overall hypodense and hyperdense artefact
volumes; at 150 mAs by 53% and 20% (IR) and 67% and 23% (IMR), respectively
and significantly increased SNR and CNR at all doses (P < 0.012). Even at reduced
dose, IMR resulted in higher image quality than routine dose FBP and hybrid
IR. IR and particularly IMR significantly reduced PHV-related artefacts in nonpulsatile conditions, even in reduced-dose images. Also, this study suggests that
IMR allows for more radiation dose reduction in comparison to hybrid IR while
maintaining high image quality.
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The fourth chapter of this thesis comprises pulmonary studies on optimizing
image acquisition with IR.
In chapter 4.1 the in-vitro results of chapter 2.1 were validated in-vivo. The
influence of IR on pulmonary nodule volumetry was evaluated with chest CT.
Twenty patients underwent evaluation of pulmonary nodules with a 64-slice
CT scanner. Data were reconstructed using FBP and hybrid IR (iDose4-levels
2, 4 and 6) at similar radiation dose levels. Volumetric nodule measurements
were performed with semi-automatic software on thin slice reconstructions. For
intra-observer and inter-observer variability, measurements were performed
once by one observer and twice by another observer. Seventy-eight nodules were
present including 56 small nodules (volume < 200 mm3, diameter < 8 mm) and 22
large nodules (volume ≥ 200 mm3, diameter ≥ 8 mm). No significant differences
in measured pulmonary nodule volumes between FBP, iDose4-levels 2, 4 and 6
were found in both small nodules and large nodules. FBP and iDose4-levels 2, 4
and 6 were correlated with pc-values of 0.98 or higher for both small and large
nodules. Pc-values of intra-observer and inter-observer variability were 0.98
or higher. This study showed that measurements of solid pulmonary nodule
volume measured with standard FBP were comparable with IR, regardless of
the IR-level and no significant differences between measured volumes of both
small and large solid nodules were found. These results are similar to the results
of chapter 2.1, indicating that it is safe to switch FBP protocols to IR protocols for
solid pulmonary nodule volumetry.
In chapter 4.2 the influence of IR was evaluated on quantitative CT
measurements of emphysema, air trapping, and airway wall and lumen
dimensions, compared to FBP. To this end, inspiratory and expiratory chest
CTs of 75 patients were reconstructed using FBP and IR. CT emphysema, CT
air trapping and airway dimensions of a segmental bronchus were quantified
using several commonly used quantification methods. Only the E/I-ratio (MLD)
as a measure of CT air trapping and airway dimensions showed no significant
differences between the algorithms, whereas all CT emphysema and the other
CT air trapping measures were significantly different at IR when compared to
FBP (P < 0.001). This study indicates that IR significantly influences quantitative
CT measures in the assessment of emphysema and air trapping. However, the E/Iratio (MLD) as a measure of CT air trapping, as well as the airway measurements,
remained unaffected by this reconstruction method. Quantitative CT lung
densitometry should thus always be performed with careful attention to the CT
protocol, especially in an era of increased use of quantitative CT where dose
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reduction and IR are introduced. One of the most important disadvantages of IR
is an increase in reconstruction time. Before IR can be introduced clinically, the
increase in reconstruction time has to be evaluated.
Therefore, the effects of IR on reconstruction time and speed were assessed
in chapter 4.3 in two commonly encountered acquisition protocols in an
emergency setting: pulmonary CT angiography (CTA) and total body trauma CT.
Twenty-five patients underwent a pulmonary CTA for evaluation of pulmonary
embolisms and 15 patients underwent a total body CT after a traumatic event
on a 256-slice CT. Images were reconstructed with FBP and two hybrid IR levels.
Reconstruction time and speed were quantified using custom written software.
Mean reconstruction time delays for pulmonary CTAs were 10 ± 10 s and 12 ± 12
s for IR levels 2 and 4, respectively, and 44 ± 8 s and 45 ± 7 s for total body trauma
CTs for IR levels 1 and 6, respectively. Mean reconstruction times and speeds for
pulmonary CTAs were 26 ± 7 s, 36 ± 9 s and 38 ± 12 s, and 26.7 ± 5.6 slices/s, 18.7 ± 2.3
slices/s and 18.0 ± 2.8 slices/s for FBP, IR levels 2 and 4, respectively. For total body
trauma CTs these values were 87 ± 15 s, 132 ± 17 s and 132 ± 18 s, and 20.1 ± 1.6 slices/s,
13.2 ± 0.8 slices/s and 13.2 ± 0.6 slices/s for FBP, IR levels 1 and 6, respectively. This
study showed that hybrid IR does not result in clinically important CT image
reconstruction delays in an emergency setting. No substantial differences in
reconstruction time and speed were found between different hybrid IR levels.
Therefore, the evaluated hybrid IR algorithm can be used in the emergency
setting without causing substantial delays. However, results could have been
different for IR algorithms from other vendors and model-based IR algorithms.
The fifth chapter of this thesis comprises cardiac studies on optimizing
image acquisition with IR.
In chapter 5.1 an in-vivo study was performed to compare native aortic (AV)
and mitral valve (MV) image quality on reduced dose retrospectively ECGgated CTA of the thoracoabdominal aorta reconstructed with IR and FBP. Fifty
patients underwent routine care retrospectively ECG-gated thoracoabdominal
limited-dose 256-slice CTA. At 30% (systole) and 75% (diastole) of the R-R
interval AV and MV were reconstructed using FBP and IR. Objective image
quality [density and noise (SD of density measurement)] was measured. Two
independent observers scored subjective valve image quality using four-point
Likert scales. IR significantly decreased image noise, but did not alter the aorta
and interventricular septum density. Interobserver variability was moderate
to good. Valve image quality was scored at least moderate in most cases. IR
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scored one or two Likert scale points higher than FBP in 10 (first observer) and
27 (second observer) scores. Conversely, IR scored one Likert scale point lower
than FBP in 1 (first observer) and 4 (second observer) scores. This study showed
that reduced dose retrospectively ECG-gated thoracoabdominal CTA enables
moderate to excellent evaluation of AV and MV in most patients, in addition to
the primary diagnostic question. Image quality is further improved by hybrid
IR.
In chapter 5.2 coronary plaque size and composition were compared as
well as degree of coronary artery stenosis on coronary CTA (CCTA) using three
levels of hybrid IR with standard FBP. In 63 consecutive patients with a clinical
indication for CCTA 55 coronary plaques were analysed. Data were reconstructed
using standard FBP and levels 2, 4 and 6 of a commercially available hybrid IR
algorithm (iDose4). CT attenuation and noise were measured in the aorta and
two coronary arteries. Both SNR and CNR were calculated. The amount of lipid,
fibrous and calcified plaque components and mean cross-sectional luminal area
were analysed using dedicated software. Image noise was reduced by 41.6% (p <
0.0001) and SNR and CNR in the aorta were improved by 73.4% (p < 0.0001) and
72.9% (p < 0.0001) at IR level 6, respectively. Furthermore, IR had no significant
effect on measurements of plaque volume and cross-sectional luminal area.
This study indicated that IR significantly improved objective image quality, and
did not alter quantitative analysis of coronary plaque volume, composition and
luminal area. Therefore, this study suggests that hybrid IR can be used routinely
for CCTA.
In chapter six two studies are described on the reduction of radiation dose
with IR for cardiac CT in the clinical setting. As recommended in chapter 1.3
an optimal combination of IR and dose level should be found. Therefore, it is
desirable to analyse maximal achievable dose reductions.
Therefore, chapter 6.1 describes a study that assesses the maximally
achievable CT dose reduction for coronary artery calcium (CAC) scoring with IR
by using phantom-experiments and a systematic within-patient study. A phantom
and patient study were conducted with 30 patients 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, tube-current
was lowered to achieve stated dose levels. Data were reconstructed with FBP and
three hybrid IR levels. Agatston, volume and mass scores were determined with
validated software. Subsequently, patient reclassification was analysed. The
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phantom study showed that Agatston scores remained nearly stable with FBP
between routine-dose and 40%-dose and increased substantially at lower doses.
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%. This
study indicated that IR allows for calcium scoring radiation dose reductions of
up to 80% resulting in effective doses between 0.15 and 0.18 mSv. At these doselevels, reclassification rates remain within 15% if the highest IR level is applied.
This pilot-study was conducted with a small sample size, and therefore results
should be validated in a larger study. Besides reducing the radiation dose for
calcium scoring CT scans, calcium scores could theoretically be derived from
standard CCTA and replace the non-contrast CT and thereby reduce radiation
dose.
Chapter 6.2 describes a study that aims to evaluate whether calcium scoring
is also feasible using low radiation dose CCTA in combination with IR. Fortythree individuals without known coronary artery disease underwent both noncontrast CT (±1 mSv) for reference Agatston-scores and low dose CCTA (±3 mSv).
CCTA-data were reconstructed with FBP, hybrid IR (iDose4) and model-based
IR (IMR). Calcification volumes were derived with thresholds of >351 HU and
>600 HU and converted to proxy Agatston scores with linear regression analysis.
Agatston scores versus CCTA-volume-scores (FBP, hybrid IR, IMR) reliability
was assessed with intraclass-correlation-coefficients (ICCs). Reclassification of
calcium scores to standardized categories for the CAC score was analysed for all
CCTA-derived scores. ICCs for Agatston scores versus CCTA volumes with FBP
and IR were excellent (range 0.94-0.99). Median Agatston scores were 27.2 (0.3317.3). A Bonferroni-corrected P-value of 0.008 was used to determine statistical
significance of the associations. The >351HU threshold resulted in higher CCTAvolume-scores ranging from 65.9 (15.1-347.0) for hybrid IR to 94.8 (42.0-423.0) for
IMR (P=0.001 and P<0.001, respectively). The >600 HU threshold scores ranged
from 14.1 (0.0-159.3) for hybrid IR to 28.6 (0.0-215.6) for IMR (P=0.003 and P=0.027,
respectively). At >351 HU reclassification occurred in 21 individuals (49%) for
FBP and hybrid IR and 25 (58%) individuals for IMR. Reclassifications decreased
with >600 HU to 10 (hybrid IR, 23%), 8 (FBP, 19%) and 4 (IMR, 9%). This study
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showed that calcium scoring is feasible using IR reconstructed low dose CCTA
with a calcium threshold of >600 HU. Using IMR, only 9% of individuals were
reclassified. Our findings imply that CAC scores can be obtained from CCTA
using iteratively reconstructed low radiation dose CCTA without the need for
an additional CAC scan. However, outcome data on these proxy CAC scores are
not available yet.
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Chapter 7.2 | General Discussion and Future Directions

With the current thesis, we showed that IR can be used to improve image quality
in routine dose CT, to reduce the radiation dose without loss of image quality, or
with a combination of both strategies.
Based on the work performed in this thesis, we conclude that radiation doses
for CCTA, calcium scoring CT, contrast-enhanced chest CT and plain chest CT
can be reduced substantially by using IR. However, optimal protocols with the
lowest achievable radiation doses should be developed and validated by doing
larger studies. For calcium scoring, we first performed a phantom study, then an
ex-vivo study and finally a pilot study in 30 individuals evaluating the maximally
achievable radiation dose reduction. Based on these studies we found a potential
radiation dose reduction of 80%. A logical next step would be to evaluate
whether this protocol indeed results in similar scores without a substantial
number of reclassifications. This could be done by scanning a larger sample size
of patients with both the routine scan and the 80% reduced dose scan. Another
method could be to evaluate the prognostic value of only the 80% reduced dose
scan. This could be done by setting up a large cohort study of individuals who
are suitable for a CAC scoring CT scan (at low-to-intermediate or intermediate
cardiovascular risk), by giving all participants the 80% reduced dose scan at
baseline, following them up for 10 years and registering cardiovascular events
and mortality. However, the latter would be less feasible, more expensive and
more time consuming.
Besides the pilot-study for calcium scoring, we are currently performing
similar pilot-studies for non-contrast lung nodule follow-up chest CTs, noncontrast kidney stone abdominal CTs and ankle joint CTs. Based on these
pilot-studies we will be able to select low radiation dose protocols similar to the
calcium scoring protocol and we will be able to set up validation studies with
larger sample sizes.
Reducing the radiation dose of CT imaging also allows for broadening the
diagnostic value of CT. If the radiation dose issue would be resolved, CT imaging
could replace plain radiography for certain indications to reduce misdiagnosis.
Based on this idea we started the CIRCLE 1 Study (CT Iterative ReConstruction
for Low-dose cardiopulmonary Evaluation’). In patients with neutropenic fever
it is often difficult to detect the site of infection clinically. Therefore, patients
undergo an extensive diagnostic workup including a chest radiograph. Although
chest radiographs are appropriate for the diagnosis of pulmonary infections in
immune competent patients, they are seldom diagnostic in neutropenic patients.
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An example is shown in Figure 1, which shows images of a 65-year old male patient
with myelofibrosis who underwent allogenic stem cell transplantation. After
six days he developed neutropenic fever while on broad-spectrum antibiotics.
Patient history and physical examination were unremarkable except diarrhea.
Pulmonary infection was ruled out by chest radiography on the first day of fever.
Intestinal mucositis was diagnosed as the cause of the fever and imipenem was
started. The next days fever persisted and the patient developed dyspnea and
chest pain. Therefore, a CT scan was requested on the third day of neutropenic
fever. The CT study showed multiple pulmonary nodules with ground glass halo,
suggestive for angioinvasive fungal infection. Antimycotic therapy was initiated
under the final diagnosis angioinvasive aspergillosis, which was confirmed by a
positive Aspergillus nidulans culture from a bronchoalveolar lavage.

Figure 1. 65-year old male with myelofibrosis after allogenic stem cell transplantation. The routine

chest X-ray did not show signs of infection, whereas the low-dose chest CT already revealed
consolidations suggestive for infection on the same day (top row). Two days later the infection has
expanded substantially (bottom row).
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For research purposes the patient had undergone an iteratively reconstructed
chest CT on day one and three of fever at very low radiation doses of 0.2 and 0.1
mSv, respectively (the dose of about one radiograph in postero-anterior and lateral
direction). These CT scans were evaluated after completion of the study. Despite
the low radiation dose, the CT study clearly revealed several consolidations,
which were highly suggestive of a new angioinvasive fungal infection. In our
patient this CT allowed earlier detection of a fungal infection (i.e. on the first
day of neutropenic fever) and guided treatment of infection without additional
radiation. This case clearly shows that IR allows for 3-dimensional imaging at
radiation dose levels that are similar to plain chest radiography. Since IR has
recently become available for all vendors, it is likely that IR will allow for earlier
detection of infectious disease in immuno-compromised patients and therefore
earlier treatment which will potentially result in better outcome.
Ultra low-dose CT imaging is rapidly being adopted in clinical practice. Another
example of the value of these techniques is shown in Figure 2. This study was
performed in a 12-year-old boy with cystic fibrosis and unexplained worsening
of lung function. The three-dimensional whole chest exam was acquired within
2 seconds at a radiation dose of 0.38 mSv, which approaches the radiation dose
of a chest radiograph (in this case only three or four chest radiographs).
These examples indicate that CT can potentially replace plain radiography for
some indications to reduce misdiagnosis. Plain radiography is the first choice
imaging modality for a variety of conditions. Radiography is near universally
available, cheap and with application of modern technique it is associated with
very low dose radiation exposure. However, some diagnoses are easily missed
on plain radiography. For example, in patients with kidney stones the correct
diagnosis is often missed with plain radiography. In this case CT is superior
and replacement of plain radiography by CT can even lead to a reduction in
costs because less subsequent imaging tests are necessary. Another example is
bone fractures, which are among the most frequently missed diagnoses in the
emergency department, because information about complex three-dimensional
anatomical structures is represented in a two-dimensional shadow in plain
radiography. Missed fractures, especially of the carpal bones, may lead to
incorrect treatment and increased morbidity. Because of the limitations of plain
radiography, additional imaging is often requested in clinical practice. Another
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Figure 2: Pediatric chest CT at the dose of less than four radiographs. The results

of a chest CT at ultra low radiation dose reconstructed with FBP (A, C, E, and G)
and model-based IR (B, D, F, and H) from a 12-year-old boy with cystic fibrosis
with unexplained worsening of lung function. (B and D) The low radiation dose
CT reconstructed with prototype model-based IR clearly visualizes bronchiectasis
with hyperdense mucus (Hounsfield unit value 60; arrow), (F) parenchyma density
differences due to airway obstruction and vasoconstriction, (H) a normal liver-density
and a fatty pancreas (arrow). The hyperdense aspect of the mucus (C, arrow), part of
the air trapping (E) and fatty pancreas (G) were poorly visualized on the FBP images
and cannot be diagnosed using conventional chest X-ray.
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factor driving this trend is the fear of litigation due to misdiagnosis. Replacing
plain radiography by CT can prevent a lot of these misdiagnoses.
The newest generation of CT systems from all major vendors are equipped
with IR algorithms that have the potential to radically lower CT radiation
dose. Examples where CT clearly outperforms conventional radiography is
the suspected presence of infectious disease in immuno-compromised patients
(Figure 1), traumatic lesions in difficult anatomic locations or image acquisition
in obese patients.
According to Van den Bruel and colleagues 18 five steps should be taken to
evaluate a diagnostic test, as illustrated in Figure 3. The first step is to evaluate
the test’s technical accuracy of producing usable information. Secondly, it
should be determined where in the clinical pathway the new test should be
placed. In a third step the diagnostic accuracy of the test is assessed. These
three steps are for example taken with the CIRCLE 1 Study in which we are
evaluating low dose chest CT in patients with febrile neutropenia. The impact
of the test on the patient outcome is assessed in the fourth step, either based on
existing evidence or on new evidence. At the final step, the cost-effectiveness is
investigated. Therefore, the logical next step after the CIRCLE 1 Study should
be a randomized controlled trial with two arms. In one arm patients undergo
the currently used diagnostic pathway of a plain chest radiograph on the first
day of fever and in the other arm patients undergo a low dose chest CT on the
first day of fever. Therapeutic consequences depend on imaging results and
both the outcome and cost-effectiveness could be evaluated based on this study.
Besides the CIRCLE 1 Study, another study on radiation dose reduction for CT
is currently conducted in our hospital. The acronym for this study is CIRCLE
2 and focuses on finding the optimal radiation dose reduction level for four
different CT protocols:
• Cardiac CT for calcium scoring (Chapter 6.1);
• Chest CT for the follow-up of pulmonary nodules;
• Abdominal CT for the follow-up of kidney stones;
• Ankle CT for all indications.
For every protocol 30 patients are included or will be included and every patient
undergoes the routine scan and three additional low dose IR scans at 60%, 40%
and 20% of the routine dose in a single session. This is a pilot study in order
to assess the maximally achievable dose reduction level for every protocol.
After completion of this study, the technical accuracy and clinical pathway can
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be determined. Based on the results of this study low-dose protocols can be
optimized for a subsequent study. The purpose of this subsequent study should
be to adequately evaluate the diagnostic accuracy of the low-dose protocols
compared to routine-dose protocols in a larger sample size. A larger group of
patients can be used since patients will undergo only one additional low-dose
scan instead of three. If the diagnostic accuracy is sufficient, a randomized
controlled trial can be evaluated to assess patient outcome and cost-effectiveness.

Diagnostic test pathway

1
Technical
accuracy

2
Clinical
pathway

3
Diagnostic
accuracy

4
Patient
outcome

5
Costeﬀectiveness

CIRCLE 1
CIRCLE 2
Figure 3: Diagnostic test pathway according to Van den Bruel et al.

In conclusion, given that new CT technologies allow for substantial dose
reductions, it is incumbent on hospitals to implement techniques such as IR to
lower the radiation dose levels of all routinely used CT protocols. Furthermore,
future research should evaluate whether CT can replace plain radiography for
certain indications, the effect on outcomes and the cost-effectiveness of such a
strategy.
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Het aantal CT scans is de afgelopen jaren snel toegenomen.1 In 2011 werden
alleen in de Verenigde Staten al 85 miljoen CT scans gemaakt.1-3 Hierdoor is
men steeds bezorgder geworden over het risico van medische röntgenstraling.4-6
Daarom is het nodig om de stralingsdosis van CT scans te verlagen.
Iteratieve reconstructie (IR) is een recent geïntroduceerde stralingsdosis
verlagende techniek. Momenteel is filtered back projection (FBP) de meest
gebruikte techniek om afbeeldingen te maken van CT data.8 FBP is snel en
robuust en werkt meestal goed. Maar als de stralingsdosis wordt verlaagd of
als zware patiënten worden gescand resulteert FBP in plaatjes met veel ruis.9,10
IR is een alternatieve methode om afbeeldingen te maken van CT data. Met
deze techniek kan de beeldkwaliteit worden verbeterd op een vergelijkbare
stralingsdosis of de stralingsdosis kan worden verlaagd zonder verlies van
beeldkwaliteit.11-15 IR heeft meer rekenkracht nodig dan FBP, maar dankzij
verbeterde computers is IR nu mogelijk in de klinische praktijk.16 Daarom
hebben alle grote CT fabrikanten nieuwe IR algoritmen geïntroduceerd.17
Het eerste hoofdstuk van dit proefschrift is een algemene introductie.
De technische principes van huidige IR algoritmen worden beschreven in
hoofdstuk 1.2 en er wordt een overzicht gegeven van de bereikte resultaten van
deze algoritmen.
Vervolgens geeft hoofdstuk 1.3 een literatuuroverzicht van de klinische
resultaten van IR voor CT scans van het hart, de longen en de buik. De 49 studies
over IR voor CT laten zien dat de stralingsdosis met 23% tot 76% verlaagd kan
worden zonder verlies van beeldkwaliteit. Aangezien er de laatste jaren veel
gepubliceerd is over dit onderwerp, is aan het einde van het promotietraject nog
een aantal overzichtsartikelen geschreven.
Hoofdstuk 1.4 focust op het effect van IR op CT scans van het hart en laat
zien dat de stralingsdosis met ongeveer 45% verlaagd kan worden van 4.7 mSv
naar 2.6 mSv zonder verlies van beeldkwaliteit.
Hoofdstuk 1.5 beschrijft een verglijkbaar onderzoek maar focust op CT scans
van de longen. Op basis van 36 studies werd geconcludeerd dat de stralingsdosis
van CT scans met toediening van contrastmiddel met ongeveer 56% verlaagd
kan worden van 5.7 mSv naar 2.5 mSv en de stralingdsosis van CT scans zonder
toediening van contrastmiddel met ongeveer 80% van 4.0 mSv naar 0.8 mSv.
In het tweede hoofdstuk van dit proefschrift wordt een preklinisch project
omschreven over het optimaliseren van het CT scanprotocol voor de longen.
In hoofdstuk 2.1 wordt een onderzoeksproject beschreven waarin een fantoom
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met vijf verschillende longnodulen is gescand met verschillende stralingsdoses.
Het volume van de longnodulen werd gemeten door twee onderzoekers. Het
verlagen van de stralingsdosis veroorzaakte geen relevante verschillen in de
volumemetingen, ongeacht welke reconstructietechniek werd gebruikt (zowel
FBP als IR). Deze studie suggereert dus dat het veilig is om over te gaan van FBP
protocollen naar IR protocollen en dat de stralingsdosis verlaagd kan worden
voor het vervolgen van de grootte van longnodulen.
In het derde hoofdstuk van dit proefschrift wordt een aantal preklinische
projecten omschreven over het optimaliseren van CT scans van het hart.
In hoofdstukken 3.1 en 3.2 werd de robuustheid van huidige CT protocollen
onderzocht voordat IR werd geïmplementeerd. In hoofdstuk 3.1 werden
Agatston scores (die worden gebruikt voor het inschatten van het risico op
toekomstige aandoeningen van hart en vaten) vergeleken tussen moderne CT
scanners van de vier grote CT fabrikanten. Vijftien mensenharten werden in
een fantoom geplaatst en gescand met vergelijkbare stralingsdosis tussen de
vier systemen. Op basis van deze metingen werd het effect op verkeerde risico
inschattingen gesimuleerd in 432 individuen. De studie liet zien dat de Agatston
scores substantieel verschillen tussen CT scanners wat resulteerde in verkeerde
risico inschattingen in 0.5% tot 6.5% van de individuen. Daarom is het van belang
om de nieuwe CT scanners te valideren en als een patiënt meerdere keren wordt
gescand kan beter dezelfde scanner worden gebruikt.
In hoofdstuk 3.2 is onderzocht of Agatston scores goed worden bepaald in
grote en kleine patiënten. Daarvoor is een thoraxfantoom met kleine calcificaties
gescand met dezelfde CT scanners als in hoofdstuk 3.1. Dit fantoom werd
gebruikt om een kleine patiënt na te bootsen. Om een grote patiënt na te bootsen
is een speciale vetring toegevoegd en de standaard scanprotocollen voor dikke
patiënten zijn hiervoor gebruikt. Deze studie toonde aan dat Agatston scores tot
50 (49-66)% worden onderschat bij een grotere thorax. Deze studie laat dus ook
zien dat de calcium score protocollen nog niet goed genoeg zijn gevalideerd.
Daarom is het van belang om gevalideerde protocollen te ontwikkelen.
In hoofdstuk 3.3 is onderzocht of calciumscores worden beïnvloed door
stralingsdosisreductie en IR. Vijftien ex-vivo humane harten zijn na elkaar in
een thoraxfantoom geplaatst en gescand met CT scanners van vier fabrikanten.
Deze studie toonde aan dat calcium scores niet werden beïnvloed door
stralingsdosisreductie tot 82% met standaard FBP reconstructies. Met IR
waren de scores iets lager, maar verschillen waren niet significant. Deze studie
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suggereerde dat de stralingsdosis kan worden verlaagd, maar dit diende te
worden geëvalueerd in patiënten.
In hoofdstuk 3.4 wordt een vergelijkbare studie omschreven met een CT
scanner van één fabrikant, maar voor deze studie is niet alleen een hybride IR
techniek gebruikt, maar ook een meer geavanceerde model-based IR techniek.
Er werden wederom geen significante verschillen in calciumscores gevonden
na stralingsdosisreductie met FBP, maar wel met het hoogste hybride IR level
en met model-based IR. Daarom lijkt deze studie te indiceren dat met name
FBP of lage levels hybride IR kunnen worden gebruikt om de stralingsdosis van
calciumscore CT scans te reduceren.
In hoofdstuk 3.5 is dezelfde opzet gebruikt als in voorgaande hoofdstukken,
maar deze keer is gekeken naar het effect van alle momenteel beschikbare
hybride en model-based IR algoritmen bij verschillende stralingsdosislevels
op beeldkwaliteit. Bij alle fabrikanten verslechterde de beeldkwaliteit bij
stralingsdosisverlaging met FBP doordat de ruis toenam (≤148%). Met IR nam
de ruis minder sterk toe (≤48%) en met de model-based IR algoritmen was de
beeldkwaliteit met 80% dosisreductie vergelijkbaar met de standaard dosis
FBP beeldkwaliteit. Deze studie laat zien dat de stralingsdosis met hybride
IR algoritmen mogelijk met 27% tot 54% gereduceerd kan worden en met
model-based IR algoritmen met 80%. Maar deze resultaten dienen te worden
geëvalueerd in patiënten met klinisch geïndiceerde scanprotocollen. Een andere
mogelijke toepassing van IR kan zijn het verminderen van beeldafwijkingen die
door metaal worden veroorzaakt, zogenaamde metaalartefacten.
In hoofdstuk 3.6 is het effect onderzocht van een hybride en een modelbased IR algoritme en dosisreductie op artefacten veroorzaakt door prothetische
hartkleppen (PHV’s). Eén transcathether en twee mechanische PHV’s werden
in een thoraxfantoom geplaatst en gescand met verschillende stralingsdoses.
Volumes van hypodense en hyperdense artefacten werden gemeten en de
beeldkwaliteit werd bepaald met behulp van ruismetingen. Beide IR algoritmen
verminderden de artefacten en verbeterden de beeldkwaliteit, dit effect was het
sterkst met het model-based IR algoritme.
In het vierde hoofdstuk van dit proefschrift worden studies besproken over
het optimaliseren van CT protocollen voor het afbeelden van de longen met IR.
De resultaten van hoofdstuk 2.1 werden in patiënten gevalideerd in hoofdstuk
4.1. Twintig patiënten ondergingen een CT scan vanwege solide longnodulen.
De scans werden gereconstrueerd met FBP en hybride IR. De volumes van
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longnodulen werden gemeten door twee observers. Er werden geen significante
verschillen gevonden tussen FBP en hybride IR. Daarom toont ook deze studie
aan dat het veilig is om FBP protocollen te vervangen voor IR protocollen voor het
analyseren van solide longnodulen. In hoofdstuk 4.2 werd de invloed van hybride
IR op kwantitatieve CT metingen van emfyseem, air trapping en luchtwegwand en
luchtweglumen bepaald. Long CT scans van 75 patiënten werden gereconstrueerd
met FBP en hybride IR. Kwantitatieve CT metingen lieten zien dat emfyseem en
air trapping metingen significant werden beïnvloed door IR, terwijl één type air
trapping meting (E/I-ratio (MLD)) en luchtwegwand en luchtweglumen metingen
niet werden beïnvloed door IR. Het is daarom van belang om bij kwantitatieve CT
longmetingen goed in de gaten te houden welke reconstructie methode is gebruikt.
Een van de belangrijkste nadelen van IR is de langere reconstructietijd. Voordat IR
klinisch kan worden gebruikt, dient de reconstructietijd te worden onderzocht.
Dit is gedaan in hoofdstuk 4.3 met twee CT protocollen die veel worden
gebruikt in de spoedsetting: 25 patiënten met een pulmonale CT angiografie
(CTA) en 15 patiënten met een volledig lichaam trauma CT scan. Beelden werden
gereconstrueerd met FBP en hybride IR. Deze studie toonde aan dat hybride IR niet
resulteerde in klinisch significante reconstructietijd vertraging in de spoedsetting.
Hoewel alleen is gekeken naar een hybride IR algoritme van één fabrikant.
Het vijfde hoofdstuk van dit proefschrift behandelt studies naar het optimaliseren
van beeldkwaliteit van CT scans van het hart met IR.
In hoofdstuk 5.1 wordt een in-vivo studie beschreven naar het effect van IR
op de beeldkwaliteit van natieve aortakleppen (AV) en mitraliskleppen (MV) op
lage dosis CTA scans. Vijftig patiënten ondergingen een dergelijke scan en data
werd gereconstrueerd met FBP en hybride IR. Objectieve beeldkwaliteit werd
gekwantificeerd en twee observers beoordeelden de beeldkwaliteit subjectief. Deze
studie liet zien dat lage dosis CTA scans gemiddeld tot uitermate geschikt zijn voor
de beoordeling van AV en MV. Beeldkwaliteit verbetert met hybride IR.
In hoofdstuk 5.2 werd plaque grootte en compositie van de kransslagaders en
arteriële stenosegraad op coronaire CTA (CCTA) scans van 63 patiënten vergeleken
tussen hybride IR en standaard FBP. Deze studie liet zien dat IR de beeldkwaliteit
significant verbetert en geen effect heeft op kwantitatieve analyse van kransslagader
plaque volume, compositie en stenosegraad. Daarom liet deze studie zien dat
hybride IR routinematig gebruikt zou kunnen worden voor CCTA scans.
In hoofdstuk zes worden twee studies beschreven waarin middels IR de
stralingsdosis van cardiale CT scans wordt verlaagd in een klinische setting.

391

Dutch Summary

Zoals werd geadviseerd in hoofdstuk 1.3 is het nodig een optimale combinatie
van IR en dosislevel te vinden.
Dit is gedaan in hoofdstuk 6.1 waarin coronaire calciumscore scans werden
gedaan met een fantoom en 30 patiënten. Het fantoom werd gebruikt om een
indicatie te krijgen van de mogelijke dosisrange. De 30 patiënten kregen een
gewone scan gevolgd door drie lage dosis scans (60%, 40% en 20% van de gewone
dosis). Scans werden gereconstrueerd met FBP en hybride IR. Deze studie liet
zien dat IR het mogelijk maakt om calciumscore scans uit te voeren met een
stralingsdosisreductie tot 80% resulterend in een stralingsdosis tussen 0.15 en
0.18 mSv. Minder dan 15% van de patiënten werden foutief gereclassificeerd met
het hoogste hybride IR level. Deze studie is uitgevoerd met een kleine groep
patiënten, het nieuwe protocol dient te worden gevalideerd in een grotere groep.
Behalve het verlagen van de stralingsdosis van calcium score CT scans,
zouden calcium scores theoretisch ook kunnen worden bepaald op standaard
CCTA scans. Hierdoor zou de calcium score CT scan kunnen worden
overgeslagen en de stralingsdosis dus worden verlaagd.
Hoofdstuk 6.2 beschrijft een studie waarin werd gepoogd calcium scores
te bepalen op CCTA scans met lage stralingsdosis middels FBP, hybride IR en
model-based IR. Drieënveertig patiënten ondergingen zowel een calcium score
CT scan (±1 mSv) voor referentie Agatston scores als een low dose CCTA scan
(±3 mSv). Deze studie liet zien dat calciumscores kunnen worden bepaald met
lage dosis CCTA scans als wordt gereconstrueerd met IR. Met model-based IR
werd maar 9% van de patiënten foutief geclassificeerd. Maar er zijn nog geen
uitkomstdata over de prognostische waarde van deze CCTA calciumscores.
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