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Abstract

AIM: To evaluate the effect of non-linear adaptive fil-
ters (NLAF) on abdominal computed tomography (CT)
images acquired at different radiation dose levels.

METHODS: Nineteen patients (mean age 61.6 =
7.9 years, M:F = 8:11) gave informed consent for an
Institutional Review Board approved prospective study
involving acquisition of 4 additional image series (200,
150, 100, 50 mAs and 120 kVp) on a 64 slice multide-
tector row CT scanner over an identical 10 cm length in
the abdomen. The CT images acquired at 150, 100 and
50 mAs were processed with the NLAF. Two radiologists
reviewed unprocessed and processed images for image
quality in a blinded randomized manner. CT dose index
volume, dose length product, patient weight, trans-
verse diameters, objective noise and CT numbers were
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recorded. Data were analyzed using Analysis of Vari-
ance and Wilcoxon signed rank test.

RESULTS: Of the 31 lesions detected in abdominal
CT images, 28 lesions were less than 1 cm in size.
Subjective image noise was graded as unacceptable
in unprocessed images at 50 and 100 mAs, and in
NLAF processed images at 50 mAs only. In NLAF proc-
essed images, objective image noise was decreased by
21% (14.4 £ 4/18.2 £ 4.9) at 150 mAs, 28.3% (15.7
+ 5.6/21.9 £ 4) at 100 mAs and by 39.4% (18.8 £
9/30.4 £ 9.2) at 50 mAs compared to unprocessed im-
ages acquired at respective radiation dose levels. At
100 mAs the visibility of smaller structures improved
from suboptimal in unprocessed images to excellent in
NLAF processed images, whereas diagnostic confidence
was respectively improved from probably confident to
fully confident.

CONCLUSION: NLAF lowers image noise, improves
the visibility of small structures and maintains lesion
conspicuity at down to 100 mAs for abdominal CT.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

As the use of computed tomography (CT) is increasing,
with an estimated 62 million scans per year in the United
States in the year 2006, the concerns associated with
radiation exposure have also increased in both the news
media”™ and the medical literature™. The primary concern
of radiation dose associated with CT scanning is radia-
tion-induced carcinogenesis. The probability of radiation-
induced cancer is directly related to the radiation dose

absorbed by tissues and organs and hence the reduction
of dose is of paramount importance.

In CT, reduction of dose results in images with larger
image noise or mottle and hence raises the possibility of
missing lesions or other diagnostic findings. Efforts have
been made to reduce radiation dose while maintaining
image quality, which have led to several changes in CT
hardware and software technologies[sfgl. From the soft-
ware point of view, image post-processing with linear and
non-linear filters have been developed and assessed for
lowering image noise and improving or maintaining le-
sion conspicuity on low dose imagesw’w]. Previous clinical
studies have reported the use of non-linear image filters
for reducing radiation dose for chest and abdominal CT
examinations. However, some of these filters lower im-
age noise at the expense of image contrast or visibility
of smaller structures . New non-linear adaptive filters
(NLAF) have been developed and studied using phantom
and simulated CT images“zm].

The purpose of our prospective clinical study was to
evaluate the effect of a NLAF on abdominal CT images
acquired at different dose levels.

MATERIALS AND METHODS

Patients

This prospective clinical study was approved by the Hu-
man Research Committee of our Institutional Review
Board and was conducted in compliance with Health In-
surance Portability and Accountability Act guidelines. All
19 patients (mean age 61.6 = 7.9 years, male:female = 8:11)
gave written informed consent for the acquisition of four
additional sets of research images for this study, in addition
to their standard-of-care, clinically indicated abdominal CT
examinations.

The inclusion criteria for the study included: patients
scheduled for clinically indicated abdominal CT ex-
aminations, older than 50 years, hemodynamic stability
(conscious, oriented, regular respiration rate of 12-40
breaths/min, pulse rate of 60-90 bpm without dysthyth-
mia, systolic blood pressure of 100-140 mmHg), able to
provide written informed consent, able to hold breath
for a duration of at least 10 s, and able to understand
and follow verbal commands for breath-holding and to
remain still for the scanning duration.

Scanning techniques
For all patients included in this study a standard abdomi-
nal CT examination was initially performed on a commer-
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cially available 64 channel multidetector row CT' scanner
(Discovery CT750 HD, GE Healthcare, Waukesha, WI.)
with administration of an intravenous contrast medium
(80-100 mL of Iopamidol 370 mg % Bracco Diagnostics,
Princeton, NJ). Subsequently, four additional sets of imag-
es were acquired in each patient, through an identical scan
length of 10 cm in the abdomen. Selection of the location
of the acquisition of these additional image datasets was
based on review (by Singh S) of the patient’s prior (avail-
able and reviewed in 18/19 patients) and current routine
(reviewed in 1/19 patients) abdominal CT images to se-
lect the most subtle (first preference) or smallest (second
preference) lesion in the abdomen. These research image
data sets were thus acquired through the most subtle or
smallest abdominal lesion immediately after acquisition
of standard-of-care abdominal CT images. The maximum
time period between the standard-of-care abdominal CT
and the research image acquisition was less than 15-30 s.
As all research scan series were planned prior to the acqui-
sition of standard-of-care CT images, the maximum intet-
val between the acquisition of the four different research
image series was approximately 10 s.

Abdominal CT images were acquired at four different
levels of radiation dose by selecting four different fixed
tube current-time products (200, 150, 100 and 50 mAs)
for abdominal CT. The acquisition sequence of the four
research CT datasets was randomized in order to avoid
contrast enhancement bias due to the delay in scanning
from start of injection. No additional intravenous con-
trast medium was administered for acquisition of the
research image series since it is not feasible to inject con-
trast media four times to a patient for acquiring images at
identical contrast enhancement phase.

With the exception of tube current, reconstruction
kernel and section thickness were held constant and in-
cluded 120 kVp, 0.984:1 pitch, 39.37 mm table speed per
gantry rotation, helical acquisition mode, 64 * 0.625 mm
detector configuration and 0.5 s gantry rotation time. All
image series were reconstructed at 5 mm section thickness
and 5 mm section interval using standard reconstruction
kernel as per our routine abdominal CT protocol.

Image post processing

Technical details of the NLAF (ContextVision AB,
Linkoping, Sweden) used in our study are described in
Appendix 1.

Of the 4 additional research abdominal series (ac-
quired at 200, 150, 100, 50 mAs), three lower dose im-
age series (150, 100 and 50 mAs) were processed with
NLAF. For post processing with NLAF, the DICOM
image series were de-identified and exported to an ex-
ternal USB storage media. These DICOM image series
were processed with NLAF to generate six series (three
low dose unprocessed series and three NLAF processed
image series). The image processing time with NLAF for
image series was less than 2 s. Thus, 7 CT image series
were available for evaluation (unprocessed 200, 150, 100,
50 mAs and processed 150, 100, 50 mAs) in each patient.
Unprocessed images at 200 mAs were used as standard
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of reference for lesion detection and image quality as-
sessment.

Each image data set was coded, de-identified and ran-
domized on Microsoft EXCEL 2003 (© Microsoft Cot-
poration, Redmond, WA) by a study co-author (Singh S)
to enable double blinded evaluation.

Subjective image quality

All CT image series were reviewed on a Picture Archiving
and Communication System diagnostic workstation
(AGFA Impax ES; AGFA Technical Imaging Systems,
Ridgefield Park, NJ, USA) for assessment of subjective
image quality in a randomized manner. All abdominal
CT image series were presented to two experienced ab-
dominal radiologists (MAB with 12 years and MKK with
8 years of experience, respectively) for evaluation of im-
age quality. Both radiologists were trained on two image
datasets for the grading of different aspects of subjective
image quality as well as lesion assessment in order to un-
derstand the evaluation system, in addition to improving
inter-observer agreement.

Subjective image quality was assessed in terms of sub-
jective image noise on a five point scale (1 = minimal im-
age noise, 2 = less than average noise, 3 = average image
noise, 4 = above average noise, 5 = unacceptable image
noise). Visibility of smaller structures for abdominal CT
(small blood vessels, adrenal glands, small lymph nodes,
ducts and walls of hollow structures) was ranked on a
five point scale (1 = excellent visualization, 2 = above
average visibility, 3 = acceptable visibility, 4 = suboptimal
visibility, and 5 = unacceptable visualization of small
structures) using abdominal soft tissue window width
400 HU and window level 40 HU. Artifacts were graded
on a four point scale (1 = no artifacts; 2 = minor artifacts
not interfering with diagnostic decision making; 3 = ma-
jor artifacts affecting visualization of major structures, di-
agnosis still possible; 4 = artifacts affecting diagnostic in-
formation), while each type of the following artifacts was
assessed (helical or windmill artifacts; streak artifacts due
to metals and leads; beam hardening artifacts due to arms
by body side; rarely, large body size and truncation due
to large body size or off centering, and blotchy pixilated
appearance). Lesion size was measured on a four point
scale (1 = focal and less than 1 cm, 2 = focal and 1-5 cm,
3 = focal and more than 5 cm, 4 = diffuse lesion), lesion
conspicuity was assessed on a five point scale (1 = well-
seen lesion with well-visualized margins, 2 = well-seen
lesion with poorly visualized margins, 3 = subtle lesions,
4 = probably an artifact mimicking a lesion and 5 = defi-
nite artifact mimicking a lesion) and diagnostic confi-
dence (1 = completely confident, 2 = probably confident,
3 = confident only for limited clinical situations such as
kidney stones, calcified lesions or a large lesion, and 4 =
poor confidence). Image quality attributes assessed in our
study have been described in the European Guidelines
on Quality Criteria for Computerized Tomography docu-
ment (EUR 16262 www.drs.dk/guidelines/ct/quality/in-
dex.htm) and have been used in multiple prior studies in
the radiology literature™?,
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Radiologists were first asked to assess the subjec-
tive image noise in the seven image sets of each patient
(unprocessed and NLAF processed) and then to assess
lesion detection starting from the image series with the
highest image noise to avoid bias in lesion detection and
characterization.

Objective measurements

Each subject was weighed on a digital weighing machine
just prior to the abdominal CT examination. Circular re-
glons of interest (20-30 mm in diameter) were drawn in
the homogenous area of the right lobe of liver. Circular
regions of interest (20-30 mm in diameter) were also
drawn in the abdominal aorta, without touching the lu-
men walls, to cover at least two thirds of its lumen. The
skin-to-skin maximum transvetrse diameter of abdomen
was measured from localizer radiographs, as transverse
images are often reconstructed with a smaller field of
view and may not include the skin. Objective image noise
(standard deviation) and CT numbers (HU) were mea-
sured for all 133 CT image series.

CT radiation dose descriptors such as CT dose index
volume (CTDlvol, described in mGy) and dose length
product (DLP, described in mGy.cm) were recorded from
the dose page following completion of the abdominal
CT examination for all image series.

Statistical analysis

Data were analyzed using analysis of variance (ANOVA)
and Wilcoxon signed rank test. Intraobserver variability
was not estimated as each radiologist assessed the images
only once. Interobserver variability was estimated using
both « statistics as well as percentage agreement between
the two radiologists for each of the assessed subjective
image quality and lesion assessment parameters.

RESULTS

There was variable interobserver agreement between the
two radiologists (k = 0.2-1) for abdominal CT. However,
the percentage agreement between the two radiologists
ranged from 68.4% (13/19 scores with agreement for
visibility of smaller structures) to 100% (19/19 scores in
perfect agreement for criteria such as image noise, lesion
conspicuity and diagnostic confidence) for the abdominal
CT.

Subjective assessment
Detailed subjective lesion detection and image quality
scores are summarized in Table 1.

All 31 abdominal lesions detected in 19 patients were
seen on both unprocessed and NLAF processed image
series at all tube current-time product levels. Twenty-eight
lesions (28/31, 90%) were less than 1 cm in maximum
dimension and 2 (2/31, 6%) lesions measured 1-5 cm in
maximum dimension. Detected lesions included renal
cysts and masses (7 = 7 lesions), abdominal lymph nodes
(n = 5), adrenal lesions (# = 4), gall bladder stones (7 = 3),
focal liver lesions (7 = 2), peti-renal stranding (7 = 2), cho-
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Table 1 Lesion detection and subjective image quality scores for abdominal computed tomography examinations for non-linear

adaptive filters processed and unprocessed image groups at four different radiation dose levels

Baseline Unpro Pro Unpro Pro Unpro Pro
(200 mAs) (150 mAs) (150 mAs) (100 mAs) (100 mAs) (50 mAs) (50 mAs)

No. of lesions 31 31 31 31 31 31 31
Lesion size (<1 cm) 28 28 28 28 28 28 28
Lesion conspicuity 1 1 1 1 1 1 1
Image noise 2 3 2 4 2 5 4
Visibility of small structures 3 3 3 4 3 4 4
Image contrast 3 3 3 3 3 3 3
Diagnostic confidence 1 1 1 2 1 4 3

Image noise was lowered and visibility of small structures was enhanced with non-linear adaptive filters processing. Since discrete values cannot be

averaged, the table presents the lowest or similar modal scores for lesion conspicuity, image noise, contrast and diagnostic confidence given by radiologists.

Unpro: Unprocessed; Pro: Processed.

Baseline 200mAs Unprocessed 150 mAs

Unprocessed 100 mAs

Unprocessed 50 mAs

Processed 50 mAs

Figure 1 Transverse abdominal computed tomography images in a 72-year-old woman who underwent radiofrequency ablation for renal cell carcinoma
showing a renal cyst (white arrow) in the left kidney at four different tube current- time product levels (200, 150, 100 and 50 mAs). Three lower tube current-
time products (150, 100 and 50 mAs) when processed with 2D-non-linear adaptive filters showed lower image noise without affecting image contrast.

lecystectomy (7 = 1), minimal ascites (# = 1), surgical clip
(n = 1), IVC graft (n = 1), peri IVC soft tissue stranding (»
= 1), splenic calcification (# = 1), calcified atherosclerotic
plaque (# = 1) and hydronephrosis (z = 1).

Subjective image noise was unacceptable in unpro-
cessed images at 50 and 100 mAs. With NLAF process-
ing, noise was lowered to below average or acceptable
at 100 mAs (P < 0.0001) but at 50 mAs was still rated
as unacceptable (Figure 1). At 50 mAs, abdominal CT
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images processed with NLAF were still rated as unac-
ceptable. Visibility of smaller structures, such as small
blood vessels, small lymph nodes, ducts or walls of hol-
low organs, was found to be suboptimal in unprocessed
image series at 100 mAs and was improved to acceptable
in processed image series. No major artifacts were seen
on any of the NLAF processed CT images. Minor beam
hardening or photon starvation artifacts were noted in
both unprocessed and processed image series in 5 out of

January 28,2012 | Volume 4 | Issuel |



Singh S et a/. Radiation dose reduction with NLAF

Table 2 Average objective image noise and HU values in abdominal computed tomography examinations for non-linear adaptive

filters processed and unprocessed image series at four different radiation dose levels (mean + SD)

Baseline Unpro Pro Unpro Pro Unpro Pro

(200 mAs) (150 mAs) (150 mAs) (100 mAs) (100 mAs) (50 mAs) (50 mAs)
Liver
Objective noise 15,35 2 319 182+49 144+40 219+5.6 15.7£4.0 304+9.2 18.8 5.0
HU values 70.9 £15.0 70.5+16.9 70.6 £16.0 71.2+£16.0 71.0 £16.0 70.1+£16.0 70.1+£16.0
Abdominal Aorta
Objective noise 174+42 205+5.4 16.0+3.8 24.8+6.2 185+4.2 343+93 22.0+6.0
HU values 80.5 +29.0 81.6 +37.0 81.5+31.0 82.0 £33.7 82.1+33.0 80.3 +31.0 80.0 £31.0

Objective image noise was decreased in non-linear adaptive filters processed image as opposed to unprocessed image series with no significant change in

average HU values. Unpro: Unprocessed; Pro: Processed.

Table 3 Weight and maximum transverse diameter distribution of number of subjects with acceptable and unacceptable subjective

image noise in abdominal computed tomography examinations for unprocessed and non-linear adaptive filters processed image series

at 150, 100 and 50 mAs tube current-time product levels (mean + SD)

Unprocessed images

Processed images

Acceptable noise

Unacceptable noise

Acceptable noise Unacceptable noise

150 mAs 14/19
Weight (kg) 745+14.8
Transverse diameter (cm) 342+43

100 mAs 4/19
Weight (kg) 771£40
Transverse diameter (cm) F2 22815

50 mAs 0/19
Weight (kg) -

Transverse diameter (cm) -

5/19 19/19 0/19
952+11.1 79.9+16.5 -
429445 365+58 -
15/19 17/19 2/19
80.7+18.6 769+ 14.6 106.0 £4.3
37.6+59 35756 43507
19/19 5/19 14/19
79.9+16.5 66.2+13.0 914+15.1
365+58 33.0+3.4 406 +6.1

Subjects with unacceptable image noise in processed images were significantly heavier and had greater transverse diameter than subjects with acceptable

image noise.

19 image series at 50 and 100 mAs. These artifacts were
minor and did not interfere with diagnostic confidence.
Diagnostic confidence was suboptimal on unprocessed
images at 100 mAs and it improved to fully acceptable
in NLAF processed image series at 100 mAs. At 50 mAs
both unprocessed and processed images were rated as
unacceptable for diagnostic confidence. Weight distribu-
tion of subjects with acceptable and unacceptable image
noise in both unprocessed and processed images is sum-
marized in Table 2.

Objective image quality
Detailed objective image quality scores for abdominal
CT have been summarized in Table 3. Average objec-
tive image noise (£ standard deviation of the average) in
the liver was decreased by 21% (14.4 + 4/18.2 £ 4.9) at
150 mAs, by 29% (15.7 + 4/21.9 + 5.6) at 100 mAs and
by 39.4% (18.8 £ 5.7/30.4 + 9.2) at 50 mAs processed
images as compared to unprocessed image series at cor-
responding mAs levels (P < 0.0001), whereas in the ab-
dominal aorta noise decreased by 22% (16 + 3.8/20.5 £
5.4) at 150 mAs, by 26% (18.5 + 4.2/24.8 + 6.2) at 100
mAs and by 38% (22 £ 6/34.3 £ 9.3) at 50 mAs pro-
cessed images (P < 0.0001).

There was no significant change in the average CT
number (for liver and aorta) in unprocessed and processed
abdominal CT image series (P > 0.05).
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Radiation doses

CTDlvol for abdominal CT image series at 200 mAs,
150 mAs, 100 mAs and 50 mAs were 16.8, 12.6, 8.4, 4.2
mGy, respectively. The respective DLP values were 245.6,
141.8, 95.7, and 49.7 mGy-cm.

DISCUSSION

Since lowering of radiation dose increases the image
noise, an approach to reduce radiation dose associated
with CT'is to post process low dose noisy images in order
to lower image noise and enhance diagnostic confidence.
In the CT source data domain, users can change the CT
image reconstruction technique; for example, filtered
back projection with smoother or sharper reconstruction
kernel. Use of smoother kernel does entail some loss
of spatial resolution or image sharpness, whereas use of
sharper kernels increases image noise at the expense of
higher spatial resolution and improved image sharpness.
Recent studies and commercial release of iterative recon-
struction techniques allows scanning at lower radiation
dose, as these techniques provide images with less image
noise”™ *’. However, presently these iterative reconstruc-
tion techniques are somewhat slower in reconstruction
time and are only available on the latest high end (64
slices or higher) CT scanners with substantial cost incre-
ments for both hardware and software upgrades. On the
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other hand, image post processing filters have also been
developed to lower image noise!”". These filters work in
the DICOM image space domain and are less computa-
tionally intense compared to the iterative reconstruction
techniques. Unlike the iterative reconstruction techniques,
which are applied to the CT scanner user interface,
NLAF used in our study is a server-based application that
identifies and processes low dose CT images automati-
cally as they transit from CT user interface to the PACS
network. To the best of our knowledge, there is no head
to head comparison available to date between the iterative
reconstruction techniques and the image post-processing
filters.

Different types of image post processing filters have
been used to reduce image noise in low radiation dose
CT images'”". We used a NLAF for the purpose of our
study. For abdominal CT images, NLAF post process-
ing of 100 mAs image series changed image noise to
acceptable from unacceptable in unprocessed images.
However at 50 mAs, both processed and unprocessed
images were found to be suboptimal. Lowering of image
noise with NLAF did not affect the image contrast or le-
sion conspicuity in abdominal CT images. This trend was
confirmed with objective image noise measurements in
abdominal CT images. In addition to lowering of image
noise, NLAF enhanced the visibility of smaller structures
at 100 mAs. Our results are in contradiction to prior non-
linear filters described by Kalra ¢z a/'"". Contrary to the
loss of visibility of small structures and demeaned lesion
conspicuity noted on prior studies, NLAF used in our
study was not associated with these disadvantages. Hence,
application of NLAF in abdominal CT allows radiation
dose reduction while maintaining constant image quality
and diagnostic confidence.

Our findings are consistent with those reported in
a phantom study performed by Funama e# al', who
found that 80 to 100 mAs images were acceptable fol-
lowing post processing with a different vendor’s NLAFE.
We believe that the inherently high contrast in the chest
from air and fat helped in achieving greater dose reduc-
tion with NLAF. In another study, Funama ez 2/'” found
that adaptive filters can improve image noise and diag-
nostic acceptability of abdominal CT images acquired at
60 to100 mAs based on the size of the patients. We also
noted that 5/19 abdominal CT images acquired at 50
mAs in subjects weighing less than 66 kg were acceptable,
whereas the subjects with unacceptable image quality at
50 mAs were considerably heavier (weight greater than
91 kg) (P < 0.0001).

Results of our study are also in agreement with Kropil
et al™, who used the same NLAF as in our study to post
process simulated upper abdomen MDCT phantom
images and found that 50% radiation dose reduction is
possible with post processing. We also found that im-
age noise in 100 mAs abdominal CT images following
post processing is similar to image noise in unprocessed
200 mAs images. Our results are also similar to another
phantom study from Martinsen ef al™ also using the
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same NLAF, which showed acceptable lowering of tube
current-time product down to only 112 mAs for detec-
tion of 2 mm-7 mm simulated liver lesions.

Our study has limitations. Foremost, the small sample
size of our study is due to the difficulty in recruiting pa-
tients, which could be due to many reasons, such as rising
concern of radiation-induced cancer. Another limitation
of our study is that we did not use automatic exposure
technique to evaluate the effect of NLAF on radiation
dose reduction, although automatic exposure control
techniques are routinely used for dose modulation in rou-
tine clinical practice. We used fixed tube current settings
to reduce radiation dose for the following reasons: firstly,
to obtain four levels of radiation dose with automatic
exposure control, we would have been required to adjust
the noise index (desired image noise for adjusting tube
current) and minimum and maximum tube current for
each dose level as well as for different patient size, as au-
tomatic exposure control would have increased radiation
dose to larger subjects and decreased the radiation dose
for slimmer subjects. To further complicate the matter,
change in radiation dose with automatic exposure control
is non-linear to the body size in order to avoid inadver-
tent use of high tube currents in larger subjects and too
low tube currents in slimmer subjects.

Also, we did not investigate the effect of NLAF post
processing in patients of different sizes due to our small
sample size. Although it is very difficult to blind the ex-
perienced radiologist between unprocessed and processed
images due to differences in image noise, we randomized
the image sets acquired at varying dose levels (16.8-4.2
mGy). Another possible limitation of our study is the
fact that CT images were acquired in equilibrium phase
and not in non-contrast or dynamic phase. An additional
consideration with our study is the fact that we used 4
image datasets of each patient at four different radiation
dose levels and this repetitive reviewing of images may
have biased the radiologists for the lesion conspicuity as-
sessment component of our study. However, in order to
minimize this bias in image assessment, each radiologist
was asked separately to first assess the lesion conspicuity
on the image series with the greatest image noise or those
image datasets acquired at lowest dose levels and then as-
sess the other dose levels. Although NLAF works on DI-
COM images from all vendors, we did not perform side
by side comparisons for the role of NLAF on CT images
from other vendors. Also, we did not compare NLAF
filters with other available commercial CT image filters.

Implications of our study include potential for re-
ducing radiation dose by 50% with the application of
NLAF as used in our study. Further studies will however
be needed to determine the actual noise reduction effect
of NLAF on patients of different sizes, in particular for
large patients.

In conclusion, substantial CT radiation dose reduc-
tion is feasible for abdominal CT images (down to 100
mAs) following processing with NLAE
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‘ Multi frequency sub bands ‘

Figure 2 Non-linear adaptive filters divides the original image into a number of frequency bands, which are processed separately and ultimately re-com-

bined into a resultant final image. NLAF: Non-linear adaptive filters.

APPENDIX

The two dimensional NLAF used in this study are based
on the General Operator Processor technology[m. The
algorithm divides the data into several frequency bands
that are processed separately and then re-combined. The
number of frequency bands varies between cases, depend-
ing on the scanner and anatomy of intent (as described
in Figure 2, where chest image has been parsed into three
frequency bands). Hach band usually contains similar size
structures, which allows it to process anatomical structures
by size. The low-pass band on the left consists mainly of
the amplitude of the 2D signal and low frequent varia-
tions. The high-pass band contains predominantly small
structures and noise. The remaining band cover structures
of mid size and low frequency noise. After processing
each frequency band, NLAF adaptively combines the en-
hanced bands to yield a resultant filtered image.

During the filter’s hierarchical process, each pixel is
examined in relation to its surroundings. Local features
are estimated by using a set of filters in different direc-
tions. The filters are designed so that the combined filter
response is completely rotational invariant. During the
analysis of the filter responses a number of simple, com-
plex and hypercomplex features are estimated. These
features can be for example variance, orientation, phase,
energy and curvature. When a local NLAF feature has
been estimated, the feature is estimated also on a higher
abstraction level to get robust results for the neighbour-
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hood. From this information one can decide if the pixel
is part of the same structure as its neighbours. Moreover,
certainty values on the feature estimations are always
generated to further obtain robust results. One example
is two crossing lines where there is high signal energy in
the crossing point but low certainty on orientation since
there is more than one orientation present.

The compiled set of these features forms the contextual
information for every location in the image. This contex-
tual information is fused to generate a specific filtering
method, which adapts to the image signal in every loca-
tion and individually optimizes each pixel. The unique
nature of NLAF is the possibility of adapting desired
behavior to the image content, allowing for simultane-
ous noise reduction and edge enhancement. For example,
edge enhancement in high frequency areas such as lung
and bones, and selective noise reduction in other soft tis-
sue regions within a single image. Finally, the parameters
may be adjusted for the anatomical region scanned, as for
example the abdominal CT images (more noise reduc-
tion or smoothing is required) need different parameters
than those needed in chest images (where greater edge
enhancement with limited smoothing is required). The
enhancement is performed in different intensity value
ranges, corresponding to tissue-type-specific Hounsfield
Units. Also these parameters can be adjusted based on
user preference, as some radiologists prefer smooth im-
ages while others prefer sharp, crisp images.
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COMMENTS

Background

As the use of computed tomography (CT) is increasing, with an estimated 62
million scans per year in the United States in the year 2006, the concerns asso-
ciated with radiation exposure have also increased in both the news media and
the medical literature. The primary concern of radiation dose associated with
CT scanning is radiation-induced carcinogenesis. The probability of radiation-
induced cancer is directly related to the radiation dose absorbed by tissues and
organs and hence the reduction of dose is of paramount importance. In CT,
reduction of dose results in images with larger image noise or mottle and hence
raises the possibility of missing lesions or other diagnostic findings. Efforts have
been made to reduce radiation dose while maintaining image quality which
have led to several changes in CT hardware and software technologies. From
the software point of view, image post processing with linear and non-linear
filters have been developed and assessed for lowering image noise and im-
proving or maintaining lesion conspicuity on low dose images. Previous clinical
studies have reported the use of non-linear image filters for reducing radiation
dose for chest and abdominal CT examinations. However, some of these filters
lower image noise at the expense of image contrast or visibility of smaller struc-
tures. New non-linear adaptive filters (NLAF) have been developed and studied
using phantom and simulated CT images.

Innovations and breakthroughs
Substantial CT radiation dose reduction is feasible for abdominal CT images
(down to 100 mAs) following processing with NLAF.

Applications

Implications of our study include potential for reducing radiation dose by 50%
with the application of NLAF as used in our study. Further studies will however
be needed to determine the actual noise reduction effect of NLAF on patients of
different sizes, in particular for large patients.

Peer review

This study presents the results of the application of NLAF software to abdomi-
nal CT images and demonstrates the prospect of dose reduction that can be
achieved with the use of such filters. Overall, this is a very good paper. It is well
designed, well implemented and well analyzed.
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