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Methods for Clinical Evaluation  
of Noise Reduction Techniques  
in Abdominopelvic CT1

Most noise reduction methods involve nonlinear processes, and 
objective evaluation of image quality can be challenging, since im-
age noise cannot be fully characterized on the sole basis of the noise 
level at computed tomography (CT). Noise spatial correlation (or 
noise texture) is closely related to the detection and characteriza-
tion of low-contrast objects and may be quantified by analyzing the 
noise power spectrum. High-contrast spatial resolution can be mea-
sured using the modulation transfer function and section sensitivity 
profile and is generally unaffected by noise reduction. Detectability 
of low-contrast lesions can be evaluated subjectively at varying dose 
levels using phantoms containing low-contrast objects. Clinical ap-
plications with inherent high-contrast abnormalities (eg, CT for 
renal calculi, CT enterography) permit larger dose reductions with 
denoising techniques. In low-contrast tasks such as detection of 
metastases in solid organs, dose reduction is substantially more lim-
ited by loss of lesion conspicuity due to loss of low-contrast spatial 
resolution and coarsening of noise texture. Existing noise reduction 
strategies for dose reduction have a substantial impact on lower-
ing the radiation dose at CT. To preserve the diagnostic benefit of 
CT examination, thoughtful utilization of these strategies must be 
based on the inherent lesion-to-background contrast and the anat-
omy of interest. The authors provide an overview of existing noise 
reduction strategies for low-dose abdominopelvic CT, including 
analytic reconstruction, image and projection space denoising, and 
iterative reconstruction; review qualitative and quantitative tools for 
evaluating these strategies; and discuss the strengths and limitations 
of individual noise reduction methods.
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After completing this journal-based SA-
CME activity, participants will be able to:
■■ Describe existing noise reduction strat-

egies for low-dose CT, including filtered 
backprojection, image and projection space 
denoising, and iterative reconstruction.

■■ List quantitative and qualitative tools 
and metrics for evaluating these noise 
reduction strategies.

■■ Discuss the strengths and limitations of 
individual noise reduction techniques.

See www.rsna.org/education/search/RG.

SA-CME LEARNING OBJECTIVES

Introduction
There has been a rapid increase in the use of computed tomography 
(CT) in recent years. An estimated 62 million–plus CT examinations 
were performed in the United States in 2006 (1), with the number of 
CT examinations for some health systems tripling between 1996 and 
2010 (2). Radiation from CT makes up a large proportion of total 
medical radiation (1), and there is concern regarding the long-term 
effects of radiation exposure (3–6); consequently, there has been 
significant interest in reducing radiation dose to patients during CT 
examinations.

Radiologists seek to maximize the benefit of CT by performing 
only those examinations that are medically justified and optimized, 
thereby accomplishing the diagnostic task while minimizing the radia-
tion dose (7). The radiation dose necessary to deliver needed patient 
benefit can be reduced by (a) limiting unnecessary examinations and 
superfluous acquisitions (eg, imaging during unnecessary phases of 
contrast material enhancement or imaging of irrelevant body regions), 
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Figure 1.  Radiation dose and noise reduction using analytic FBP and standard reconstruction kernels in a 64-year-
old woman with a history of gastrointestinal stromal tumor. (a) CT image obtained at an automatic exposure control 
tube current setting of 240 quality reference mAs. (b) CT image obtained with 33% dose reduction by lowering the 
automatic exposure control tube current setting to 200 quality reference mAs and using a smoother reconstruction ker-
nel, which reduces image noise and sharpness. There is little change in overall image noise and quality (cf a).

imaging, and simply choosing a smoother kernel 
can reduce image noise (Fig 1) (11). For many 
diagnostic tasks in abdominal CT, noisy low-dose 
images can be readily interpreted by radiologists 
without any adverse effects on diagnostic perfor-
mance (12–16). Noise reduction can also occur 
in projection space prior to reconstruction (17–
19) or in image space (ie, on CT images) after 
reconstruction (20,21). Recently, iterative recon-
struction, an iterative process performed between 
projection space and image space to optimize an 
objective function and achieve “convergence,” 
has become a popular choice for reducing image 
noise and improving image quality (see “Iterative 
Reconstruction”) (22–25). Figure 2 shows the 
points during the CT image reconstruction pro-
cess at which analytic FBP reconstruction, pro-
jection space denoising, image space denoising, 
and iterative reconstruction are applied.

Image Space Denoising
Image space denoising is the process of filter-
ing the reconstructed images to reduce noise 
(20,26,27). Image space denoising filters are 
available on some commercial scanners or, more 
commonly, as third-party products, and filter de-
sign varies. To maintain information about small 
structures in the image, this type of filter is typi-
cally nonlinear and designed to be adaptive to 
sharp edges (ie, to remove high-frequency noise 
only when there is no structural edge). Loss of 
edge detail and spatial resolution may still occur 
if the filter is not appropriately designed or if the 
filter strength is not carefully controlled, which 
may result in reduced detectability of low-contrast 
lesions. Figure 3 demonstrates loss of lesion con-

(b) optimizing CT acquisition parameters (ie, low-
ering the milliampere-seconds or kilovolt peak), 
(c) routinely using size adaptation techniques such 
as automatic exposure control, or (d) improving 
the postprocessing and reconstruction of CT im-
ages (8–10). For any given CT examination, the 
lower the radiation dose, the noisier the resulting 
image. Dose reduction is limited primarily by the 
radiologist’s ability to accomplish the diagnostic 
task for which a CT examination is ordered. For 
lower-dose examinations, the ability to detect 
relevant disease on noisier images will depend on 
many factors, including lesion size, lesion contrast 
compared with that of the surrounding tissues, 
and image noise and sharpness. By applying data 
processing and image reconstruction techniques 
that decrease image noise while maintaining spa-
tial resolution, it is possible to improve the quality 
and diagnostic value of inherently noisy low-dose 
CT images.

In this article, we review existing noise reduc-
tion strategies for low-dose abdominopelvic CT, 
including analytic reconstruction, image and pro-
jection space denoising, and iterative reconstruc-
tion; describe quantitative and qualitative tools 
and metrics for evaluating these strategies; and 
discuss the strengths and limitations of individual 
noise reduction techniques.

Noise Reduction Techniques
Noise reduction can occur at various stages of 
the CT imaging process. In conventional analytic 
filtered backprojection (FBP)–based reconstruc-
tion, a smooth filter is typically applied to con-
trol noise. Some CT vendors offer a selection 
of sharper and smoother kernels for abdominal 
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than with other methods and may provide a single 
denoising solution for small departments with 
only two or three scanners. Image space filter pa-
rameters can usually be set so that the CT images 
largely retain their “natural” appearance, without 
the pixelation (“blocky” or cartoony appearance) 
created by many iterative reconstruction methods, 
which alter the appearance of CT noise texture 

spicuity as increased levels of one type of image 
space denoising are applied. Image space denois-
ing methods are applied directly to CT images, 
so that they can be implemented across various 
CT scanner models from different vendors (10). 
Because a single image space denoising system 
may service several CT scanners, such denoising 
can often be implemented at a much lower cost 

Figure 2.  Schematic illustrates 
the points during the CT image 
reconstruction process at which noise 
reduction techniques are applied. 
Projection space denoising, analytic 
FBP (standard reconstruction ker-
nels), and image space denoising are 
applied during or after analytic re-
construction. Iterative reconstruction 
represents an alternative pathway to 
image reconstruction that optimizes 
an objective function by using an 
iterative loop between projection and 
image data.

Figure 3.  (a, b) CT images ob-
tained at full dose (volume CT dose 
index [CTDIvol] = 22 mGy) (a) and 
50% dose (CTDIvol = 11 mGy) (b) 
show two carcinoid liver metastases 
(arrows). (c–e) Denoised CT images 
obtained at 50% dose at low (c), 
moderate (d), and high (e) levels of 
denoising show how the lesions (ar-
rows) become much less conspicuous 
at extreme levels of denoising, with 
the image in e appearing “cartoony.” 
Noise reduction strength must be 
matched to the dose level and diag-
nostic task.
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Figure 4.  Low-dose CT enterographic images with a similar level of noise reduction (verified with CT noise mea-
surement in cecal fluid) obtained with a commercial projection-based denoising method (a) and an image-based 
denoising method (b) show an ileal small bowel loop (arrow) whose wall boundaries are slightly blurred with projec-
tion-based denoising.

(28). Nevertheless, the degree of potential dose 
reduction with image-based denoising may be 
limited due to the lack of detailed incorpora-
tion of CT system geometry and a statistical 
model of x-ray photons. Because images must be 
networked to an image-based denoising system 
before being sent to a picture archiving and com-
munication system, there is usually a 1–10-minute 
delay before images can be interpreted, depending 
on the denoising method and hardware used.

Projection Space Denoising
Projection space denoising is the process of fil-
tering projection space data prior to image re-
construction (17–19,29). These techniques can 
incorporate photon statistics into the CT data and 
smooth the data by either optimizing a likelihood 
function using a statistical noise model (17,18) or 
applying a nonlinear filter adaptive to the noise 
(19). Because projection space denoising methods 
may incorporate system physics and photon sta-
tistics, there is the potential for artifact reduction 

in addition to reduction in image noise. As with 
other noise reduction methods, loss of spatial res-
olution and, possibly, loss of low-contrast lesion 
conspicuity may result if parameters are not care-
fully optimized (Fig 4). One recently described 
method of projection space denoising is based on 
bilateral filtering (19). With this method, as with 
other methods in this class of techniques, projec-
tion space data are smoothed using a weighted 
average that is based on the spatial proximity and 
intensity of neighboring pixels, resulting in de-
creased noise while preserving edge information 
(19). Studies have demonstrated the ability to 
substantially reduce the radiation dose in abdomi-
nal and hepatic applications by combining lower-
kilovolt CT with projection-based techniques 
to preserve diagnostic image quality and lesion 
conspicuity (Fig 5) (30–32). Projection space de-
noising is performed on CT projection data prior 
to image reconstruction and therefore is generally 
implemented on a CT scanner’s image recon-
struction system, which is scanner dependent. 

Figure 5.  Multifocal hepatocellular 
carcinomas. (a) Late arterial phase 
contrast-enhanced abdominal CT 
image obtained at full dose shows two 
hepatocellular carcinomas (arrows). 
(b) Reconstructed image obtained 
at 50% dose (80 kV) after projection 
space denoising shows the carcinomas 
(arrows) with preserved conspicuity 
due to noise reduction, with only a 
slight loss in image sharpness. Noise 
reduction techniques are often com-
bined with lower-kilovolt imaging to 
reduce radiation dose and preserve 
image quality. (Fig 5 reprinted, with 
permission, from reference 31.)



RG  •  Volume 34  Number 4	 Ehman et al  853

Consequently, projection space denoising meth-
ods are vendor dependent and more costly but do 
not alter regular clinical workflow compared with 
analytic FBP when incorporated into a scanner’s 
image reconstruction system.

Iterative Reconstruction
Methods of iterative reconstruction for CT 
were first developed 20–30 years ago (33,34) 
but were not applied to clinical CT scanners 
until recently (25,35). As opposed to traditional 
analytic FBP-based image reconstruction, in 
which the images are obtained by filtering the 
projection data with a reconstruction kernel 
and then backprojecting the filtered data to the 
image space, iterative reconstruction calculates 
the final images using an optimization-based 
framework (25) in which multiple iterations 
between projection data space and image space 
are typically necessary to optimize an objective 
function. During each iteration, the projection 
data generated based on a system model are 
compared with the acquired data and updated. 
The iteration stops when the objective function 
is minimized according to convergence criteria 
(Fig 6). Compared with analytic reconstruction 
methods, iterative reconstruction can model 
the system geometry more accurately and in-
corporate photon statistics and other physical 
effects such as the x-ray beam spectrum into the 
objective function. Hence, iterative reconstruc-
tion can achieve better noise reduction while 
maintaining spatial resolution and can reduce 
some artifacts such as those caused by photon 
starvation, beam hardening, and metal implants. 
Like projection space denoising, iterative recon-
struction is implemented on a scanner’s image 
reconstruction system, resulting in increased 
cost (due to separate purchases for each scan-
ner) and, potentially, the inability to adopt this 
method across an entire fleet of CT scanners 
(due to older or incompatible scanners). A ma-
jor disadvantage of iterative reconstruction is 

that it requires a much longer computational 
time, especially a “full” version that involves 
multiple iterations between projection space and 
image space and incorporates a more accurate 
system model (25). Hybrid iterative reconstruc-
tion methods have also been developed that 
perform the majority of image noise reduction 
in image space to increase the speed of im-
age reconstruction so that clinical workflow is 
unaffected, while performing only projection-
backprojection iteration when there is a need 
to reduce artifacts (36–39). The tradeoffs and 
potential advantages and disadvantages of hy-
brid versus full iterative reconstruction in terms 
of improvement in image quality have yet to be 
studied. Another potential disadvantage of itera-
tive reconstruction is that it usually changes the 
noise texture compared with the conventional 
FBP-based images to which radiologists are 
accustomed. This altered noise texture can in-
terfere with radiologist satisfaction with images 
(39). If the diagnostic performance of lower-
dose CT images with iterative reconstruction is 
equal or superior to that of routine-dose CT im-
ages with FBP-based reconstruction, the general 
concern regarding the change in noise texture 
should not become an obstacle to the wide-
spread deployment of iterative reconstruction 
on clinical CT scanners (Fig 7). A summary of 
commonly used noise reduction techniques, in-
cluding their strengths and limitations, is given 
in the Table.

Objective Measures of Image Qual- 
ity for CT Noise Reduction Methods

Because image noise, noise texture, spatial reso-
lution, and artifacts—not to mention the ap-
pearance of organs and lesions—all influence the 
quality of images, it is important to be able to 
compare and quantify the changes attributable to 
different noise reduction techniques. For noise 
reduction methods involving a nonlinear process, 
including most of the image space denoising and 

Figure 6.  Schematic illustrates the typical 
iterative reconstruction method. The objective 
function to be optimized in the iteration loop 
has many variations, including different sta-
tistical models and regularization terms. The 
system model used during projection can also 
vary significantly, including a variety of system 
geometries and x-ray beam transport and 
detection models.
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Figure 7.  CT images (2-mm thickness) obtained at a standard dose of 7.9 mGy with FBP (a) and at 2.8 mGy with 
FBP (b), adaptive statistical iterative reconstruction (ASIR [GE Healthcare, Waukesha, Wis]) (c), and model-based itera-
tive reconstruction (MBIR [GE Healthcare]) (d) show a stone at the tip of the left renal calyx. Note the improved noise 
reduction and improved stone conspicuity with use of MBIR compared with FBP and ASIR. Improved image quality 
with iterative reconstruction and other denoising techniques is generally best achieved with use of thinner sections.

iterative reconstruction methods, objective evalu-
ation of image quality is challenging. In the fol-
lowing sections, we describe some image quality 
metrics that are commonly used to characterize 
the performance of various noise reduction meth-
ods. We pay particular attention to the nonlinear-
ity of noise and spatial resolution properties of 
noise reduction methods, which results in altera-
tions in spatial resolution and noise that depend 
on local image characteristics.

Noise Level and Spatial Correlation
Noise level (CT number variation expressed as 
the standard deviation within a uniform region 
of interest) is the metric that is most frequently 
used to describe the noise reduction effect of 
various methods. However, image noise cannot 
be fully characterized using noise level alone 

(Figs 8, 9). Noise spatial correlation is also an 
important aspect of noise that is closely related 
to low-contrast object detectability. It may be 
quantified by analyzing the noise power spectrum 
(NPS) using an object with a known homoge-
neous density such as a cylindric water phantom 
(40). Figure 9 compares the NPS as measured 
on 3D volumetric images obtained with different 
noise reduction techniques. Note that when the 
peak of a curve is farther to the left, the image is 
smoother and less sharp. The peak frequency of 
the NPS curve is the spatial frequency at which 
the NPS curve has the maximum magnitude. The 
shape and the peak frequency of the NPS curve 
reflect the loss of low-contrast spatial resolution 
(Fig 9). Although both iterative reconstruction 
and FBP kernels can be used to reduce noise, it-
erative reconstruction results in less reduction of 
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Commonly Used Noise Reduction Methods and Their Advantages and Disadvantages

Description Sample Methods Advantages Disadvantages

Traditional FBP-
based methods

Weighted 3D FBP, 
AMPR

Fast, directly available on scan- 
ners

Treats every ray the same, 
suboptimal dose efficiency

Image space de-
noising

SafeCT,* SharpView,
aNLM

Fast, needs only reconstructed im-
ages, CT vendor independent

Does not incorporate system 
physics, cannot reduce 
artifacts

Projection space 
denoising

Adaptive filtering or 
iterative denoising in 
projection data†

Fast, may incorporate complex 
system physics

Potential loss of spatial reso-
lution if not designed well

Hybrid iterative 
reconstruction

SAFIRE‡ Noise reduction in image space 
(for speed), artifact reduction 
by iteration between image and 
projection space denoising (for 
image quality)

May change the noise texture 
of CT images

Full iterative  
reconstruction

MBIR Incorporates system model (both 
photon statistics and detailed 
geometry), may potentially re-
duce both noise and artifacts

Slow, may change the noise 
texture of CT images

Note.—AIDR3D = 3D adaptive iterative dose reduction (Toshiba Medical Systems, Tokyo, Japan), AMPR = 
adaptive multiple plane reconstruction (Siemens Medical Solutions, Malvern, Pa), aNLM = adaptive nonlocal 
means (denoising method), SAFIRE = sinogram-affirmed iterative reconstruction (Siemens). 
*Medic Vision Imaging Solutions, Tirat Carmel, Israel. 
†ASIR might belong to this category, but no technical details have been published. 
‡AIDR3D and iDose (an iterative reconstruction technique developed by Philips Medical Systems, Andover, 
Mass) might belong to this category, but no technical details have been published.

Figure 8.  Graph illustrates a comparison of noise 
levels for four different FBP-based kernels (B40, 
B30, B20, and B10), three SAFIRE (Siemens) 
strength settings (I40–1, I40–3, and I40–5 kernels), 
and one strength setting of an image-based denois-
ing method known as aNLM denoising. Noise 
level was measured as the standard deviation of 
CT numbers within a uniform region of interest on 
CT images of a water phantom 30 cm in diameter. 
With FBP-based kernels, the noise and sharpness 
increase as the number increases; conversely, at 
lower numbers, the noise decreases and the image 
becomes smoother. With SAFIRE strength settings, 
image noise decreases with higher settings.

the peak frequency at similar noise levels (Fig 9). 
This effect corresponds to greater image sharp-
ness. As shown in Figure 10, two images of a uni-
form water phantom that were obtained with an 
FBP-based B20 kernel and a SAFIRE (Siemens) 
I40–3 kernel have almost identical noise levels. 
However, the “I40–3” image has a finer noise tex-
ture and a sharper appearance. A reduced peak 
frequency of the NPS (ie, a shift of the peak fre-
quency to the left on the NPS curve) corresponds 
to a blurry appearance of low-contrast objects. 
Some denoising methods can result in a loss of 
low-contrast spatial resolution.

High-Contrast Spatial Resolution
High-contrast spatial resolution at CT is typically 
evaluated both in-plane and cross-plane (ie, along 
the z-axis). In-plane spatial resolution can be eval-
uated qualitatively using the bar patterns found in 
phantoms such as the American College of Radiol-
ogy (ACR) accreditation phantom (Fig 11a), or 
quantitatively by deriving the modulation transfer 
function (MTF), which is obtained by scanning a 
high-contrast wire phantom (Fig 11b) (41). Simi-
larly, cross-plane spatial resolution can be assessed 
qualitatively using the section thickness pattern 
in the ACR phantom, or quantitatively by measur-
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ing the section sensitivity profile (SSP) using a 
thin foil phantom (Fig 11c) (42). Nonlinear noise 
reduction methods typically do not sacrifice high-
contrast spatial resolution.

Detectability of Low-Contrast Objects
Evaluation of low-contrast object detectability 
can be undertaken using phantoms (eg, the ACR 
phantom) containing low-contrast objects. By 
scanning the phantom at different dose levels and 
applying the various noise reduction techniques 
outlined earlier, a direct side-by-side comparison 
can be made to assess the various techniques in 
terms of detectability of low-contrast objects. Fig-
ure 12 provides a comparison of FBP, SAFIRE 
(Siemens), and MBIR (GE Healthcare) at 100%, 
75%, 50%, and 25% of the full dose (CTDIvol 
= 16 mGy). Despite an improvement compared 
with FBP at the same dose level, there is no clear 
evidence that the visibility of small low-contrast 
objects with SAFIRE and MBIR at any of the 
lower dose levels below 12 mGy is comparable to 

that with FBP at full dose (Fig 12). Therefore, at 
the contrast level of the low-contrast object in the 
ACR phantom (~ 6 HU), the potential dose re-
duction appears to be very limited. Similarly, in a 
multireader study involving six radiologists, Baker 
et al (37) showed that whereas simple metrics such 
as noise and contrast-to-noise ratio are always im-
proved with iterative reconstruction (regardless of 
dose), the detectability of low-contrast lesions falls 
off at lower doses. It should be noted that this type 
of evaluation is highly subjective and can give only 
a rough idea as to how much the radiation dose 
can be reduced at a given low contrast level. More 
quantitative evaluation of low-contrast lesion de-
tectability for iterative reconstruction using task-
based model observers is currently an area of ac-
tive research (43), as are observer studies (44,45).

Nonlinearity of Noise Reduction  
Methods: Special Considerations
In contrast to conventional analytic FBP-based 
reconstruction methods, spatial resolution in 

Figure 9.  Graph illustrates 
a comparison of NPS calcu-
lated from a three-dimensional 
(3D) uniform water phantom. 
The NPS is a more complete 
descriptor of noise proper-
ties than is noise level. The 
loss of spatial resolution at 
low contrast can be demon-
strated using the shape and 
peak frequency of the NPS 
curve. In this example, noise is 
reduced at the expense of spa-
tial resolution when changing 
FBP reconstruction kernels (eg, when moving from B40 to B20) (solid lines). With advanced noise reduction methods, 
the peak frequency (ie, the spatial frequency at which the NPS has the greatest magnitude) shifts to the left to a much 
lesser extent than with standard FBP kernels, corresponding to a lesser sacrifice of low-contrast spatial resolution and 
blurriness in noise texture. Advanced noise reduction methods used to create this graph include SAFIRE kernels (I40–
1, I40–2, and I40–3 [Siemens]) and aNLM denoising.

Figure 10.  Visual comparison 
of noise texture. Images with 
similar noise levels obtained 
with a smooth FBP kernel 
(B20) (a) and iterative recon-
struction (I40–3 kernel) (b) 
(standard deviation = 29.1 and 
27.7 HU, respectively) show 
that the image obtained with 
iterative reconstruction has 
a sharper appearance, which 
corresponds to a higher peak 
frequency in the NPS.



RG  •  Volume 34  Number 4	 Ehman et al  857

Figure 11.  (a) Images show the qualitative descriptor of in-plane high-contrast spatial resolu-
tion using the bar pattern in an ACR phantom. (b) Graph illustrates the quantitative descriptor of 
in-plane spatial resolution as the MTF, shown here for a routine reconstruction kernel (B40) and 
SAFIRE kernels (I40 with three different strength settings [Siemens]). (c) Graph illustrates how the 
SSP is used to measure spatial resolution in the z-axis direction. Note the preserved high-contrast 
spatial resolution with SAFIRE despite a reduction in image noise. bkgd = background.
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Figure 12.  Images of the 
low-contrast module of the 
ACR phantom obtained at 
multiple dose levels (16, 12, 8, 
and 4 mGy) and reconstructed 
with an FBP kernel (B40) and 
two iterative reconstruction 
methods (SAFIRE [140–3]) 
and MBIR) from two different 
manufacturers (Siemens and 
GE Healthcare). Both iterative 
reconstruction methods lower 
the noise level and improve the 
visibility of the small low-con-
trast rods (ellipses on the 16-
mGy images) at each dose level. 
However, a comparison of the 
visibility of the rods at different 
dose levels reveals that neither 
iterative reconstruction method 
restores the visibility of the rods 
at lower doses to the level seen 
at full dose.

Figure 13.  (a) Contrast-enhanced 1-mm-thick CT colonographic image (CTDIvol = 20 mGy) ob-
tained with the patient supine for the purpose of ruling out liver metastases demonstrates a 0.7-cm 
polyp (tubular adenoma) (arrow) in the descending colon. (b, c) On contrast-enhanced 1-mm-thick 
CT colonographic images obtained with SAFIRE (Siemens) with the patient prone (CTDIvol = 3.52 
mGy) (b) and in the decubitus position (CTDIvol = 1.39 mGy) (c), the polyp is still visible despite 
a dose reduction of over 80% and 93%, respectively. This is due to the high-contrast diagnostic task 
(ie, differentiating a polyp from air or contrast material).

iterative reconstruction and other nonlinear noise 
reduction methods is dependent on the contrast 
level of the lesion (46). Nonlinear noise reduction 
methods can typically achieve a significant reduc-
tion in noise level without degrading high-contrast 
spatial resolution. For this reason, if only the 
amount of noise reduction is taken into account, 

it can appear that most nonlinear noise reduction 
methods can achieve at least 50% dose reduc-
tion. For example, as shown in Figure 8, the noise 
level at a 25% dose level with a higher strength 
of iterative reconstruction (the I40–5 kernel) and 
the noise level at a 50% dose level with a moder-
ate strength of iterative reconstruction (the I40–3 
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kernel) are both similar to that at full dose with 
the regular FBP kernel (B40). The fact that the 
high-contrast resolution, measured as the MTF 
(in-plane) or SSP (cross-plane) (Fig 11), remains 
the same after applying the iterative reconstruc-
tion method suggests that radiation dose can be 
reduced by 50% using the I40–3 kernel and by 
75% using the I40–5 kernel. If contrast-to-noise 
ratio is used as the criterion, the same dose re-
duction results would be obtained as with use of 
noise level as the criterion, since contrast does not 
change for these different reconstruction methods. 
However, this amount of radiation dose reduction 
is not achievable if one compares the detectability 
of low-contrast objects at different radiation dose 
levels for different reconstruction methods (Fig 
12). In addition, at low contrast levels, a loss of 
sharpness can usually be associated with noise 
reduction, which can be seen in the change of 
noise texture and quantified by the shape and the 
reduction of the peak frequency of the NPS curve. 
Therefore, the nonlinearity of the noise reduc-

tion methods makes the dose reduction potential 
highly dependent on the contrast level of the target 
object. Consequently, for diagnostic tasks involv-
ing high-contrast structures, the dose reduction 
potential is usually higher than for those tasks in-
volving low-contrast lesions.

Clinical Application of Non- 
linear Noise Reduction Methods

As seen in the aforementioned examples involving 
the imaging of phantoms, iterative reconstruction 
and nonlinear denoising may maintain high-con-
trast spatial resolution while simultaneously reduc-
ing image noise. This is especially true when there 
is high intrinsic contrast between the lesion of in-
terest and adjacent tissues, as at CT colonography, 
CT for renal calculi, and CT enterography for the 
evaluation of Crohn disease (Figs 7, 13, 14) (47). 
Consequently, the potential for dose reduction for 
these high-contrast tasks is high.

Conversely, because of the sacrifice of low-
contrast spatial resolution with noise reduction 

Figure 14.  Triple-phase 2-mm-thick CT 
enterographic images obtained at routine dose 
(CTDIvol = 12 mGy) with FBP (a) and at 30% 
dose (CTDIvol = 3.6 mGy) with FBP (b) and 
SAFIRE (Siemens) (c) all show a small, hyper-
attenuating ileal mass (circle). Diagnostic tasks 
requiring differentiation of large contrast differ-
ences (ie, “high-contrast” tasks) permit marked 
reductions in radiation dose.
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techniques, clinical situations in which there is low 
intrinsic contrast between the lesion and normal 
tissue (eg, at hepatic, pancreatic, or neurologic 
CT) will likely permit less dose reduction so as to 
maintain clinically acceptable image quality and 
diagnostic performance (Figs 15, 16) (47).

Conclusion
Multiple institutions have shown that careful in-
tegration of noise reduction strategies into clini-
cal practice can make a significant contribution 
to lowering the radiation dose (31,35,48–51). 
To preserve the diagnostic benefit of CT (and to 
ensure accuracy of detection and diagnosis), care-
ful optimization is needed when adopting these 
methods. Special attention must be paid to the 
diagnostic task required in each patient. Potential 
dose reduction using noise reduction methods is 

dependent on lesion-to-background contrast and 
the anatomy of interest. High-contrast tasks such 
as CT colonography, renal stone detection, and 
CT enterography will permit large reductions in 
radiation dose. Low-contrast tasks such as the 
detection of liver metastasis will permit smaller 
reductions in radiation dose. Methods are needed 
for quantitating contrast-dependent spatial resolu-
tion, conducting observer performance studies for 
a variety of diagnostic tasks (and developing tools 
to facilitate the rapid completion of these tasks), 
and predicting the lowest dose that will allow 
adequate performance on specific CT systems. 
The full impact of noise reduction techniques on 
radiation dose and radiologist performance is in 
the early phases of realization, with great potential 
to benefit patients by decreasing the radiation dose 
they receive while undergoing CT.

Figure 15.  (a) FBP CT image obtained at rou-
tine dose (CTDIvol = 10.4 mGy) shows a colon 
cancer metastasis (arrow) in the medial segment 
of the liver. (b–e) CT images obtained at 25% 
dose with image-based aNLM denoising (b) and 
SAFIRE (Siemens) (c) and at 10% dose with 
aNLM denoising (d) and SAFIRE (e). The le-
sion (arrow) is visible down to the 25% dose level 
but is not clearly visible with either noise reduc-
tion method at the 10% dose level.
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Figure 16.  Comparison of two image-based denoising methods. CT images demonstrate nonlin-
earity of low-contrast spatial resolution and high contrast signal. Note the improved conspicuity of 
peripheral globular enhancement within a hemangioma (circle) in a compared with b, despite simi-
lar reductions in noise, and slightly decreased image sharpness and coarser noise texture in a. 
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Page 850
For many diagnostic tasks in abdominal CT, noisy low-dose images can be readily interpreted by radiolo-
gists without any adverse effects on diagnostic performance.

Pages 851–852
Because a single image space denoising system may service several CT scanners, such denoising can often 
be implemented at a much lower cost than with other methods and may provide a single denoising solu-
tion for small departments with only two or three scanners. Image space filter parameters can usually be 
set so that the CT images largely retain their “natural” appearance, without the pixelation (“blocky” or 
cartoony appearance) created by many iterative reconstruction methods, which alter the appearance of 
CT noise texture.

Page 853
Iterative reconstruction can achieve better noise reduction while maintaining spatial resolution and can 
reduce some artifacts such as those caused by photon starvation, beam hardening, and metal implants.

Page 855
A reduced peak frequency of the NPS (ie, a shift of the peak frequency to the left on the NPS curve) cor-
responds to a blurry appearance of low-contrast objects. Some denoising methods can result in a loss of 
low-contrast spatial resolution.

Page 860
Because of the sacrifice of low-contrast spatial resolution with noise reduction techniques, clinical 
situations in which there is low intrinsic contrast between the lesion and normal tissue (eg, at hepatic, 
pancreatic, or neurologic CT) will likely permit less dose reduction so as to maintain clinically acceptable 
image quality and diagnostic performance.


