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How Different Iterative and Filtered Back Projection Kernels
Affect Computed Tomography Numbers and Low
Contrast Detectability

David Vilgyes, MSc,* Marius Pedersen, PhD,* Arne Stray-Pedersen, PhD, MD, 1}
Dag Waaler, PhD,§ and Anne Catrine Treegde Martinsen, PhD//Y

Objective: The aim of this study was to evaluate how different iterative
and filtered back projection kernels affect the computed tomography
(CT) numbers and low contrast detectability.

Methods: Five different scans were performed at 6 different tube po-
tentials on the same Catphan 600 phantom using approximately the same
dose level and otherwise identical settings. The scans were reconstructed
using all available filtered back projection body kernels and with iterative
reconstruction techniques.

Results: The CT numbers and the contrast-to-noise ratios were re-
ported and how they are affected by the kernel choice and strength of
iterative reconstruction.

Conclusions: Iterative reconstruction improved contrast-to-noise ra-
tio in most cases, but in certain situations, it decreased it. Variations in
CT numbers can be large between kernels with similar sharpness for
certain densities.
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omputed tomography (CT) image quality is essential for

high-quality diagnostics. Soon after the first commercial
CT scanners had appeared, the need for standardized quality as-
surance (QA) tests arose.! The main goal of the QA measurements
is to ensure that CT image quality and dose are in agreement
with specifications and international recommendations. Subjec-
tive evaluations with expert readers supplement these objective
criteria, but due to the time-consuming nature of these evaluations,
they are mostly used in optimization of image quality for one spe-
cific examination protocol. ™
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Diagnostic image quality cannot be fully assessed without
the knowledge of the anatomical area of interest and pathology
to be searched for. Due to that, many different anatomical phan-
toms have been developed, such as cardiac, liver, lung, thorax
phantoms, among others.> These are more or less anthropomor-
phic, with difference in texture, density, size, and complexity.
Reading conditions, such as ambient lighting or display window
settings used, also affect the reader's performance, and thus
diagnostic quality.

However, there are basic criteria which must be fulfilled by
all CT scanners. Therefore, some general purpose image quality
QA phantoms and test methods have been developed. These are
meant to be used for daily, weekly, and longer term QA tests.
One of the most widely used such phantom is the Catphan 600
(Phantom Laboratories, New York), which has a modular struc-
ture.! Each module was designed for specific measurements. Per-
forming well with this phantom is required, but not sufficient per
se for accurate diagnostics.

Dose reduction and image quality are currently in the center
of research. This research typically targets a few selected kernels
or few selected parameters, and optimize these for dedicated di-
agnostic purposes.® ' Iterative reconstructions (IRs) have just
started to gain wider acceptance in clinical practice in recent
years, with a research focus on specific applications with respect
to increased diagnostic accuracy and/or dose reduction.'’'? In
contrast, this article focuses on the basic criteria and evaluates
them in large number of combinations of scan and reconstruction
parameters. This exhaustive approach also allows discovering rare
effects which are otherwise easily overlooked.

MATERIALS AND METHODS

The Catphan 600 phantom is a widely used general purpose
phantom for CT image quality evaluation." It is a modular phan-
tom where individual modules are used for specific tests. In our
work, the CTP404 module was used for linearity tests to measure
mean CT numbers, and the CTP515 module for contrast-to-noise
measurements. The 2 modules and the performed measurements
are depicted in Figures 1 and 2, respectively.

In the experiment, the same phantom was scanned 5 times
with the exact same scanning parameters except for 2 parameters:
peak tube voltage [kilovolt (peak), kV(p)] and effective tube cur-
rent (mAs). Effective mAs was selected to produce the same
CTDIvol dose level (10.0 mGy) for all of the measurements.
The peak voltages used were 70, 80, 100, 120, and 140 kV(p) with
280, 613, 292, 178, and 122 mAs tube current, respectively. The
common parameters are presented in Table 1. The applied dose
was close to the level normally used for abdominal CT with IR.
The potential for dose reduction using IR algorithms was not eval-
uated in this study.
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FIGURE 1. Main components of the CTP404 module. CT numbers
are measured in 7 positions. Figure 1 can be viewed online in color
at www.jcat.org.

CT Scanner and Reconstruction Kernels

All scans were performed on a Siemens Somatom Defini-
tion Flash dual-source multi-slice CT scanner (Siemens AG,
Forchheim, Germany; http://www.healthcare.siemens.com/
computed-tomography/dual-source-ct/somatom-definition-
flash). The scanner provides both application specific and gen-
eral purpose reconstruction kernels. A summary of the kernels
is presented in Table 2. In this article, we will refer to filtered
back projection (FBP) and the related IRs as a kernel family
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FIGURE 2. Main components of the CTP515 module.
Contrast-to-noise measurement is performed using 2 ROls, one in
the largest 1% cylinder and one close to it in the background.
Figure 2 can be viewed online in color at www.jcat.org.
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TABLE 1. Scan and Reconstruction Parameters

CTDlvol 10.0 mGy
Data collection diameter 500 mm
Reconstruction diameter 300 mm
Single collimation width 0.6 mm
Total collimation width 38.4 mm
Pitch 0.6 mm
Rotation speed 05s
No. axial slices 103
Slice thickness 2.0 mm
Matrix size 512 x 512
In plane voxel size 0.586 mm

or reconstruction family. Some FBP kernels have no iterative
counterpart (Table 2), and some of them (B22f, B23f) are not
present at 70 kV(p).

In this study, the general body kernels were investigated
both with FBP and IR where IR was available. The IR is called
Sinogram Affirmed Iterative Reconstruction (SAFIRE), and it
operates in the projection domain in addition to the image domain
to reduce noise and artifacts. The parameter choice of SAFIRE is
its level or strength, which can be varied from 1 to 5.

Minimizing External Effects

All of the measurements were performed in the exact same
patient-table positions without modifying anything in the setup
except the tube voltages which yielded one scan for every tube
voltage. Therefore, at a given tube voltage, every reconstruc-
tion used the exact same raw data. Both positioning and inter-
phantom differences were supposed to be eliminated with
this approach.

Linearity
One of the most important image quality features is CT
number linearity. Computed tomography images are graphical

TABLE 2. Reconstruction Kernels

Kernel Family FBP IR Sharpness, Purpose

10 B10f —  Very smooth

20 B20f —  Smooth

22 B22f —  Smooth, quantitative

23 B23f —  Smooth, quantitative with dedicated
iodine beam hardening correction

26 B26f 126 HeartView smooth

30 B30f 130 Medium smooth

31 B31f 131 Medium smooth+

35 B35f —  HeartView medium

36 B36f 136 HeartView medium

40 B40f 140 Medium

41 B41f 141 Medium+

45 B45f —  Medium, designed for Ca-scoring

46 B46f 146 HeartView sharp

50 B50f 150 Medium sharp

60 B60f —  Sharp

70 B70f 170  Very sharp

75 B75f —  Very sharp

80 B80f —  Ultra sharp

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 3. Attenuation Values for Phantom Materials and
Typical Tissues

Material or Tissue Attenuation, HU

Air —1046:-986
PMP —220:—172
LDPE -121:-87
Water =77
Polystyrene —65:—29
Acrylic 92:137
Delrin 344:387
Teflon 941:1060
Lung —600:-400
Fat —100:—60
Soft tissue 40:80
Bone 400:1000

representation of the linear x-ray attenuation coefficient (u) of
an object. Computed tomography numbers are measured in
Hounsfield units (HU), where HU for water is 0, and HU for air
is —1000. However, the relation between CT numbers and p is
not unambiguous.

A scanner can map the same physical object into slightly
different CT numbers depending for instance on the spectrum
of the x-ray tube, reconstruction kernel, or correction algorithms
such as a dedicated beam hardening correction. Computed to-
mography numbers are sometimes directly used in diagnostics;
therefore, it is of utmost importance that these values are accu-
rate. If 2 kernels give different mean CT numbers for the same
area, then any comparative study between them should take this
fact into account.

The CTP404 module (Fig. 1) of Catphan 600 phantom con-
tains 6 cylindrical inserts filled with solid materials and 1 with air
as reference materials, and an optional water insert which was not
used in this study. The reference materials [acrylic, polystyrene,
low density polyethylene (LDPE), polymethylpentene (PMP),
Delrin (DuPont's registered trademark), and Teflon (DuPont's reg-
istered trademark)] were selected to ensure that, for the most im-
portant density regions, the CT scanner produces the expected
image. The references objects are cylinders with 10-mm diameter.
To avoid edge effects radially, a centered circular region of interest
(ROI) with 5-mm diameter were used for the measurements.
Along the axial direction, measurements from 7 slices (2 mm
each) were used to reduce the effect of statistical fluctuations.
The ROI of the measurements consisted of 399 voxels. Nominal
values are reported in Table 3 for the phantom materials and for
some similar typical tissues, based on the phantom reference
manual'® and Holmes et al.'*

Contrast-to-Noise Ratio

Low contrast detectability is an important CT image quality
descriptor. The CTP515 module supports both psychophysical
tests and numerical comparisons. The numerical evaluation re-
quires the calculation of contrast-to-noise ratio (CNR). Many dif-
ferent definitions exist and any of them can be used as long as it is
used for relative comparisons. Contrast-to-noise ratio is calculated
as follows'”:

2
ong = 2

oy + 0§

Here S and Sg are the mean values for signals with 2 ROIs, and
02 and 0% are the variances of these signals, respectively.

The CNR value for each reconstruction was calculated from
the same ROI pixels using the low contrast detectability cylinder
with the largest diameter (15 mm) with 1% (10 HU) density as
the signal, and a corresponding region of the same size just out-
side as the background. The central 10 mm area in 7 slices
(2 mm each) was used for the measurement, which comprised
1575 voxels. The setup is depicted in Figure 2.

Data Collection

Each reconstruction provided 8 data points: 7 mean CT num-
bers for different materials, and 1 CNR. The materials had a nom-
inal CT density to which the measurements should be compared
during a QA test. Deviation from the nominal values should be
in a certain range.'* The available combinations of tube voltages
and kernels (FBP and SAFIRE) yielded 313 reconstructions,
which resulted in 2504 data points for CT numbers and CNR.

RESULTS

Linearity

Figures 3 to 9 visualize the measured mean CT numbers in
the ROIs. The coloring in these figures is aimed to visualize the
distribution of the negative (blue), close to zero (gray), and posi-
tive (red) relative differences. It is clear from these figures that
there are kernels with similar properties. The kernels 22, 31, 35,
36,41, 45, 46, and 50 are all within the +£3 HU range of the refer-
ence kernel for which kernel 36 was chosen. This group can be
extended with kernels 60, 70, and 75, if the range is increased to
+4 HU, and air measurements are excluded.

Also, a second, smaller, weaker group of kernels can be iden-
tified. The core of this group consists of kernels 26 and 30 where
the reported mean values differ in less than =1 HU. Kernel 40
shows similar properties for medium attenuations (+2.5 HU) but
for Teflon and air the differences are larger, up to 8.1 HU. Summa-
rizing these results, the 2 groups consist of these reconstructions,
where parenthesis shows the eased conditions for group 1:
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FIGURE 3. Relative CT number differences for air. The values are relative to the B36f kernel at the given energy. B22f and B23f kernels cannot
be used for 70-kV(p) scans. Figure 3 can be viewed online in color at www.jcat.org.
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FIGURE 4. Relative CT number differences for PMP material relative to the B36f kernel

. Figure 4 can be viewed online in color at www jcat.org.
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FIGURE 5. Relative CT number differences for LDPE material relative to the B36f kernel. Figure 5 can be viewed online in color at www.jcat.org.

» 22,31, 35, 36, 41, 45, 46, 50, (60, 70, 75)
* 26, 30, 40

The CT number uniformity tests allow a +4 HU range for wa-
ter or water equivalent material only.> This kind of uniformity is
not required for air and dense materials where noise and artifacts
might play significant roles. The previously mentioned 2 groups
yield lower inhomogeneities for medium dense materials than
the requirement for homogeneity. However, if a material has to
be excluded (air, Teflon) although it is not tested in standard ho-
mogeneity tests, then it shows a weaker connection.

The rest of the kernels (10, 20, 23, and 80) sometimes show
similarities to other kernels but not strong enough to associate
them with one of the groups. The unique behavior of kernel 23
can be explained by the fact that it applies a dedicated iodine beam
hardening correction.

Low Contrast Detectability

One of the important measures in low contrast detectability is
CNR. In general, IRs reduce the noise level and improve CNR.
This does not, however, necessarily improve the diagnostic image
quality, and often a medium noise suppression is preferred.'®

Three relations were examined as follows:

« correlation between CNR and SAFIRE level for a given kernel,
* CNR as function of SAFIRE level at given tube voltages,

« relative CNR improvement as function of SAFIRE level at
given tube voltages.

First, sharper kernels benefited relatively more from IR, as it
is demonstrated for 120 kV(p) in Figure 10. Other tube voltages
produced similar results. Second, 2 of the 3 cardiac kernels (26,
36) show lower CNR for low level IR (SAFIRE 1) than for FBP.
This was found for all tube voltages. Figure 11 depicts kernel 26
with this strange result, and Figure 12 shows the general case.
Figure 13 shows all kernels with IR at 120 kV(p). Third, the same
2 kernels (26, 36) produced lower CNR values with IR than their
slightly sharper general body kernel versions. This means that,
while with FBP, kernel 26 is smoother than kernel 30; 36 is
smoother than 40 and 41. This reverses at SAFIRE 3, kernel 30
became smoother than 26 whereas kernel 41 and 40 became
smoother than 36 (Fig. 11). [CNR figures of the remaining kernels
and peak tube voltages are present online as Supplemental Digital
Content (see Figures, Supplemental Digital Content 1, http://links.
Iww.com/RCT/A56).]

DISCUSSION

CT Numbers

Reported mean CT numbers might be affected by the size and
the position of the ROIs. One particular example is beam-hardening
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FIGURE 6. Relative CT number differences for polystyrene material relative to the B36f kernel. Figure 6 can be viewed online in color

at www.jcat.org.
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FIGURE 7. Relative CT number differences for acrylic material relative to the B36f kernel
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FIGURE 8. Relative CT number differences for Delrin material relative to the B36f kernel.
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FIGURE 9. Relative CT number differences for Teflon material relative to the B36f kernel.

artifact, which is a low-frequency artifact, and thus its appear-
ance is affected by the low-frequency part of the modulation
transfer function. Beam hardening is also sensitive to the x-ray
spectrum, peak tube voltages, and patient size, among other fac-
tors. Therefore, linearity check alone cannot claim equivalence
of 2 kernels. However, it is enough to claim that 2 kernels produce
different results with a ROI size used in QA tests. The relatively
small phantom size (20-cm diameter) and the fact that the results
show no clear pattern when tube potential changes, imply that
beam hardening is not the reason for the presented results. Images
of some selected slices are presented in the Supplemental Digital
Content (see Figures, Supplemental Digital Content 1, http://
links.lww.com/RCT/A56).

There are 3 cases where similar behavior can be assumed for
the kernels, see the kernel overview in Table 2. The cardiac ker-
nels (26, 36, and 46) are different, not only in sharpness, but also
kernel 26 yields different CT numbers from the 36's and 46's re-
sults. According to the application guide, kernels 30 and 31 (me-
dium smooth and medium smooth+ kernels) should have the same
visual sharpness, although with a slightly different noise structure.
Therefore, it could be assumed, incorrectly, that they also produce
similar mean CT numbers. The exact same pattern repeats with
kernels 40 and 41 (medium and medium+ kernels).

These differences among the kernels should be taken into
account during protocol optimization because they might affect
the HU values and potentially the diagnostics. The assumption
that kernels with similar purpose (eg, cardiac, same sharpness

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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but different noise structure) yield similar mean CT numbers

can be misleading.

In this study, no effect on the mean HU numbers was seen for
SAFIRE compared to the corresponding FBP kernels. This is in
accordance with other studies reporting for some selected kernels
that they are not significantly affected by SAFIRE.'”
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FIGURE 10. Relative CNR changes for various kernels at 120 kV(p).
Figure 10 can be viewed online in color at www.jcat.org.
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FIGURE 11. Contrast-to-noise ratio for B26f/126 kernel at different
tube potentials. Figure 11 can be viewed online in color
at www.jcat.org.

CNR and IR Level

It is important to note that CNR depends on dose level, pa-
tient size, tube voltages, among other factors, and therefore, the
findings in this article might not be universal. Sharper kernels pro-
duce higher noise levels, and the main advantage of IRs is the re-
duction of the noise level. This implies that the sharper kernels
benefit more from IRs. However, the CNR decrease for the rela-
tively smooth kernels 26 and 36 at SAFIRE 1 is unexpected. The
CNR decrease could originate from signal change or from noise
level change. In both cases, the cause of the lower CNR was con-
sistently the higher noise level at SAFIRE 1. For these 2 kernels,
changes in the CNR changes are decomposed into a signal and a
noise part in the Supplemental Digital Content (see Figures, Sup-
plemental Digital Content 1, http://links.lww.com/RCT/A56).

If one kernel is smoother and has higher CNR than another
one (eg, B26f and B36f), then this order is expected to remain un-
changed even if IR is applied (eg, 126 and 136 at SAFIRE 5). The
mentioned break in the CNR curves invalidates this assumption
for kernels 26 and 36. However, for the rest of the kernels, the as-
sumption remains true. Contrast-to-noise ratio is only one of the
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FIGURE 12. Contrast-to-noise ratio for B46f/146 kernel at different
tube potentials. Figure 12 can be viewed online in color
at www.jcat.org.
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CNR

FIGURE 13. Contrast-to-noise ratio for various kernels at 120 kV(p).
Figure 13 can be viewed online in color at www.jcat.org.

many aspects of image quality. Despite the lower CNR results,
these kernels might remain favorable for specific applications
due to, for example, their different noise structure, but caution
is recommended.

CONCLUSIONS

Unexpected results were found both for mean CT num-
bers and for low contrast detectability. Although kernels are
manufacturer-specific, the conclusion is general: even with
widely used kernels, differences can easily be overlooked. There-
fore, any protocol optimization effort should devote extra atten-
tion to this detail.

This study shows that for kernels normally used for soft tis-
sue, the HU values will be minimally shifted for tissue densities
close to zero. The HU shifts were, however, observed for tissue
densities in the higher and lower part of the HU scale. The results
show that it is important that radiologists use absolute HU values
with care for diagnostic purposes.

It is worth mentioning that the unexpected results are related
to the arguable most frequently used medium soft and medium
kernels (26, 36, 30, 31, 40, and 41). Future work should settle
the question whether modulation transfer function and noise
power spectrum provide any similar results. Dose level, patient
or phantom size, material-specific modulation transfer function,
and kernel-specific correction algorithms make the optimization
task even more complex.
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