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1 Introduction

1.1 Development of X-ray computed tomography (CT)
There has been a tremendous development in CT technology since its beginning in 1970’s,

. . . . . . 1
with main focus increasing the scan speed and the image reconstruction .

On 1% October 1971, the first CT scan of a patient was performed . The first presentation
of a CT scan of a human brain was lectured by the engineer Godfrey Hounsfield and Dr
James Ambrose at the 32™ Congress of the British Institute of Radiology in 1972. This
new technique surprised the entire medical community. In fact, the first CT scanners were
developed and manufactured by the record company, EMI Ltd, and not by any of the
medical manufacturers. In 1979 Hounsfield, along with the physicist Alan McLeod

Cormack, were awarded the Nobel Prize in physiology and medicine for their work'.

Electrical signals are generated as the x-rays transversing through the object scanned, are
detected in the detector system. Electrical signals emitted from a set of projections make up
araw data set from which the CT images are reconstructed. The reconstruction algorithm,
also known as “filtered back projection”, is a mathematical procedure used for the
convolution of the attenuation profiles and reconstruction of the CT image. Image texture,

appearances and characteristics depend on the algorithm used.

The reconstruction matrix defines the pixel size. In the beginning the reconstruction matrix
used was 80 x 80 and the corresponding voxel size was 3mm x 3mm x 13mm. In the first
CT scanners, iterative reconstruction technique was used. The processing time of an image

was 7 minutes with iterative reconstruction, and 30 seconds with 160 matrixes using
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filtered back projection 2 To reduce the reconstruction time, filtered back projection (FBP)
was used as a standard, and still FBP is the standard technique used for reconstruction in
CT. In the early times, only brain scans were performed, due to long scan time and

reconstruction time.

In the 1990s slip ring technology made spiral CT possible. Increase in tube power and
higher computer capacity was also introduced. Spiral scanning improved 3D resolution and
thus lesion detection, and also reduced scanning time>. In the 2000s multi detector row CT
scanners were introduced, and today it is possible to scan 640 images pr rotation. 512
reconstruction matrixes are used as a standard, but some scanners also reconstruct in 768
and 1024 matrixes which give reduced voxel size. It is now possible to reconstruct 0.5 mm
isotropic voxels. Whole body scans with isotropic volumetric data is accessed in less than

30 seconds.

Fast CT scans combined with advanced image reconstruction, post-processing and 3D
reformatted images have revolutionized diagnostic X-ray imaging, as it provides vastly
more diagnostic information than conventional X-ray imaging. Conventional X-ray
procedures such as thoracic and abdominal examinations, coronary diagnostic imaging, and
angiography, and x-ray fluoroscopy are nowadays substituted by CT examinations. New
techniques like virtual colonography, organ perfusion and spectral imaging have recently
been introduced. As a result of the rapid evolution of CT, the number of CT examinations

performed is rapidly increasing.

In the United States the number of performed CT examinations increased from 13 million
scans in 1990 to 62 million scans in 2006 *. According to the Norwegian Radiation

Protection Authority (NRPA), the frequency of performed CT examinations increased from
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6.5% of the total amount of performed radiological examinations in 1993 to 21.5% in 2008.
Over the same period the number of conventional X-ray examinations was reduced from
83.8% of the total amount of performed radiological examinations to 52.8% (figure 1’ In
total 25.2 abdominal CT examinations per 1000 inhabitants and 24.3 thoracic CT

examinations per 1000 inhabitants were performed annually in Norway in 2008.

M X-ray mCT mUltrasound m MR

100 -
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50
40 A
30 A
20 A
10 4

Norway 1993 Norway 2002 Norway 2008
uMR 0,6 6,7 14
m Ultrasound 9,1 11,8 11,7
mCT 6,5 11,4 21,5
| X-ray 83,8 70,1 52,8

Figure 1: Percentage of CT, MR, X-ray and ultrasound examinations in Norway in 1993, 2002 and
2008s.

1.2 Need for optimization

CT scans are associated with higher patient doses as compared to other radiological
examinations. In European and US hospitals the CT examinations account for more than 50
% of the collective effective dose associated with medical exposure®’. In 2002, 65% of the
total population radiation exposure in Norway was related to CT examinations increasing
to 80% in 2008°. In Norway, CT examinations give rise to 59 % of the total radiation dose

associated with radiological examinations, but account for only 14% of the total X-ray
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examinations ®. The European legislation demands that member states pay special attention
to radiation protection in computed tomographyg, and optimizing the CT examinations with
respect to both radiation dose and image quality is mandatory in Norway. Optimizing the
CT examinations is a balance between benefits and risks, and should favor the benefits.
The ALARA (As Low As Reasonably Achievable) principle is considered a most useful

concept in the prevention of stochastic effects such as cancer.

Radiation effects are divided into two groups; stochastic effects and deterministic effects.
Stochastic effect in radiation is increased probability of cancer induction. Deterministic
effects are in example cataract, hair loss and erythema. The International Committee on
Radiation Protection (ICRP) states that for doses of 100 mSv and higher, there is
epidemiologic proven risk for radiation related cancer induction, and that there is no
rational for assuming a low-dose threshold for cancer induction. In radiation protection
management, it is therefore a general assumption that the risk for stochastic effects
increases linearly with dose, without any threshold'’. In the low dose range, normally used
for radiological purposes, epidemiology does not directly prove increased risk of cancer
induction. Therefore, the risk is estimated by extrapolation from evidence proved
stochastic effects for higher dose levels, using the linear no-threshold model. The risk is
assumed to reach 0.5% at an effective dose of 100 mSv''. Sodickson et al. reported high
rates of recurrent CT examinations: 33% of the patients included in their study underwent
more than 5 CT examination, 5% underwent more than 22 CT examinations and 1%
underwent more than 38 CT examinations. For 15% of these patients, the cumulative

radiation dose exceeded 100 mSv'2.
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The organ doses from CT examinations including two or more scan series yields radiation
doses above the threshold of 100 mSv. Between 1.5 and 2% of all cancers might be related
to radiation from CT examinations’. In the UK about 700 cases of cancer annually is
assumed attributed to diagnostic X-ray’. Berrington de Gonzales et al. estimated that nearly
29 000 future cancers may be related to CT scans performed in the US in 2007". In special,

abdominal and thoracic CT examinations were highlighted as risk factors in their estimates.

The main goal in optimizing CT examinations is to reduce the radiation dose and at the
same time maintain or even improve diagnostic accuracy. Adequate diagnostic image
quality means that radiologists are able to distinguish between different states of disease
and health, accurately detect and report relevant structures and features in the images or
accurately classify different abnormalities in the images'*. Accurate detection or exclusion

of disease is crucial for appropriate treatment decision making.

Dose reduction techniques may decrease the image quality. Research on dose reduction
strategies must therefore also include the diagnostic quality of the examination'. Different
strategies for CT radiation dose and image quality optimization have been introduced:
automatic current selection, bismuth shielding of breast tissue, thyroid gland and the lenses
of the eyes, dose-reduction soft ware, use of different reconstruction filters and iterative

: 4,16-1
reconstruction 16 8.

1.3 Diagnostic performance
Modern CT scanners are becoming increasingly complex in both scanner- and detector-
design as well as reconstruction techniques. The manufacturers pursue different strategies

in their development of the CT technology. There are differences in spectral energy,
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filtration of the x-ray tube and algorithms for cone beam reconstruction and post-
processing. This introduce inter-scanner and inter-manufacturer differences in CT images,
for instance with respect to Hounsfield Units (HU). Each HU-value represents one shade of
grey in the reconstructed image. Every pixel in a CT image is correlated to one specific
HU, which reflects tissue density because each pixel reflects the linear radiation attenuation
coefficient of the corresponding volume element (voxel)". HU is the relative difference in

attenuation between tissue and water and the formula is:

HU=1 OOO(ﬂtissue - ,uwater)/ ater

The various strategies in CT technology may influence the diagnostic performance
differently. A diversity of imaging techniques, new reconstruction algorithms and post-
processing algorithms may result in images that do not look familiar to the radiologists
with respect to grey-scale, noise suppression, linear structures, edge enhancement and

variety in HU measurements.

In the 1980’s, two studies concluded that absolute HU should not be used for clinical
purposeszo'm. One of these studies, Zerhouni et al., concluded that relative rather than
absolute HU should be used for diagnostic purposes®'. Still, HU is often used for diagnostic
purposes to differentiate between benign and malign adrenal masses and tissue and fluid
characterization, to example in detection and staging of malignancy of adrenal masses, in

2231
3 In

quantitative analysis of lung cancer and in diagnostics of ovarian dermoid cysts
2004, there was consensus that the uses of HU in gastrointestinal tumor density diagnostics

can quantiate early tumor response evaluation of treatment. Correspondingly, Illias et al.

claimed that “CT is the cornerstone imaging of adrenal tumors. Attenuation values of <10
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HU on an unenhanced CT are practically diagnostic for adenomas®’. For masses with
attenuation <1OHU no further imaging is recommended, as they are considered to be
benign ». Nieman states that the measurements of HU of the precontrast scan serie and

. . . .28
contrast wash out in the venous phase are useful in adrenal diagnostics ~.

Today, more scattering effects are induced with wider detector collimation. This might
affect the HU, if not corrected for in the reconstruction algorithms. Still, the absolute HU is

often used for diagnostic purposes.

1.4 Image reconstruction in CT

The clinical desires for higher spatial resolution, increased low contrast detectability,
greater volume coverage, and faster scan times and at the same time reduced radiation
doses have forced the CT manufacturers to improve and develop new reconstruction
algorithms and post-processing filters. Lately, a variety of iterative reconstruction
algorithms has become available for clinical use that provides a better modeling of scanner
geometry and physics®. In order to improve image quality without increasing the radiation
doses, some third party manufacturers have developed stand-alone post-processing filters

that are compatible with all commercially available CT scanners.

Filtered back projection (FBP) reconstruction has been the standard reconstruction
technique of CT images over the last 30 years and still is the gold standard for all modern
CT scanners™*. FBP is a reconstruction model relying on the exact, mathematical
relationship between measured attenuation in each projection and the corresponding pixel
value in the image34. In FBP it is assumed that the focal spot is infinitely small and the

dimension of the detector cells is ignored.
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Each of the projections from the scanner is noisy, and since exact data is assumed in FBP,
noise is amplified in the image reconstruction process34. Data from each projection is
assumed free of noise and equally valid due to FBP’s mathematical simplifications,

. . . N . 35
resulting in accumulation of noise in the reconstructed pixels™.

The iterative reconstruction (IR) model provides higher resolution and better robustness
with respect to radiation scatter, motion artefacts, beam hardening artefacts and metal
artefacts in the images compared to the FBP reconstruction model. Simplified, the iterative
reconstruction is a mathematical trial and error procedure which gradually gives the correct
answer™". In IR the forward projection of the beam is synthesized and compared it to the
actual measurement. The scanner geometry, shape of focal spot and detector cells, detector
response and the geometry of the reconstruction image pixels are taken into account
determined under image reconstruction®®. There are two main types of iterative
reconstructions: 1) The conventional algebraic iterative techniques solve a set of linear x-
ray beam attenuation equation. 2) The statistical iterative techniques use statistical
modelling of noise information in the measured data in the reconstruction process> . Real
iterative reconstruction gives higher spatial resolution, artefact and noise suppression
compared to FBP in combination with post-processing filters. The drawback is increased
reconstruction time. The statistical iterative techniques use statistical modelling of
electronic and photon noise in the measured data in the reconstruction. No new information
will appear in the data set after reconstruction except noise suppression. This method is less
time consuming compared to the conventional algebraic technique. Today, the main benefit
of iterative reconstruction techniques might be the possibility of improving the image

quality such that significant radiation dose reduction is possible®.
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Post-processing filters, like “soft filters” may reduce the image noise, but they also reduce
the spatial resolution and detectability of small structures and edges. At the same time edge
enhancing filters improve the spatial resolution and detectability of dense, small structures
and lesions in the images. On the other hand the low contrast detectability is reduced using
this type of post-processing filters. To provide noise suppression, structure enhancement
and detectability of small structures and edges different types of post-processing filters and

reconstruction algorithms have been developed.

It is possible to reduce radiation doses using iterative reconstruction or post-processing
filters® **. Information that is not present in the original data set will not be present in
the post processed image either. Noise suppression may help the human eye to better reveal
diagnostic information in the images. In many studies, only the signal to noise ratio (SNR)
or contrast to noise ratio (CNR) is tested. As image post-processing or new algorithms are
introduced, small structures, edges and lesions may potentially be suppressed as the noise is
suppressed. Leander et al. showed that even though a new post-processing filter clearly
reduced the image noise below that of a full dose images, visual grading analysis resulted

in a superior result for the full dose images®’.

Mayo et al. concludes that the complex relationship between radiation exposure, image
noise and diagnostic accuracy should be investigated further to establish the minimum
radiation dose that still provides an adequate diagnostic image quality'’. Also the effect on

HU should be evaluated.

One of the challenges in evaluating new imaging techniques is that the measure applied for

“image quality” must reflect the radiologist’s perception of good image quality. Receiver
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operating characteristics (ROC) analysis may be the most complete way of evaluating
accuracy in a two group classification task and has proven to be a successful method to

evaluate human reader performance under various imaging conditions'> *6.

20



2 Aims of the study
The main goal of this work was to assess the impact of reconstruction- and post-processing
filters on diagnostic performance, and to evaluate the reliability of using absolute HU for

diagnostic purposes.

2.1 Specific aims
Paper I: To evaluate the possibilities of reducing CT doses and at the same maintain or
even improve the detection of small, simulated liver lesions at different dose levels, using a

new post-processing mathematical filter, SharpView.

Paper II: To evaluate what impact a specific post-processing filter, SharpView, has on

diagnostic performance on low dose CT thorax examinations.

Paper III: To assess the impact of an adaptive statistical iterative reconstruction (ASIR) on

the detection of small simulated liver lesions at different dose levels.
Paper IV: To investigate and quantify interscanner variations in HU measurements and to

assess possible differences in HU measurements between four supposedly identical

Catphan phantoms.
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3 Material and methods

3.1 Patient population

In paper II a total of 13 colorectal cancer patients with suspected or known thoracic
metastases were included in the study on the clinical impact of a new post-processing filter
to improve image quality. The patients were included upon written informed consent. For
five of the patients, the scan series did not cover all the chest and mediastinal area of inter-
est and they were consequently excluded from the study. Four female and four male were
included in the data analysis, ranging in age from 50 to 75 years; mean age was 67.6 years.
The study was approved by the Regional Committees for Medical Research Ethics (REK)

and the National Radiation Protection Authority (NRPA).

In paper I and III, a custom made anthropomorphic, upper abdomen phantom was used, and

in paper IV four different Catphan 500/600 phantoms were used.

3.2 Methods

3.2.1 An anthropomorphic liver phantom

The custom made anthropomorphic, upper abdomen phantom (figure 2) is specially

Figure 2:A custom made anthropomorphic, upper abdomen phantom specially designed for ROC
studies. In the phantom are simulated liver lesions in the range 2-7 mm.



designed for ROC studies’ % There are four liver tissue equivalent inserts in the liver part of
the phantom. Each of these inserts is divided in 8 sectors. In each insert, there are holes
with diameters in the range 2-7 mm. In order to simulate liver lesions different solutions is
filled in the holes. In total 32 predefined sectors are evaluated in the phantom; 16 sectors
with holes and 16 sectors without. To avoid learning bias, these inserts were rotated in the

cavity and also interchanged in the phantom.

3.2.2 Catphan 500/600 phantom

The Catphan 500/600 phantom from the Phantom Laboratory (The Phantom Laboratory,
Salem NY, USA) is a CT quality assurance phantom suitable to test low contrast
detectability, spatial resolution, noise, slice thickness and homogeneity. The phantom is
divided in different test modules (figure 3). In this thesis, the sensitometry modules CTP
401 (Catphan 500) and CTP 404 (Catphan 600) were used. These modules are suitable for
HU measurements. CTP 404 has inserts made from teflon®, delrin®, acrylic, polystyrene
and low density polyethylene (LDPE), polymethylpentene (PMP) and air. In CTP401 there
are only teflon, acrylic and low density polyethylene (LDPE) and air targets’'. inserts are in

the range —1000 HU (air) to +990 HU (teflon).
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Figure 3: Catphan 600, module CTP 401 used for sensitometry measurements.

Different Catphan 500/600 phantom images were obtained on one CT scanner, to assess
potential inter phantom variations in HU. “Fast calibration” and “tube warm up” were
performed before scanning, to ensure stable energy and proper detector calibration during
the test scans. Module CTP 401/404 was imaged at different scanners. The mean HU
together with corresponding standard deviation were measured by placing a 60 mm? region
of interest (ROI) within the inserts in the CT images. For all the inserts, a mean value for

all the phantoms was estimated.

The phantom that best represented the mean HU reading of all the phantoms was chosen
for HU measurements of different CT scanners. The abdominal reconstruction algorithm of
each scanner was used in this study, since diagnostic discrimination between malignant and
benign tissue using HU, mostly are performed in the abdominal area. Test was performed

at 80 kV, 120 kV and 140 kV.
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3.2.3 CT scanners

CT scanners from all manufacturers on the Norwegian market were included in this study;
a four-slice GE Lightspeed QXi (GE Medical Systems, Milwaukee, Wisc., USA) in paper
I, a 64-slice Philips Brilliance scanner (Philips Medical Systems, Best, The Netherlands) in
paper II and a 64-slice GE Lightspeed VCT (GE Healthcare, Milwaukee, Wisc., USA) in
paper III. In paper IV 64-slice CT scanners from all manufacturers on the Norwegian
market were tested; Philips Brilliance 64, Toshiba Aquillion 64 (Toshiba Medical systems,
Tokyo, Japan), Siemens Somatom Sensation 64 (Siemens Medical Solutions, Erlangen,
Germany) and GE Lightspeed VCT. Also 16-slice CT scanners from GE and Philips were

tested.

3.2.4 CT protocols

In both paper I and III the standard abdominal CT protocol from Department of Radiology,

Oslo University Hospital Ulleval, was used.

In the clinical study both the full dose (reference dose 200 mAs) and the low dose (30
mAs) thoracic CT protocols were used. These protocols are the standard protocols used for
standard and low dose thoracic CT examinations at the Oslo University Hospital, Ulleval.
Automatic exposure control was used for the full dose scan series for all patients. Both
automatic current selection (ACS) and modulation in the Z-direction (Z-DOM) was used
for all patients. The functionality of ACS and Z-DOM is described in a previous study™>.
On the Philips Brilliance 64 CT scanner it is not possible to scan with 3D modulation, so

angular current adjustment was not used in our study.
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All CT protocols used , had been optimized with respect to adequate diagnostic image
quality and acceptable dose level, by radiographer, radiologist and physicist beforehand.
The CTDI,, were 11.9 mGy and 8 mGy for the standard abdominal and standard thoracic
CT examinations used at the hospital, respectively. In comparison, the national reference
levels for abdominal and thoracic CT examinations are 25 mGy and 20 mGy,
respectively™. The recommended CTDIvol in the EU guidelines for abdomen and chest are

15 and 10 mGy respectively, which is higher than the doses used in this study’.

3.2.5 The post-processing filters SharpView

SharpView CT (ContextVision AB, Linkoping, Sweden) is a stand-alone product and is
compatible to all CT scanners regardless of manufacturer or model’*>. SharpView CT
consists of an adaptive filter bank controlled by image content. The adaptive filter is
applied as a post-processing step after standard filtered back projection reconstruction.
Structures, lines and edges are recognized by a pixel-to-pixel examination, and the system
decides whether each pixel is a part of a linear structure based whether each neighbor’s
pixel is part of the same structure. The enhancement processing is performed in different

intensity value ranges, corresponding to tissue type-specific Hounsfield units (HU) >,

3.2.6 ASIR

The ASIR technique blends FBP techniques and statistical iterative reconstruction to obtain
different levels of noise reduction in the images. The image reconstruction is performed
from the raw data with both FBP and iterative techniques. A weighted summation of each
data is performed for final image reconstruction. 50% ASIR means a blending of 50% FBP

reconstruction and 50% ASIR data with a corresponding predicted 50% noise reduction

26



level®*. In paper 111, 50% ASIR was used for all dose levels. The full dose FBP images

were used as gold standard.

3.2.7 Image quality assessment in phantom studies
The readers independently assessed a set of images obtained at different dose levels to be
evaluated on a 5-point scale; Score 1: Definitely negative, Score 2: Probably negative,

Score 3: Possibly positive, Score 4: Probably positive, Score 5: Definitely positive.

All images were presented in a randomized manner with respect to dose and reconstruction
techniques to the observers. All readers were trained on the phantom images, inserts,
lesions assessment and grading criterion before image interpretation started, such that the

evaluation system was well known.

3.2.8 Image quality assessment in clinical study

The impact on diagnostic performance of introducing the post-processing filter, SharpView

was evaluated in a clinical study.

Two thoracic scan series were performed on colorectal cancer patients: one standard
thoracic CT scan and one low dose thoracic CT scan. The low dose images were post
processed with SharpView. Experienced CT radiologists assessed one full dose series with
standard reconstruction, one low dose series with standard reconstruction and one low dose

series with SharpView post-processing.

All images were presented in randomized and blinded manner. The image quality was

evaluated using visual grading characteristics analysis (VGC). VGC analysis were
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performed on a five-point scale with respect to eight image quality criteria chosen from
general chest and high resolution CT (HRCT) of the European guidelines on quality criteria
for Computerized Tomographyg. These guidelines have been used in previous studies™ **
3740456 The readers evaluated each criterion according to their individual perceptions by

using the five-point scale: Score 1= not visible, score 2= poor -hardly visible, score 3=

visible, score 4= clearly visible, score 5=visually sharp.

3.2.9 Statistics

Receiver operating characteristics (ROC) methodology was pursued to evaluate the
diagnostic performance of ASIR and Sharpview compared to the standard reconstruction
normally used. The ROC curves were derived by using Analyse-IT (Version 1.72, Jul 22

2004, Analyse-it software Ltd, United Kingdom).

A paired sampled t-test with a 95% confidence interval was used to compare diagnostic

performance of standard images compared to post processed image.

Visual grading analysis (VGA) was used to evaluate the image quality, and an intra-class
correlation (ICC) test with 95% confidence interval was used to evaluate inter observer
differences. Definitions on levels of agreement were as follows: ICC=1 corresponded to
complete agreement between the observers, and I[CC=0 corresponded to no agreement at all

between the observers.

Intra-observer differences were not evaluated in this thesis, because all readers assessed the

images only once to avoid learning bias.
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4 Summary of results, the individual papers

Paper 1

Reduction in Dose from CT Examinations of Liver Lesions with a New Postprocessing
Filter: A ROC Phantom Study. Martinsen ACT, Scether HK, Olsen DR, Skaane P, Olerud

HM. Acta Radiol (2008) 49: 303 — 309

The aim of this study was to evaluate the possibilities of reducing the radiation doses from
liver CT examinations and at the same time maintain the diagnostic performance using a

new post-processing filter named SharpView (Context Vision AB, Sweden).

The standard abdominal CT protocol from the Department of Radiology, Oslo University
Hospital Ulleval, was used. Images at five different dose levels were obtained. At all dose
levels the images were reconstructed both with standard FBP reconstruction and filter
normally used for the abdominal CT protocol, as well as for the new filter. Detection of
simulated hypo-dense liver lesions, in the range of 2-7 mm, in an anthropomorphic upper
abdomen phantom was evaluated. Six readers independently assessed a set of 10 images
obtained at five different dose levels on a 5-point scale. ROC methodology was pursued to
evaluate the diagnostic performance of Sharpview compared to the standard reconstruction

normally used.

Improved diagnostic performance of abdominal CT examinations followed by SharpView
post-processing was seen at a dose reduction of more than 30%. The overall diagnostic
performance was higher for SharpView post-processed images compared to the standard
reconstruction. SharpView improved the diagnostic performance at all dose levels

compared to the standard reconstructed images. Also, the inter-observer differences were
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reduced using SharpView post-processing compared to the standard reconstruction, at all

dose levels.

It was concluded that there is a significant potential for reducing doses of CT liver
examinations up to 30% whilst maintaining or even improving the diagnostic performance

in the detection of 2-7 mm liver lesions by using SharpView post- processing.

Paper 11
Improved image quality of low dose thoracic CT examinations with new post-processing
software. Martinsen ACT, Scether HK, Olsen DR, Wolff PA, Skaane P. J Appl Clin Med

Phys (2010) 11: 250-258.

The aim of this study was to evaluate the clinical benefit of using the SharpView post-

processing filter for thoracic low dose CT examinations.

Eight colorectal cancer patients were included in the study; four male and four female,
ranging in age from 50 to 75 years; mean age was 67.6 years. Thoracic CT was performed
as part of standard follow-up regime for colorectal cancer patients. Each patient underwent
one standard, full-dose thoracic CT examination and one low-dose thoracic CT

examination. All scans were performed on a Philips Brilliance 64-slice CT scanner.

Three radiologists evaluated 24 scan series with respect to image quality according to
quality criteria from the European guidelines for chest CT. Each reading session consisted
of one scan series for each patient, randomized with respect to dose levels, such that a
reading session consisted of full dose series for some patients, low dose series for some

patients and low dose SharpView enhanced series for some patients. Image reading
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included three reading sessions over a period of time long enough to avoid recognition of

the pathology appearing on the images.

Image quality of the full-dose series scored significantly higher as compared to both the
low-dose series and SharpView post-processed low-dose series (3.8 versus 3.0 and 3.3
respectively, p < 0.05). The average score for all details rated for all three readers were
higher for the low-dose images with SharpView post-processing compared to the low-dose
series with standard reconstruction (3.3 versus 3.0, respectively, p < 0.05). Overall mean

score is the average score for all details rated for all three readers.

This paper concluded that there is a potential of improving the diagnostic performance of
low-dose CT thoracic examinations using SharpView post-processing filter optimized with

both respect to anatomical region of interest and dose levels.

Paper 111
Iterative reconstruction reduces abdominal CT dose. Martinsen ACT, Saether HK, Hol
PK, Olsen DR, Skaane P. Eur J Radiol 2011; DOI 10.1016/j.ejrad.2011.04.021 (published

ahead of print)

The aim of this study was to evaluate the possibilities of reducing the radiation doses of
liver CT examinations and at the same time maintaining the diagnostic performance using

an adaptive statistical iterative reconstruction technique (ASIR).

The CT scans were performed with the standard abdominal CT protocol from the

Department of Radiology, Oslo University Hospital Ulleval on a GE Lightspeed VCT
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scanner. Four readers independently assessed a set of 21 images obtained at six different
dose levels on a 5-point scale. A blending of 50% ASIR and 50% filtered back projection
(FBP) reconstruction was used at all dose levels. ROC methodology was pursued to
evaluate the diagnostic performance of ASIR compared to the standard reconstruction

technique normally used.

No difference in diagnostic performance was detected using ASIR compared to the full
dose (250 mAs) FBP reconstructed images, except at 100 mAs. No significant difference in
diagnostic performance between different dose levels for FBP reconstruction was detected,
except for the two lowest dose levels (120 and 100 mAs). The diagnostic performance was
better for different blending of ASIR (50, 60, 80 and 90 %) at 100 mAs compared to the
standard FBP reconstructed image, except for 70% ASIR . No improvement in diagnostic

performance at the highest dose levels using 50% ASIR was detected.

In conclusion a blending of 50% ASIR and FBP may improve image quality of CT

examinations of the liver, and thus yield a potential for reducing radiation dose.

Paper IV

Interphantom and interscanner variations for Hounsfield units—an establishment of
reference values for HU in a commercial QA phantom. Sande EPS, Martinsen ACT, Hole

EO, Olerud HM. Phys Med Biol (2010) 55:1-13.

The aim of this study was to investigate inter-phantom and inter-scanner variations in
Hounsfield units (HU) measurements, and also to establish a set of energy-specific HU

reference values for the density module of the Catphan 500/600 phantom.
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Four different Catphan CT phantoms were scanned on one GE Lightspeed VCT scanner to
evaluate possible inter-phantom variations in HU. 8 CT scanners from 4 different

manufacturers were evaluated.

The interphantom variation were small; in the range 2-5 HU. The inter-scanner variations
were large; in the range 7-56 HU depending on spectral energy and density of the test
materials in the Catphan phantom. Substantial deviation were found in materials with HU
close to that of water, like Acrylic, polystyrene and LDPE. One manufacturer deviated

substantially from the others with respect to the HU measurements.

We conclude that the use of scanner independent absolute HU in tissue and fluid
characterization should be used with caution since substantial inter-scanner variations in
HU was found in this study. Only relative HU should be used in tissue and fluid

characterization, for instance the difference in HU between organs or different fluids.
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5 Discussion

The number of performed CT examinations have grown rapidly over the last decades*’ as a
consequence of new technological advances. There is no doubt that CT provides great
medical benefits. Still, one drawback is the relatively high radiation doses from CT
examinations. In some years, effects of ionizing radiation to the humans have been
discussed all over the world in media, among medical personnel and among patients.
Potential risks of radiation-induced cancers have become a hot topic with special attention
on CT examinations. It is important that the radiologists are aware of these effects, and are
weighing the diagnostic benefits against the risk. Based on these facts, the European
Society of Radiology stated that “Radiation protection has become a top priority” in 2011"".
Earlier, it has been claimed that “Radiologists have not focused their efforts sufficiently on

15 .
” 2. However, over the last decade there has been an increased

radiation dose reduction
focus on radiation protection. According to Coakley et al., we are now in a new wave of
radiation consciousness, since the publications in the last years are indicating that CT doses
cause an increase in radiation induced cancer’’. There has been radiation consciousness in
Europe for many years, but this consciousness is now seen in the North America as well®’.
The international effort, “Image gently” is introduced, aiming to reduce radiation doses'’.
In our hospital, CT radiation doses are routinely reported for each scan series and each

examination and stored in the PACS. Dose reports on abdominal and thoracic CT radiation

doses are reported to the Norwegian Radiation Protection Authority.
Both justification and optimization of CT examinations is warranted and is also mandatory

in Norway according to national legislation. The main goal of optimizing CT examinations

is to reduce the radiation dose and at the same time maintain or even improve diagnostic
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accuracy according to the ALARA principle. Different approaches have been introduced to
achieve lower radiation dose and maintain adequate diagnostic image quality by the CT
vendors. Automatic tube current modulation, low kVp imaging techniques, more efficient
detector systems, more efficient collimators and improved image reconstruction filters
including iterative reconstruction techniques are some of the features introduced over the

last decade.

Reduction in tube current is one way to achieve lower radiation dose, since the radiation
dose and tube current is linearly related. Normally, the image noise is increasing and low
contrast detectability are decreasing as the tube current is reduced, due to decreased
number of photons. Therefore, new reconstruction methods are necessary to achieve dose
reduction without compromising image quality. In special, iterative reconstruction
techniques have recently been reported in the literature as a powerful tool in image
optimizing in CT. The drawback of iterative reconstruction technique is prolonged

32,34-35, 39, 41-45

reconstruction time , which is also the reason why this has not been introduced

earlier.

The results of this thesis demonstrate the potential for improving the diagnostic
performance of low-dose CT using new adaptive iterative reconstruction or adaptive post-
processing filters, like ASIR and SharpView (paper I-III). Also other filters, like ANR-3D
and prior image constrained compressed sensing (PICCS) potentially allow dose reduction
without compromising image quality’®™. Tt is, however, important to notice that such
filters may affect image texture and measured HU. Substantial inter-scanner variations in
HU were detected in this study (paper IV). Due to this fact, relative rather than absolute

HU values are recommended in clinical diagnostics.
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The image quality of CT examinations of obese patients might be insufficient, due to
decreased number of photons reaching the detector. Therefore, these new filters may also

be useful tools in imaging of obese patients as image noise is suppressed“.

5.1 Introduction of new reconstruction filters

Both SharpView post-processed images and the ASIR reconstructed images appeared
different to the radiologists as compared with the conventional FBP techniques. Some of
the readers in this study commented that the filtered images looked unfamiliar or “strange”.
Substantial changes in image noise texture might be uncomfortable to the radiologists32.
This may discourage the implementation of new techniques, because the altered appearance

may make radiologists uncertain with regard to the diagnostic performance.

We observed that the effect of both SharpView and ASIR was minor in the full dose
images. In the full dose images, the noise level is already low and noise suppression might
not lead to improved image quality. Suppression of the noise in the full dose image may
further give too strong effect on the image texture and image appearance due to
oversmoothing. Less filtering might give a better diagnostic performance at the higher dose
levels. This is also in accordance with results from Leipsic et al*2. They discovered a
degradation of image quality due to different noise texture and smoothed borders for 100 %
ASIR compared to lower blending of ASIR and standard FBP reconstruction*.
Correspondingly, Leander et al concluded that even though the noise level in SharpView
post-processed low dose images was lower than the noise level in the full dose series, the
diagnostic performance had a higher score for the full dose series®’. This may indicate that

a possible dose reduction cannot be predicted from improved signal-to-noise ratio alone,
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which has been claimed by other authors ¥ Our results support the need for performance
studies, before new image reconstruction techniques are introduced into clinical practice as
already suggested by Leipsic et al** and Leander et al’*’.

In general, as shown in this thesis, the diagnostic performance of the filtered images had an
overall higher score compared to the standard images at the same dose level. In paper I, it
was demonstrated that a dose reduction up to 30% was possible when SharpView post-
processing was performed on liver images. In paper III, it was demonstrated that ASIR
improved image quality for low dose images significantly. These results indicate that even
though the images appeared “different” and unfamiliar to the radiologists, the detection of

small low contrast structures and details were improved using new filters.

5.2 SharpView

This thesis confirms that there is a great potential for achieving a reduction in dose using
SharpView post-processing filter. At the time our study started, no other studies regarding
the Sharp View post-processing filter was reported. In 2009, Kropil et al. published
evaluations of the SharpView filter and in 2010 Leander et al. published their evaluations

of the Sharp View post-processing. Both these studies were supporting our results.

Leander et al concluded that the SharpView post-processing filter improved image quality
and reduced the noise level of abdominal CT examinations”'. Still, the VGC analysis of the
full dose series was superior to that of the low dose series. This is in accordance with the
results in paper IL. The result of VGC analysis of thoracic full dose series was superior to
that of the low dose series. VGC analysis of the low dose series post-processed with

SharpView was superior to that of the standard low dose series.
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The results of paper I indicate potential dose reductions for liver examinations of 30%
using SharpView post-processing filter. Kropil et al concluded that a dose reduction of up
to 50% would be possible for upper abdominal CT examinations using SharpView post-
processing™. Similar to those methods used in paper I, Kropil et al used an
anthropomorphic upper abdomen phantom to assess image quality following SharpView
post-processing. Different structures in their images were rated on a 5-point scale in order
to describe the diagnostic quality of the images. The full dose levels Kropil et al refer to
(CTDIL,,>20 mGy ) are nearly twice the full dose level used in paper I (CTDI, =11.9
mGy) *. The thoracic CT protocol in our hospital was optimized with respect to image
quality and dose prior to our studies. This may explain why a larger dose reduction is

demonstrated in other studies published as compared to the work presented in this thesis.

Third party post-processing filters, like SharpView, are working on already reconstructed
images following CT image acquisition and prior to archiving in the PACS system. Even
though the image texture may change using these filters, there is no new information added
to the data set of the post-processed images compared to the FBP data. Noise suppression
may improve the low contrast detectability in the images, but may also hide small
pathological structures, decrease lesion conspicuity and lesion to background contrast. The
frequency of spatial resolution is the same as the frequency of noise in the Fourier space,
and noise suppression may mistakenly suppress small structures in the images. This is
supported by Kalra et al. who concluded that noise-reduction filters decreased lesion
contrast and conspicuity'®. Also Hara et al. reported reduced spatial resolution with

adaptive statistical iterative reconstruction compared to FBP*.
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Thus, tests like ROC- or VGC-analysis should be performed before new techniques are
implemented clinically to evaluate potential improvements compared to conventional and
established techniques. Also, it is important that the radiologists are aware of the
differences between conventional and new techniques, like differences in grey-scaling,
differences in detecting small lesions and structures, differences in image texture, and
differences in HU for certain tissues. The introduction of new techniques may therefore

also demand the need for new image interpretation regimes.

SharpView is a stand-alone product which according to the vendor, may be used on CT
scanners from all CT vendors. Both Leander’s and Kropil’s studies were performed on
Siemens CT scanners, while the study in this thesis was performed on a GE four-slice
scanner (paper 1) and a Philips 64-slice scanner (paper II). The results from our studies are
in accordance with Leander’s and Kropil’s findings and confirm that SharpView can

improve the image quality regardless of CT manufacturer or model.

5.3 ASIR

This thesis demonstrates that ASIR may reduce the dose without compromising the image
quality. Previous studies have also come to similar conclusions >33 4143,

Paper III concluded that a blending of 50% ASIR and FBP may improve image quality of
CT examinations of the liver, and thus provide a potential for reducing radiation dose.
Other studies published recently support the conclusion in paper II°* % Some studies have
tested contrast-to-noise-ratio, signal-to noise or noise power"". In this thesis, the perception

of low contrast objects was measured. A higher level of image noise would reduce

diagnostic performance significantly. Singh et al. tested the diagnostic performance at
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approximately the same dose levels as we did, and their conclusion was that ASIR lowers

. . . . " . . 35
noise and improves diagnostic confidence for subtle abdominal lesions™.

Silva et al. stated that ASIR allows more aggressive dose reduction with ultra-low dose
techniques. The mAs-settings for CT colonography were reduced from 50 mAs to 25 mAs
using ASIR. Silva et al. concluded that the use of ASIR has important implications both for
screening CT and routine CT imaging. Leipsic et al. suggested that ASIR gives a possible
dose reduction of 44% compared to FBP while preserving adequate image quality in
coronary CT angiography®. As expected, the potential for dose reduction using ASIR is
largest for patients with low BMI**. For patients wit BMI< 20 the potential dose reduction
was 64% compared to potential dose reduction of 35% for patients with BMI> 25*. Still,
CT with ASIR performed on obese patients may reduce the image noise and improve

image quality as reported in the literature®.

Sagara et al. concluded that the image quality in low-dose abdominal CT scans with 40%
ASIR is nearly comparable to that of full-dose techniques with FBP reconstruction alone.
In their hospital, ASIR is fully integrated into clinical practice. All abdominal CT scans in
their hospital are performed as low-dose abdominal CT scans reconstructed with 40-50%

ASIR®,

5.4 Image interpretation

Quality assurance phantoms are commercially available; these phantoms do not necessarily
simulate human tissue and may not be suitable for measure diagnostic performance. To our
knowledge, none of these phantoms are specially designed for measuring the diagnostic

performance with ROC analyses. In paper I and III a custom made, anthropomorphic upper
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abdomen CT phantom was used. In this phantom 32 test sectors are evaluated to yield the
ROC curves. All readers were assessing these test sectors giving scores on a five-point
scale. To improve the significance level of the results, a wider scale or more images from
each dose level could have been used. The readers commented that test sectors were
sometimes difficult to detect, especially at the lowest dose levels. This may introduce
uncertainty in the results. One physicist was attending all the reading sessions, to note the
results. Then the readers could solely focus on the images on the screen and concentrate

only on the test sectors.

Simulated hypo-dense liver lesions were tested. A liquid glycerol solution was used in the
insert (paper I). Most liver lesions are hypo-dense in non-iodine enhanced scan series. The
HU values measured in these lesions are lower than HU measured in the liver tissue,
corresponding to the liquid glycerol solution used in liver inserts in paper I. Liver cysts
normally have the same density as water (HU=0). In paper III, the density of the liver
inserts corresponded to that of liver cysts, since water was used in the inserts to avoid
problems with air bubbles and precipitation. To fully assess the impact of ASIR and
SharpView on diagnostic performance, also hyper-dense inserts should be tested in future

studies.

All images in paper I-III were randomized with respect to dose level and blinded, such that
the readers did not know if they were assessing standard images or post-processed images.
Still, both ASIR and SharpView are suppressing noise and the image appearance is
different compared to standard reconstruction. It is difficult to blind experienced readers to
reconstruction techniques, due to different image texture. Because of the combination of

image randomizing and focusing on assessing the image quality criteria on a five point
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scale, we were aiming at reducing the potential effect of recognition of the standard images
familiar to the readers. In paper I and III physicists working with several CT scanners from

all manufacturers were interpreting the images, so image recognition was a minor problem.

The European guidelines on quality criteria for computerized tomography applied in Paper
II address normal structures in the thoracic and mediastinal CT rather than pathologic
findings. This may be considered as a methodological limitation of this paper. It is,
however, reasonable to assume that a higher ranking in VGC analysis in normal structures
also will indicate a higher diagnostic performance for pathologic findings. Several studies
published on diagnostic performance of post-processing filters and iterative algorithms

32-35,51

used the same evaluation method as in this study . This method is also described in a

paper discussing different methods for evaluation of image quality'*.

In paper II only full dose and one ultralow dose images were evaluated. Other dose levels
were not assessed with respect to diagnostic performance following SharpView post-
processing. At the time of the study low dose CT thoracic examinations already were
established at the radiological department at Oslo University Hospital, Ulleval, as standard
procedure. Paper II demonstrated that SharpView post-processing improved the diagnostic
performance of low dose examinations already established in the hospital. The exposure
level of the low dose protocol used in paper II is comparable to dose levels used for
assessing pulmonary nodules, as described in the literature® . The effect of SharpView on
image quality for higher dose thoracic examinations is uncertain. To find exactly the dose
reduction limit where the diagnostic performance is maintained using SharpView compared
to the full dose level, scans at several dose levels should be obtained. This is hardly

acceptable in clinical studies, because of increased radiation dose to patients.
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5.5 The use of HU in diagnostics

Each pixel reflects the linear radiation attenuation coefficient of the corresponding volume
element (voxel) 7. As new reconstruction techniques like iterative reconstruction are
introduced, the measured HU may therefore differ substantially from those of FBP
reconstruction. Also post-processing filters may influence on the measured HU of the

images, due to differences in image texture.

HU measurements are widely used in diagnostics, especially in diagnostics of the lungs and
abdomen. Using HU thresholds like “adrenal masses with density HU<10 are supposed to
be benign” is uncertain. In the specifications of the 64 slice CT scanners from all vendors,
the HU of water is 0+4 HU, meaning that measurements in water could vary between -4HU
and +4 HU and still be under specification of the vendors®®. This means that the vendors
states that HU of water measured in a homogenous water phantom is 0+4 HU. In a patient
such measurements normally deviate more due to beam hardening artefacts and partial
volume artifacts. Besides, the differences in HU for specific tissue may differ substantially
between CT scanners from different vendors according to differences in tube design,
filtration and reconstruction among other factors. This interscanner variation was
demonstrated in paper IV and also by Birnbaum et al.'”. In Birnbaum’s study, measured
HU for simulated renal cysts in an anthropomorphic abdominal phantom varied between
1,5-10,2 HU and the corresponding attenuation range was 39 HU (-15,7, +23,9) 1 These
results underline the necessity of using relative HU measurements instead of absolute HU

measurements for diagnostic purposes.
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Moreover, paper IV demonstrated that measured HU varied significantly between different
energy levels on the same scanner. In particular, one manufacturer differed substantially
from the others in this respect. The HU measurements performed on this scanner was lower
than for the other vendors. As a consequence of our study the manufacturer developed a

completely new reconstruction algorithm.

HU is highly energy dependent, which means that reducing the kV for an examination from
120 to 80 would affect the HU. Recently, publications on low kV in combination with
ASIR have been published®. Still, radiologists use HU as absolute values for tissue
characterization”. Often, these thresholds are erroneously assumed to be both energy-
and scanner independent™. In example, Wilson et al. used a lung fraction limit of less than
-910 HU to determine the presence of emphysema for 140 kVp and 120 kVp. The
measured HU of the same tissue will differ between these two energy levels, and would
therefore not be comparable for diagnostic purposes. According to this, Wilson et al.
should have used different HU limits for the 120 kVp and the 140 kVp level in

characterizing emphysema.

Radiologists should use absolute CT-numbers with great care in diagnostics of their
patients. It is recommended to use relative HU values in diagnostics of liver cysts and
adrenals, not the absolute values, and also to compare the measured HU values to those of
the normal tissue (cyst with the neighboring tissue). Still, the relative HU may vary slightly

according to patient size due to beam hardening effects.

The Catphan phantoms used in paper IV are widely used by physicists for CT scanner

performance tests. It contains sensitometry inserts in the range of —1000 HU to 990 HU.
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Still, it is not an anthropomorphic phantom, so the test inserts is not tissue equivalent. In
this study the aim was to investigate the HU characteristics of the phantom and to measure

potential inter-scanner variations in HU. With respect to this aim the phantom was suitable.
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6 Conclusion

The main goal of this work was to assess the impact of reconstruction- and post-processing
filter on diagnostic performance, and evaluate the reliability of using absolute HU for

diagnostic purposes.

The results from this thesis indicate that both ASIR and SharpView may be useful tools in
improving the diagnostic performance and reducing CT dose. The benefit of an accurate
diagnosis must be balanced against radiation risk. Optimization of CT examinations with
respect to diagnostic performance and radiation dose is not only warranted but also a legal

requirement in Norway.

It is possible to reduce the radiation doses from CT liver examinations up to 30% whilst
maintaining or even improving the diagnostic performance in the detection of 2-7 mm
simulated liver lesions by using SharpView post- processing. The results from the clinical
study indicate that use of SharpView may improve the diagnostic performance for low dose

CT examinations, and could be a helpful tool in optimizing image quality

The evaluation of ASIR indicate that a blending of 50% ASIR and FBP improved image
quality of detection of small liver lesions in the range 2-7 mm in an anthropomorphic liver
phantom, and thus yield a potential for reducing radiation dose. Dose reduction of up to
50% for abdominal CT using ASIR may be possible, as the diagnostic performance is

maintained or even improved compared to regular filtered back projection.
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Substantial interscanner variations in HU were demonstrated. Also substantial differences
in measured HU between different spectral energies were seen. The HU of one, specific
manufacturer differed substantially from the others. As new reconstruction techniques like
iterative reconstruction are introduced, the measured HU may differ substantially compared
to the HU for FBP reconstruction. Despite substantial inter-scanner variation absolute HU
values are used for tissue and fluid characterization. The use of scanner independent and
energy independent absolute HU should be used with caution. Instead relative HU should
be used in tissue and fluid characterization, such as the difference in HU between different

organs or different fluids.
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7 Future perspectives

There has been a substantially increase in the number of patients undergoing CT scanning,
leading to an increase in population dose. There is no reason to believe that the frequency
of CT examinations will be reduced in the future. Therefore, the manufacturers need to
further improve the CT technology and develop new features such as post-processing filters
and iterative reconstruction algorithms in order to provide and improve the necessary
image quality without increasing the radiation doses. Improved versions of real iterative
reconstruction instead of model based, statistical iterative reconstruction, may provide

additional decreases in image noise, image artefacts and radiation dose.

The diagnostic performance and diagnostic image qualtiy should always be assured with
respect to the ALARA principle before new technology is introduced in ordinary clinical
practice. Research should focus on methods to achieve adequate diagnostic image quality at
an optimum radiation dose in clinical practice. New features like iterative reconstruction
techniques and post-processing filters should be fully evaluated in clinical practice to
assess the benefit on diagnostic performance and potential of dose reduction. Also other
dose reduction strategies, like more efficient detectors and further improved automatic tube

current- and kVp-modulation should be further developed and assessed clinically.

New reconstruction filters and post-processing filters, may introduce pitfalls with respect to
alterations in the images. Such alterations may unintendedly affect the diagnostic
performance and will not be discovered if not tested thoroughly. The images appear
differently to the radiologists as new, noise suppressing post-processing reconstruction

filters or iterative reconstruction algorithms are introduced. Some readers in this study
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commented that the filtered images looked unfamiliar or “strange”. Further tests should be
performed to fully evaluate the benefit to diagnostic performance and potential of dose
reduction when using new iterative reconstruction algorithms and new post-processing

filters clinically.

National and international guidelines for the justification and optimization of CT
examinations are warranted. International studies on the stochastic and deterministic effects
of radiation doses from radiological examinations are warranted. The use of the linear-no-
threshold hypothesis which is used today is based on epidemiology from people that have
received higher radiation doses, like victims from Chernobyl, Hiroshima and Nagasaki. CT
scanners have been widely used for radiological purposes for more than 30 years.
Therefore, it is possible to do retrospective analysis of possible stochastic effects for
patients who have been examined during these period and estimate the risk of stochastic

and deterministic effects.

Radiologists, physicists and radiographers should adopt consistent strategies for optimizing
image quality and limiting and if possible, reducing radiation doses to the patients in the
future. Multi-professional collaboration is necessary to fully assess different scan parameter
settings, reconstruction filter combinations and at the same time optimization of the iodine
contrast to achieve adequate CT examinations with the lowest possible radiation dose. In
our hospital, multi-professional CT groups already are established. Such groups are
necessary to achieve the ALARA principle in diagnostic radiology in the future, since the
radiological equipment in general, and the CT scanners in special, are becoming more and

more technically complex.
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In 2008 a phantom study indicated that there is a potential for reducing the CT
doses when using a new postprocessing filter. The purpose of this study was to test
this new postprocessing filter clinically for low-dose chest CT examinations, to
assess whether the diagnostic performance is the same or improved. A standard-
ized clinical chest CT protocol was used on patients with colorectal cancer. Only
mA settings changed between patients according to patient size. One standard and
one low-dose chest protocol were performed for all patients. The low-dose images
were postprocessed with a new software filter, which provides context-controlled
restoration of digital images by using adaptive filters. Three radiologists assessed
randomly all the images independently. A total of 24 scan series were evaluated with
respect to image quality according to quality criteria from the European guidelines
for chest CT using a five-point scale; 576 details were assessed. Overall mean
score is the average score for all details rated for all three readers for all full-dose
series, low-dose series and low-dose enhanced series, respectively. The statistical
methods used for comparison were paired sampled t-test and intraclass correlation
coefficient. The postprocessing filter improved the diagnostic performance com-
pared to the unenhanced low-dose images. Mean score for full-dose, low-dose and
low-dose enhanced series were 3.8, 3.0 and 3.3, respectively. For all patients the
full-dose series gave higher scores than the low-dose series. Intraclass correlation
coefficients were 0.2, 0.1 and 0.3 for the full-dose, low-dose and low-dose enhanced
series, respectively. There is a potential for improving diagnostic performance of
low-dose CT chest examinations using this new postprocessing filter.

PACS number: 87.57.C-, 87.57.Q-
Key words: CT, low-dose CT, chest CT, postprocessing filter

. INTRODUCTION

Fourteen percent of total worldwide exposure to radiation is from diagnostic X-ray exposure.()) In
European and US hospitals, the CT examinations account for more than 50% of the collective
effective dose>* associated with medical exposure.

For doses of 100 mGy and higher, there is a proven risk for radiation-related cancer induction,
and there is no rational for assuming a low-dose threshold for cancer induction.”® In radiation

a  Corresponding author: Anne Catrine Martinsen, Interventional Centre," Oslo University Hospital, N-0027 Oslo,
Norway; phone: +47 23 07 01 11; fax: +47 23 07 01 10; email: anne.catrine.martinsen@ous-hf.no

*  This study was reviewed and approved by the Regional Committees for Medical Research Ethics and the
Norwegian Radiation Protection Authority.
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protection it is, therefore, a general assumption that the risk for stochastic effects increases
linearly with dose, without any threshold.

A British study indicates that about 0.6% of the cumulative risk of cancer in the UK could be
attributable to diagnostic X-ray, equivalent to 700 cases.()) In the study, the estimated number
of radiation-induced cases of lung cancers per year based on 1998 UK population was 61 for
both sexes combined. Mayo et al.©©) concludes that the complex relationship between radiation
exposure, image noise and diagnostic accuracy should be investigated further to establish the
minimum radiation dose required to provide adequate diagnostic image quality. The main goal
in optimizing CT examinations is to reduce the radiation and at the same time maintain or even
improve diagnostic accuracy.

In order to improve diagnostic image quality with respect to noise supression, low-contrast
detectability and spatial resolution without, at the same time, increasing the radiation doses
from CT examinations, some manufacturers have developed stand-alone postprocessing tools
that are compatible with all commercially available CT scanners. A phantom study of CT
examinations of liver lesions published in 2008, indicated a potential for reducing the doses by
30% and, at the same time, maintaining the diagnostic image quality by using a postprocessing
filter called SharpView CT.() This filter is applied as a postprocessing step between the scanner
and the picture archive (PACS) after the image reconstruction on the CT scanner is finished,
working on the processed image data not the raw data, from the scanner. The filter is intended
for enhancing edges and lines, 2D adaptive noise suppression and artefacts, in addition to
spatial consistency.

The aim of our study was to evaluate the postprocessing filter SharpView CT clinically for
low-dose thoracic CT examinations, and to assess if the diagnostic performance is affected
using this new filter. It was not expected that the image quality for the low-dose thoracic CT
examinations would be at the same diagnostic level as the full-dose images; rather we wanted
to assess if the diagnostic performance at the low-dose level was affected using this new filter,
since low-dose thoracic CT exams are used more and more worldwide.

Il. MATERIALS AND METHODS

A total of 13 colorectal cancer patients with suspected or already known thoracic metastasis
were scanned. For five of the patients, the scan series did not cover all the chest area of inter-
est in this study and they were consequently excluded from the study. All patients underwent
standard CT scanning of liver and chest, as part of the national cancer follow-up regime. Eight
patients were included in the data analysis; four male and four female, ranging in age from 50
to 75 years; mean age was 67.6 years.

The oncologists responsible for the treatment of each patient were informed about the study.
All patients were included in the study upon informed consent. Each patient underwent one
full-dose thoracic CT exam and one low-dose thoracic CT exam.

All CT protocols in the hospital had been optimized beforehand in order to minimize the
dose levels while maintaining adequate diagnostic performance.

In this study, all scans were performed using a 64-slice CT scanner (Philips Brilliance 64,
Best, The Netherlands). The scan parameters for the full-dose thoracic CT protocol were 120 kV,
0.7s/rotation, pitch 0.9, 64 by 0.625 mm collimation and 200 mAs. In the hospital use of the
automatic current selection (ACS) and dose modulation in Z-direction (Z-DOM) are standard.
Mean pitch corrected values of weighted CT dose index (CTDI, ) was 8 mGy for the patients
included in the study. In comparison, the national reference level for chest CT in Norway is
CTDI, ;= 20 mGy.®

The low-dose protocol applied in the study is based on the following parameters: 120 kV,
0.7s/rotation, pitch 0.9, collimation 64 by 0.625 mm and 30 mAs. ACS and Z-DOM were not
used for the low-dose protocol. CTDI | for the low-dose scan was 1.8 mGy. The exposure
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level of the low-dose protocol used in the study is comparable to dose levels used for assessing
pulmonary nodules, as described in the literature. 910

The reconstructed images were 2 mm thick. Two physicists and a radiographer, who were
not involved in the image evaluation process, performed all imaging and the postprocessing
image reconstruction.

One full-dose and one low-dose thoracic CT scans were performed for all patients. The
low-dose images were postprocessed using an adaptive filter named SharpView CT (Sharp-
View AB, Linképing, Sweden). Figure 1 shows a full-dose chest image without SharpView
postprocessing and a low-dose image with SharpView post-processing. Figure 2 shows two
low-dose CT images with standard and with SharpView postprocessing. The image contrast
is different for the full-dose and the low-dose images due to different radiation doses. During
image assessing, the window width and window level were changed by the observers as the
observers normally do in a clinical situation.

Intravenous iodine contrast was given for the full-dose scans for all patients. The image quality
criteria evaluated in this study are not influenced by the use of iodine contrast enhancement.

Three observers, all cross-sectional radiologists, assessed the images independently. The ob-
servers were given a set of 24 scan series in total obtained at two different dose levels, 200 mAs
and 30 mAs. Both standard and SharpView postprocessing were evaluated at low dose. Only
the standard postprocessing was evaluated for full-dose images.

Twenty-four scan series and eight image quality criteria were evaluated by the three observers;
in total 576 details were assessed. All series were assessed with respect to eight CT image
quality criteria from the European guidelines on quality criteria for CT on a five-point scale.(!?
The criteria were chosen from the list of general chest and HRCT chest criteria. Criteria for
the mediastinal region, lung parenchyma and the lung tissue were chosen to assess the new
postprocessing filter. Table 1 lists the criteria assessed in the study. CTDI recommended in
the guidelines are 35 and 30 mGy for the HRCT and the routine CT exam, respectively. Also
the pitch corrected values of weighted CT dose index (CTDI ) would be 35 and 30 mGy
respectively, which is higher than both the national reference value and the doses used in this
study. In total, 505 out of 576 quality criteria details were possible to rate; the remaining were
not rated due to too-short scan regions in some examinations. For some patients, certain details
could consequently not be rated for all dose levels. The 505 details were included to form the
basis for the statistical analyses in this study.

TaBLE 1. Image quality criteria.

The image quality criteria from European guidelines for chest CT used in this study. The observers gave a score on
a scale from 1 to 5, where score 1 = not visible; score 2 = poor/hardly visible; score 3 = visible; score 4 = clearly
visible; score 5 = visually sharp.

: Reproduction of pulmonary fissures

: Reproduction of small pulmonary vessels within 1 cm off the pleura
: Reproduction of bronchial walls within 3 cm from the chest wall

: Reproduction of major mediastinal vessels

: Reproduction of endotracheal and endobronchial margins

: Reproduction of trachea and central bronchial wall

: Reproduction of lateral pleural margins

: Reproduction of pleuromediastinal margin

00U AW =

Before the start of image assessment, all image quality criteria and the score scheme were ex-
plained in detail. Also the use of the quality criteria was demonstrated using sample images.

The observers were blinded to technical factors and imaging mode. To prevent learning
bias, all images were randomly displayed on a review workstation. The reading process was
performed in three sessions. Each reading session consisted of one scan series for each patient,
randomized with respect to dose levels, such that a reading session consisted of full-dose series
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Fic. 1. A full-dose chest CT image (a) in which only standard reconstruction was used; a low dose chest CT image (b) for
the same patient in which SharpView postprocessing filter was used.
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Fic. 2. Two low-dose chest CT images, at the same dose level, at the same position for the same patient: (a) standard
reconstruction was used; (b) image SharpView postprocessing filter was used.
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for some patients, low-dose series for some patients and low-dose SharpView enhanced series
for some patients. Image reading included three reading sessions over 16 weeks for each reader,
to avoid recognition of the pathology appearing in the images.

None of the observers were involved in the image acquisition process. All images were
displayed on the same review workstation. No time constraints were given.

The SharpView CT postprocessing filter identifies image features at different abstraction
levels using a hierarchical approach.('®) The filter combines 2D adaptive noise suppression,
edge enhancement and spatial resolution.

Different acquisition settings, such as dose and reconstruction algorithm, greatly affect
the image data characteristics and might, therefore, require particular filter parameters. The
parameters may also be adjusted to account for anatomical variations. The enhancement is
performed in different intensity value ranges, corresponding to tissue type-specific Hounsfield
Units (HU).(” The parameters can thus be set differently for different intensity ranges
(tissues), making simultaneous filtering of soft and lung tissue possible in chest examination.
The SharpView CT postprocessing filter was adjusted with respect to CT scanner, anatomical
region of interest and dose levels to fit the thoracic CT images as perfectly as possible. Three
different versions of postprocessing filter were tested before the study started, to ensure that
the most optimal filter was used in the study.

The SharpView CT vendor had no role in study design, data collection, data analysis, data
interpretation or in writing this paper, except the sentences describing the functionality of the
Sharpview algorithm.

A paired sampled t-test with a 95% level of confidence was used to compare diagnostic
performance of images with and without postprocessing image enhancement. Inter-observer
differences were assessed by using intraclass correlation coefficient (ICC) test with 95% con-
fidence interval. ICC ranges from 1 to 0: ICC = 1 corresponds to complete agreement between
the observers, and ICC = 0 corresponds to no agreement at all between the observers.

The overall mean scores is the mean score for all details rated for all readers for all full-dose
series, low-dose series and low-dose enhanced series, respectively.

lll. RESULTS

The overall mean scores for all image quality details for all full-dose series, all low-dose series
and all low-dose enhanced series for all three readers were 3.8, 3.0 and 3.3, respectively. The
overall image quality scores for all examinations and observers was significantly higher for the
full-dose series compared to both the low-dose series and enhanced low-dose series (p < 0.05)
(Fig. 3). The overall mean scores for the SharpView enhanced low-dose series was higher than
the overall mean scores for the low-dose series (3.3 versus 3.0, respectively, p < 0.05).

The three observers consistently reported overall image quality of the full-dose series supe-
rior to that of both the low-dose series and the low-dose series with SharpView image quality
enhancement (Fig. 4). The scores for the full-dose, low-dose and the low-dose SharpView
postprocessed series were 3.6, 3.1 and 3.3 for reader one, 4.1, 2.4, and 3.2 for reader two, and
3.7, 3.4 and 3.5 for reader three. The difference in image quality score between reader 1 and
2 for the full-dose and the low-dose SharpView postprocessed series was not significant. For
observer 3, the image quality scores were significantly higher for the full dose. For all observers,
the SharpView postprocessed series gave a significantly higher image quality score than the
low-dose standard (Fig. 4).

For each individual patient (except patient 2 and 3), the full-dose series had the highest mean
scores. A paired t-test showed that the difference between full-dose and SharpView enhanced
low-dose series is not statistically significant (Fig. 5) for five of the patients. The difference in
score between full-dose and low-dose series is significant for all patients, except one (p <0.05).
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Mean score for all radiologists and all patients
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Fic. 3. Overall mean score (the average score for all details rated for all full-dose series, low-dose series and low-dose
enhanced series) for all three readers. The full-dose series gave a significantly higher score than both the low-dose series
and the SharpView enhanced low-dose series. The SharpView enhanced low-dose series gave a significantly higher score
than the low-dose series.

45
4
3,5+
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FiG. 4. Variation in overall score between radiologists. For all radiologists the total score is highest for the full-dose (FD)
images and lowest for the low-dose (LD) images. SV is the SharpView postprocessed images; FD is the mean score for
each radiologist of the full-dose series; LD is the mean score for each radiologist of the low-dose series.

The SharpView enhanced low-dose series gave a higher score than the low-dose series for all
patients.

The full-dose series scored significantly higher than the other series for each image quality
criteria. The scores for each image quality criteria ranged between 3.3 and 4.1 for the full-
dose series, between 2.8 and 3.3 for the low-dose series, and ranged between 3.1 and 3.5 for
the low-dose SharpView postprocessed series. SharpView postprocessed low-dose series had
a higher score than the low-dose series for all image quality criteria. The difference in scores
were significant for criterion 2: “Reproduction of small pulmonary vessels within 1 cm off
the pleura” (score 3.2 versus 2.9 for the low-dose SharpView enhanced and the low-dose
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Average score for all criterias for all radiologists for each patient
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FiG. 5. The mean score for all criteria for all radiologists for each patient. For all patients, the full-dose series gave a
higher score than the other two series (except for patient 2 and 3), and the low-dose SharpView enhanced series gave
higher score than the low-dose series.

series, respectively, p < 0.05), criterion 4: “Reproduction of major mediastinal vessels” (score
3.7 versus 3.2 for the low-dose SharpView enhanced and the low-dose series, respectively,
p<0.05), criterion 5: “Reproduction of endotracheal and endobronchial margins” (score 3.5
versus 3.0 for the low-dose Sharpview enhanced and the low dose series respectively, p<0.05)
and criterion 8 “Reproduction of pleuromediastinal margin” (score 3.4 versus 2.9 for the low
dose SharpView enhanced and the low-dose series, respectively, p < 0.05). (See Table 1 and
Fig. 6.) The difference was not significant for the criteria: “Reproduction of pulmonary fissures”,
“ Reproduction of bronchial walls within 3 cm from the chest wall”, “Reproduction of trachea
and central bronchial wall” and “Reproduction of lateral pleural margins”.

The mean score for all patients and all image quality criteria for each radiologist were above
3 for both the full-dose and low-dose SharpView enhanced series. The mean scores for all
patients and all image quality criteria for the full-dose series were 3.6, 4.1 and 3.1 for reader 1,
2 and 3, respectively. The mean score for low-dose series were 3.1, 2.4 and 3.4 and the mean
scores for low-dose SharpView enhanced series were 3.3, 3.2 and 3.5 for reader 1, 2 and 3,
respectively (Fig. 7). For the low-dose series, the mean scores ranged between 2.4 and 3.4.
The full-dose series had the highest scores for all observers. Observer 3 had higher scores than
the other observers for both the low-dose series and the low-dose SharpView postprocessed
series. (Observer 3 is a specialist in chest CT.) SharpView postprocessing resulted in the best
agreement between the observers. Intraclass correlation coefficients (ICC) were 0.2 for full-dose
images, 0.1 for low-dose images and 0.3 for SharpView low-dose images.
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Fi6. 6. The mean score for all radiologists and patients for each quality criteria. For all criteria, the full-dose series gave the
significantly highest score (except for patient 2 and 3), and the low-dose SharpView enhanced series gave higher score than
the low-dose series. The difference between the SharpView enhanced series and the low-dose series is not significant.
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Fig. 7. The interobserver differences for the different dose levels. LDSV is the mean score for each radiologist of the
low-dose SharpView enhanced series; FD is the mean score for each radiologist of the full-dose series; LD is the mean
score for each radiologist of the low-dose series.

IV. DISCUSSION

A previous study on the possible diagnostic performance of SharpView using a liver phantom
demonstrated that the image quality was the same or even improved at 30% reduction in dose
when using SharpView.(?) In this study, SharpView was tested clinically at low-dose levels and
compared to full-dose images without SharpView postprocessing.

The low-dose series always had a lower score than the SharpView enhanced series, indicating
that the use of postprocessing filters like SharpView may improve the diagnostic image quality
significantly for thoracic CT exams.

The difference in average score between low-dose and full-dose series for all observers,
patients and image quality criteria is 0.8 (score 3.8 for full-dose and 3.0 for low-dose) (Fig. 3).
This difference in diagnostic performance has to be evaluated against the fact that full-dose
series gives six times the dose of the low-dose series. The modest increase in image quality us-
ing the full-dose protocol may not defend the larger dose as compared to the low-dose protocol
combined with SharpView image enhancement.

The low-dose images generally had a lower score than the full-dose images, indicating that
the low-dose images required image enhancement to provide the same diagnostic performance
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as the full-dose images. The SharpView enhanced low-dose series were rated significantly higher
than the low-dose standard series. This may indicate that postprocessing filters like Sharpview
could be a helpful tool in optimizing image quality.

All observers reported the highest mean score for the full-dose series and lowest mean score
for the low-dose series. The mean score amongst the observers was most similar for the low-
dose SharpView enhanced series, and also the mean score was higher for SharpView enhanced
series compared to the low-dose series.

The interobserver differences were smaller for the low-dose SharpView enhanced series than
for both the full-dose and the low-dose series. Reader 2 had the highest score for the full-dose
series and lowest score for the low-dose series compared to the other readers, but scored the
low-dose SharpView enhanced series equal to that of the others. This indicates a higher agree-
ment between observers for the low-dose SharpView enhanced protocol.

In a pilot multicenter study, the European guidelines on image quality criteria for CT were
tested with regard to their utility in clinical practice for thoracic CT. The results from this study
showed that the diagnostic criteria could be used to optimize CT procedures with respect to image
quality and dose.? Still, these criteria differ from normal diagnostic findings for a radiologist,
and might seem unfamiliar to evaluate, and this might be the reason for the results of the ICC
test where the score for the full-dose series used in clinically practice in the hospital today were
as low as 0.2. For some series, the dose levels recommended in these European guidelines are
above the national reference doses for chest CT, and higher than the doses used in this study.
Motion artifacts due to cardiac pulsation and breathing could also be factors influencing the
observers’ scores and the interobserver differences.

To utilize the full capacity of postprocessing strategies, identifying the maximum dose re-
duction without compromising the equal image quality would be required. Assessing image at
several dose levels can identify this threshold dose. Multiple CT examinations would then be
required, but would obviously not be acceptable from an ethical or radiation protection point
of view. In the literature, low-dose thoracic CT exams are performed as low as 30 mAs; this is
the dose level used in our hospital. Especially for the mediastinal windows, the image quality
may then in some cases be inadequate. To improve the image quality at this low dose level,
SharpView postprocessing software may be one tool.

The image quality criteria chosen in this study should not be influenced by the fact that io-
dine contrast enhancement was utilized for the full-dose series. The image appearance differed,
however, and other pathology might be visualized better, and thus the diagnostic performance
might have been improved. The low-dose series and the low-dose SharpView enhanced series
are processed with the same raw data, and are thus identical except for the postprocessing.

For the evaluation of score for each individual patient and for each individual image quality
criteria, the sample sizes were smaller than for the other results in the study. Therefore, these
significance tests should be interpreted with care. A larger clinical trial should be performed.

One of the radiologists is a specialist in chest CT, while the other two are general radiolo-
gist. The results varied less between different dose levels and postprocessing for the thoracic
radiologist compared to the others. This might indicate that the learning process of this study
should have been expanded to reduce interobserver differences.

V. CONCLUSIONS

In conclusion, using SharpView CT optimized with respect to anatomical region of interest and
dose levels, gives a potential for improving diagnostic performance of low-dose CT thoracic
examinations.
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