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Purpose: To determine the dose reduction that could be achieved
without degrading low-contrast spatial resolution (LCR)
performance for two commercial iterative reconstruction
(IR) techniques, each evaluated at two strengths with
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Rickey E. Carter, PhD Materials and Two scanner models were used to image the American

Methods: College of Radiology (ACR) CT accreditation phantom
LCR section at volume CT dose indexes of 8, 12, and 16
mGQGy. Images were reconstructed by using filtered back
projection (FBP) and two manufacturers’ IR techniques,
each at two strengths (moderate and strong). Data ac-
quisition and reconstruction were repeated 100 times
for each, yielding 1800 images. Three diagnostic medi-
cal physicists reviewed the LCR images in a blinded fash-
ion and graded the visibility of four 6-mm rods with a
six-point scale. Noninferiority and inferiority-superiority
analyses were used to interpret the differences in LCR
relative to FBP images acquired at 16 mGy.

Results: LCR decreased with decreasing dose for all reconstruc-
tions. Relative to FBP and full dose, 25%-50% dose re-
ductions resulted in inferior LCR for vendors 1 and 2 for
FBP and 25% dose reductions resulted in inferior and
equivalent performance for vendor 1 and equivalent and
superior performance for vendor 2 at moderate and
strong IR settings, respectively. When dose was reduced
by 50%, both IR techniques resulted in inferior LCR at
both strength settings.

Conclusion: For radiation dose reductions of 25% or more, the ability
to resolve the four 6-mm rods in the ACR CT accredita-
tion phantom can be lost.
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terative reconstruction (IR) is now

available from all major manufac-

turers of clinical computed tomo-
graphic (CT) scanners. IR techniques
allow substantial noise reduction while
maintaining high-contrast spatial res-
olution (1). However, IR techniques
affect the noise and spatial resolution
properties in a nonlinear manner. As
a result, the spatial resolution of low-
contrast objects can be degraded by
IR without changes to the spatial res-
olution of high-contrast objects; the
amount of degradation is determined
by the desired level of noise reduction
(2). Thus, the dose reduction poten-
tial of IR is highly dependent on the
diagnostic task. For diagnostic tasks
involving high-contrast objects, such
as bony anatomy or relatively large
vessels containing iodinated contrast
agents, substantial noise reduction is
possible without compromising diag-
nostic performance (3). This ability to
substantially reduce image noise allows
for marked dose reduction (3). How-
ever, for diagnostic tasks involving low-
contrast objects, such as liver lesions
or hypoattenuated regions of the brain
secondary to stroke, it is critical to de-
termine how much low-contrast spatial
resolution (LCR) is affected by IR, such
that as dose is reduced, the noise re-
duction caused by IR does not compro-
mise the ability to detect and character-
ize low-contrast objects.

A familiar example of the assess-
ment of LCR is the LCR test of the
American College of Radiology (ACR)
CT Accreditation Program (4). The

Advances in Knowledge

B Dose reductions of 25%-50%
degraded the low-contrast spatial
resolution compared with what
was obtained with filtered back
projection reconstruction at full
dose levels, even with use of iter-
ative reconstruction techniques.

B For radiation dose reductions of
25%-50%, the ability to visualize
all four 6-mm low-contrast rods
in the American College of Radi-
ology CT accreditation phantom
can be lost.

program requires submission of images
of the LCR test pattern that have been
acquired and reconstructed by using
protocol parameters for the relevant
clinical examinations. The passing cri-
teria that were established early in the
program were based on the LCR perfor-
mance of generally accepted protocols
for routine brain and abdomen scanning
(5). The minimum performance level
required that all four 6-mm rods were
deemed to be visible by the physicist re-
viewer. This ensured that practices re-
ceiving ACR CT accreditation achieved
a minimal, albeit somewhat subjective,
level of LCR as directly determined by
human observers. To facilitate more
ohjective review of submitted phantom
images, the ACR CT Accreditation Pro-
gram recently changed its LCR criterion
from requiring that the reviewer be able
to visualize all four 6-mm rods to re-
quiring that the contrast-to-noise ratio
measured in the 25-mm rod be greater
than 1.0. There is evidence, however,
that the use of contrast-to-noise ratio is
an inadequate measure of LCR when IR
techniques are used (6,7).

As IR-equipped
added to our institution’s practice, we
noticed degraded LCR quality testing
performance for reduced-dose images
reconstructed with IR relative to the
performance measured by using full-
dose filtered back projection (FBP)

Implications for Patient Care

B For diagnostic tasks requiring the
ability to detect and resolve
subtle low-contrast lesions, the
use of iterative reconstruction
techniques at decreased radia-
tion dose levels may degrade
diagnostic performance.

scanners were

B The use of iterative reconstruc-
tion techniques to compensate
for decreased dose should be
adopted with caution for clinical
examinations requiring excellent
low-contrast spatial resolution,
such as unenhanced brain CT in
the evaluation of possible stroke,
or contrast-enhanced abdominal
CT in the detection of liver
metastases.

images, even though the same mea-
surement and evaluation methods were
used for FBP and IR images. Others
have also reported degraded LCR per-
formance with use of IR and decreased
radiation doses (8-10). It is not clear,
however, which IR parameter settings
and dose reduction amounts, if any, can
be used without sacrificing LCR. Thus,
the purpose of this work was to deter-
mine the dose reduction that could be
achieved without degrading LCR per-
formance for two commercial IR tech-
niques, each evaluated at two strengths
with a large number of repeated scans.

Materials and Methods

Data Acquisition and Image
Reconstruction

Image data were acquired by using
two scanner models from two different
manufacturers: a Lightspeed VCT scan-
ner (GE Healthcare, Waukesha, Wis)
and a Somatom Definition Flash scan-
ner (Siemens Healthcare, Forchheim,
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Abbreviations:

ACR = American College of Radiology
Cl = confidence interval

CTDI,,, = volume CT dose index

FBP = filtered back projection

IR = Iterative reconstruction

LCR = low-contrast spatial resolution
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Germany) (Table 1). The latter was used
in a single-source mode. Scans were
performed in the LCR section of the
ACR CT accreditation phantom (Fig 1)
(Gammex 464; Gammex, Middleton,
Wis) at three different volume CT dose
index (CTDI ) values: 16, 12, and 8
mGy. Three different reconstructions

were performed for each acquisition,
two of which were IR techniques. For
the Lightspeed VCT scanner, the de-
fault FBP reconstruction technique and
the standard (or STD) reconstruction
algorithm were wused. Additionally,
the Adaptive Statistical Iterative Re-
construction (ASIR; GE Healthcare)

Table 1

Reconstruction Settings and Dose Levels Used in This Study

LightSpeed VCT Definition Flash

Setting Scanner Scanner

FBP kernel STD B40

IR technique ASIR SAFIRE

IR kernel STD 140

Moderate IR setting 50% ASIR Strength 3

Strong IR setting 100% ASIR Strength 5

Detector configuration 64 X 0.625 mm 128 X 0.6 mm*

Helical pitch 0.983 1.0

Dose level (mGy)* 8,12,and 16 8,12,and 16

Tube potential (kVp) 120 120

Image thickness (mm) 5 5

Note.—A total of 100 images were acquired by using each combination of IR setting and dose level for each scanner. STD =

standard.

* Physical detector collimation was 64 % 0.6 mm. Double sampling along the z direction was achieved with a flying focal spot.

T CTDI__, as displayed on scanner console.

vol’

25 mm rod

6 mm rods

£

5 mm rods

"

4 mm rods

Figure 1:

CT image of the LCR section of the ACR CT Accreditation

Program phantom acquired with a commercial CT scanner.

technique was used to reconstruct IR
images. ASIR reconstruction was per-
formed at moderate and strong settings
(50% and 100% ASIR, respectively).
For the Definition Flash scanner, re-
constructions were completed by using
Siemens’ FBP and Sinogram AFfirmed
Iterative Reconstruction (SAFIRE; Sie-
mens Healthcare) techniques. The FBP
reconstruction kernel used was B40.
Two SAFIRE reconstructions were per-
formed by using the 140 kernel, which
has a high-contrast spatial resolution
equivalent to the B40 kernel at mod-
erate and strong settings (strength of
3 and 5, respectively). All images were
reconstructed with an image thickness
of 5 mm.

For each of the two scanner models,
data acquisition and image reconstruc-
tion were repeated 100 times for each
of the three dose levels and three re-
construction settings, yielding a total of
1800 images. A total of 100 repeated
studies were acquired and reviewed for
each reconstruction and dose configu-
ration to reduce the effect of statistical
variation. That is, the appearance of a
low-contrast object can differ substan-
tially from one image to another due
to statistical variation (Fig 2), causing
two images acquired with two separate
scans but with the exact same scanning
and reconstruction settings to yield
very different LCRs.

Image Quality Evaluation

LCR images were reviewed indepen-
dently in a randomized and blinded
fashion by three diagnostic medical
physicists with 6, 7, and 10 years of ex-
perience in reviewing ACR CT accred-
itation images (S.L., L.Y., and J.M.K.,
respectively). The following six-point
scale was used to describe the ability
of each reviewer to resolve the four
6-mm rods in each image: 1, definitely
not visible; 2, not visible, a few rods
barely visible; 3, some but not all rods
visible; 4, all rods slightly visible; 5, all
rods reasonably visible; and 6, all rods
definitely visible. Image review was per-
formed in a darkened room with a cali-
brated monitor. Images were presented
in 18 sets of 100 randomized images,
with an automated software tool used to
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record each score. The viewing screen
was briefly turned black between each
image to avoid persistence of the im-
age on the reader’s retina, and each of
the three or four viewing sessions was
limited to 2 hours to prevent reviewer
fatigue.

Statistical Analysis

The goal of the analysis was to provide
estimates of the change in reviewer
scores for the altered dose and recon-
struction configurations relative to the
reference image (FBP, 16 mGy). The
primary end point was a composite
mean reviewer score, which was calcu-
lated by averaging the scores from the
three reviewers for each specific combi-
nation of dose level and reconstruction
technique. The differences in compos-
ite scores, along with their associated
95% confidence intervals (Cls), were
estimated by using contrasts obtained
from a one-way analysis of variance
model. A sensitivity analysis was con-
ducted by using 99.4% (ie, 1-0.05/8)
Cls to account for the eight compari-
sons performed within each vendor.
The principles of noninferiority
analysis were used to guide the inter-
pretation of the findings (11). The limit
of noninferiority was determined before
we analyzed the data and was set to be
25% of the hypothesized standard devi-
ation of the composite score based on
the plausible range of data. Specifically,
the limit of noninferiority was set at 0.25

Figure 2: Example images show the effect of
statistical variation on LCR. These images were
acquired with two separate scans but the exact
same scanning parameters and reconstruction
settings. The 6-mm rods are clearly seen on the
left image but not on the right image. Display
window width and window level are 100 HU and
100 HU, respectively, as required by the ACR CT
Accreditation Program.

FBP Moderate IR Strong IR

16 mGy

12 mGy

8 mGy

Figure 3: Example images acquired with the Lightspeed VCT scanner and FBP, moderate IR, and strong IR
reconstructions. Images were from one of the 100 repeated scans at each of the three dose levels. Display
window width and window level are 100 HU and 100 HU, respectively, as required by the ACR CT Accredi-
tation Program. Dark circular regions visible in the center of the phantom and behind the low-contrast rods
are typical of the appearance of this phantom on GE Healthcare scanners and persisted even though all
manufacturer CT number and uniformity tolerances were met.
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FBP Moderate IR Strong IR

16 mGy

12 mGy

8 mGy

Figure 4: Example images acquired with a Definition Flash scanner and FBP, moderate IR, and strong IR
reconstructions. Images were from one of the 100 repeated scans at each of the three dose levels. Display
window width and window level are 100 HU and 100 HU, respectively, as required by the ACR CT Accredita-
tion Program.

6 FBP |Moderate| Strong 6 FBP |Moderate| Strong
IR IR IR IR ©
51 o 51
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Figure 5: Distribution of mean reader scores for image acquisitions from ()
vendor 1 and (b) vendor 2.

(ie, 0.25-(6-1)/5). For interpretations
of noninferiority, the lower limit of the
95% CI had to be greater than the limit
of noninferiority. If this did not occur,
the data were considered significantly
inconclusive from the noninferiority per-
spective. A secondary interpretation of
the Cls was also possible: If the upper
limit of the 95% CI was less than 0, the
standard statistical test (two-sided supe-
riority test) would lead to a rejection of
the null hypothesis of equality in favor
of the alternative hypothesis, which was
that the altered imaging conditions were
significantly inferior to the reference
configuration. Similarly, if the lower
limit of the 95% CI was greater than 0,
the standard statistical test (two-sided
superiority test) would lead us to reject
the null hypothesis of equality in favor
of the alternative hypothesis, which was
that the altered imaging conditions were
significantly superior to the reference
configuration.

All analyses were conducted by us-
ing the SAS system (SAS, version 9.3;
SAS Institute, Cary, NC).

Figures 3 and 4 show LCR images at
each dose and reconstruction setting
for vendors 1 and 2, respectively. Im-
ages were from one of the 100 repeated
studies. The mean pooled reader scores
showed a general decrease in LCR with
decreasing dose (Fig 3).

For vendor 1, the moderate and
strong IR reconstructions were shown
to be noninferior to the FBP recon-
struction at a dose level of 16 mGy,
with differences of 0.307 (95% CI:
0.149, 0.464) and 0.333 (95% CI:
0.176, 0.491), respectively (Fig 6).
Noninferiority was not shown for IR
or FBP reconstructions at any other
dose level.

For vendor 2, the moderate and
strong IR reconstructions were shown
to be noninferior at dose levels of 16
and 12 mGy (Fig 6b). The difference
for the moderate IR setting was 0.093
(95% CI: —0.062, 0.248) at 12 mGy
and 0.670 (95% CI: 0.515, 0.825) at
16 mGy. The difference for the strong
IR setting was 0.478 (95% CI: 0.323,
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16 mGy- ; e 0.307 (0.149,0.464)
8 mGy] o ! -0.790 (-0.947,-0.633)
Strong ]
IR 12 mGy- e -0.103 (-0.261,0.054)
16 mGy-| ! o 0.333 (0.176,0.491)
' A=-0.25
15 -1.0 -05 0.0 05 1.0
a.
8mGy{ o | -1.140 (-1.295,-0.985)
FBP ;
12 mGy- o ! -0.527 (-0.682,-0.372)
8 mGy- e i -0.547 (-0.702,-0.392)
Moderate 5
IR 12 mGy| ' e 0.093 (-0.062,0.248)
16 mGy ; e 0.670 (0.515,0.825)
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Figure 6: The results of noninferiority analysis for mean human observer score for recon-
structions from (a) vendor 1 and (b) vendor 2. The reference in the noninferiority analysis for
the Lightspeed VCT scanner was an FBP reconstruction acquired at 16 mGy. The reference
for the Definition Flash scanner was an FBP reconstruction acquired at 16 mGy. 95% Cls are
shown. Interpretations of the 95% and 99.4% Cls are shown in Tables 2 and 3.

0.633) at 12 mGy and 0.977 (95% CI:
0.822, 1.132) at 16 mGy.

Relative to a 16-mGy CTDI  ac-
quisition and FBP reconstruction,
25%-50% dose reductions resulted in
inferior LCR for both vendors 1 and 2
for FBP. Relative to FBP and full dose,
25% dose reductions resulted in infe-
rior and equivalent performances for
vendor 1 at moderate and strong IR
settings, respectively, and equivalent
and superior performance for vendor

2 at moderate and strong IR settings,
respectively (Tables 2, 3). When dose
reduction was 50% (8 mGy), both IR
strengths resulted in inferior LCR for
both vendors.

For all comparisons, the sensitivity
analyses resulted in wider Cls. In spite
of these wider Cls, the same qualita-
tive conclusions were reached, with one
exception; for vendor 2 at 8 mGy, the
strong IR reconstruction was no longer
significantly inferior. The upper limit of

the 99.4% CI for this configuration in-
creased from —0.048 to 0.013.

In a number of clinical evaluations of
IR, researchers have concluded that
use of IR facilitates radiation dose re-
duction, without a detrimental effect on
image quality (12-15). Most of these
studies have assessed image quality in
a semiquantitative fashion based on
acceptability of the image to individual
readers. Such studies are strongly influ-
enced by individual reader training and
preference, particularly in terms of the
noise level and image texture deemed
acceptable. In our study, we used ob-
jective criteria for image quality, with
a primary focus on LCR. Specifically,
we evaluated the ability of human ob-
servers to resolve the four 6-mm rods
in images of the ACR CT accreditation
phantom. By using this specific crite-
rion as our measure of acceptable LCR,
we found that for vendor 1 and at both
IR strengths, images with noninferior
LCR were not produced at either a
25% or a 50% reduction in CTDI . For
vendor 2, a 25% reduction in CTDI
(from 16 mGy to 12 mGy) did produce
images with noninferior LCR relative
to the full-dose FBP images. Of note,
superiority was shown for both IR tech-
niques at both strength settings at the
full-dose level.

The results of our study may have
important clinical implications. In spite
of the more pleasing low-noise ap-
pearance of IR images, LCR may be
degraded with reduced-dose IR im-
ages relative to that achieved with full
dose levels. It is imperative that the
ability to detect and characterize low-
contrast lesions not be compromised in
the pursuit of reduced radiation dose
levels. Until sufficient studies have been
performed to show that clinically rel-
evant diagnostic performance for low-
contrast imaging tasks is maintained or
improved at reduced dose levels, use of
IR techniques to decrease the appear-
ance of image noise may increase the
likelihood of missing clinically impor-
tant findings, particularly those that
are subtle in appearance. To address
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Table 2

Summary of Noninferiority and Superiority-Inferiority Analyses for 95% and 99.4%

Cls for the LightSpeed VCT Scanner

Reconstruction and Dose* Noninferiority Inferiority or Superiority
FBP
8 mGy Not shown Inferiority shown
12 mGy Not shown Inferiority shown
Moderate IR setting
8 mGy Not shown Inferiority shown
12 mGy Not shown Inferiority shown
16 mGy Noninferiority shown Superiority shown
Strong IR setting
8 mGy Not shown Inferiority shown
12 mGy Not shown Not shown
16 mGy Noninferiority shown Superiority shown
*CTDI, .

Table 3

Summary of Noninferiority and Superiority-Inferiority Analyses for 95% and 99.4%

Cls for the Definition Flash Scanner

Reconstruction and Dose* Noninferiority Inferiority or Superiority
FBP
8 mGy Not shown Inferiority shown
12 mGy Not shown Inferiority shown
Moderate IR setting
8 mGy Not shown Inferiority shown
12 mGy Noninferiority shown Not shown
16 mGy Noninferiority shown Superiority shown
Strong IR setting
8 mGy Not shown Inferiority shown'
12 mGy Noninferiority shown Superiority shown
16 mGy Noninferiority shown Superiority shown
*CTDI

vol*

T With the multiplicity adjusted 99.4% Cl, this result changed to inferiority/superiority not shown.

this concern, we recommend that prac-
tices perform a pilot study, similar to
but smaller than the study described
herein, and evaluate the images in
both a blinded and side-by-side man-
ner. If the ability to resolve the four
6-mm rods appears to decline with use
of reduced-dose images either with or
without use of IR, we recommend that
the routine dose level be used for ex-
aminations performed to evaluate small
and subtle structures or abnormalities.
Additionally, when purchasing a new
scanner, evaluation of the IR technique
with the ACR phantom and this study

design should be performed in conjunc-
tion with a qualified medical physicist,
as the results of this study show that
differences in performance can exist
between manufacturers.

This study was limited in several
aspects. First, diagnostic performance
was assessed for a somewhat artificial
task, namely visualization of all four
6-mm low-contrast rods against an
otherwise uniform background. Subtle
low-contrast lesions would be expect-
ed to be more difficult to visualize in
a structured background, as occurs in
patient images. Thus, the noninferiority

and superiority conclusions for the 25%
dose reduction and IR technique of Sie-
mens Healthcare may be overly optimis-
tic when compared with some clinical
tasks. Second, only two IR algorithms
were assessed. A recent article on low-
contrast performance in clinical stud-
ies for a third manufacturer (Toshiba
Medical Systems) similarly concluded
that LCR performance is degraded at
reduced dose levels with IR techniques
(9). Thus, while we have not assessed
all manufacturers or algorithms, it ap-
pears that the current findings may not
be unique to the two manufacturers
evaluated in our article. Also, newer
techniques from each of the evaluated
manufacturers are now available and
may vyield improved low-contrast per-
formance related to what was shown in
this article. However, the number of CT
scanners in use in clinical practice that
are equipped with the two algorithms
evaluated here is large, making the
findings relevant to a large number of
practices. Finally, although the findings
of our study raise important questions
regarding the ability of IR to preserve
LCR at reduced dose levels, the clinical
effect of our findings needs to be as-
sessed for various diagnostic tasks by
using clinical images in a conventional
multireader multicase study design.

In summary, LCR performance of
CT images reconstructed with IR tech-
niques can be substantially different
than that when FBP techniques are
used, particularly as dose levels are
reduced. With current commercially
available IR techniques, radiation dose
reductions of 25%-50% can reduce the
LCR relative to that achieved by using
the full dose and FBP. The improved
appearance of the images, in terms of
decreased noise levels, can conceal this
fact, as can quantitative measurements,
such as contrast-to-noise ratios (8).
This is due to the nonlinear relationship
between image noise and spatial reso-
lution for IR techniques. With FBP, the
spatial resolution is the same, regard-
less of the contrast of the object. Thus,
LCR is improved as noise is decreased.
However, with IR, the spatial resolu-
tion changes as a function of object
contrast (2). For objects with very low
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contrast, such as resolution of the four
6-mm rods evaluated in this work, the
well-defined edges of the low-contrast
rods become more defuse when IR is
used, making the rods more difficult to
resolve, even when the overall image
noise is decreased by the IR algorithm.
It is important, therefore, that practices
exercise caution when implementing IR
techniques and radiation dose reduc-
tion in clinical practice for diagnostic
tasks involving low-contrast objects.
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