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Impact of anatomical noise on nodule conspicuity: 
a comparative study between digital radiography, 
dual-energy imaging, and digital tomosynthesis
In this article, we present an overview that compares the relative impact 
of anatomical noise reduction in dual-energy x-ray imaging (DE) and digi-
tal tomosynthesis (DT) on lung nodule conspicuity. Both technologies have 
been available for a few decades, but with digital detectors becoming faster, 
cheaper, and ubiquitous, these advanced imaging applications have become 
increasingly promising for clinical use. Below is an introduction to the assess-
ment of anatomical noise using an anthropomorphic chest phantom imaged 
across three modalities: digital radiography (DR), DE, and DT. The results are 
further used to provide some insight on how to optimize acquisition param-
eters by increasing image quality while minimizing patient dose.

bACkGRouNd ANAtoMICAl NoIse
Depending on the imaging task at hand, a given 

anatomical structure can be either a structure of 
interest or constitute a confounding background of 
the image. For example, if a radiologist is search-
ing for a nodule, the overlapping ribs, the lungs, 
and vessels are background structures that may 
confound the detection of the nodule. Anatomi-
cal variations in the image not associated with the 
structures of interest can be labeled as background 
anatomical noise. 

Studies investigating the relative influence of 
quantum noise (random fluctuation in the image 
observed as mottle) and background anatomical 
noise in the chest have demonstrated that anatomical 
noise can far outweigh the impact of quantum noise.
[1] In medical imaging, there are broadly speaking 
two approaches to reducing background anatomical 
noise: Tissue discrimination via the enhancement of 
tissue such as contrast injection or via tissue removal 

such as dual-energy imaging [2,3] (see Fig 1) or Spa-
tial discrimination by the separation of overlapping 
structures such as in CT [4] and digital tomosynthe-
sis [5] (see Fig 2).

quANtIfyING bACkGRouNd ANAtoMICAl NoIse
The noise power spectrum (NPS) is a metric 

widely used by scientists to quantify image noise by 
measuring the noise contribution across a range of 
spatial frequencies. For example, noise on the scale 
of small features will have a NPS greater at higher 
frequencies while noise on the scale of larger fea-
tures will have a NPS greater at lower frequencies. 
The generalized NPS (GNPS), which includes the 
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FigUre 1.  Illustration of tissue discrimination in x-ray medical imaging result-
ing in reduced background anatomical noise and improved feature conspicuity. 
DR – Digital radiography, DE – Dual-energy x-ray image.
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background anatomical noise, pro-
vides a useful metric for quantify-
ing and comparing anatomical noise 
across various medical images. Back-
ground anatomical noise tends to 
exhibit low-spatial frequencies while 
quantum noise exhibits higher spa-
tial frequencies. See the following 
references for more details on quan-
tum and anatomical noise assess-
ment. [6] [7]

defINING A MetRIC foR Nodule 
CoNsPICuIty

The noise power spectrum can 
be combined with a mathematical 
form of an idealized task function 
that describes the spatial frequen-
cies of interest associated with a 
given imaging task. For example, 
this can be the 2D signal of a nodule 
used for the modeling of a detec-
tion task. The ratio of the feature’s 
signal and image noise provides a 
spatial-frequency dependent signal-
to-noise ratio figure of merit. The 
resultant function can be math-
ematically integrated to yield the 
detectability index d’. This scalar 
metric has been shown to provide 
a meaningful surrogate for estima-
tion of nodule conspicuity. [7] [8] 
In this work, d’ is defined as follows: 
in Equation 1 

where TaskImage denotes the image 
task function and GNPS denotes the 
generalized noise-power spectrum 
which describes anatomical noise 
and quantum noise in the image. The 
u and v variable denote the vertical 
and horizontal spatial frequencies in 
a 2D image.

evAluAtIoN of Nodule CoNsPI-
CuIty usING AN ANtHRoPoMoR-
PHIC CHest PHANtoM

An anthropomorphic chest phan-
tom (LUNGMAN, Kyoto Kagaku, 
Japan) with a spherical nodule fea-
ture (0.5 cm, 100 HU) was imaged 
using DR, DE, and DT with the same 
in-room system. The x-ray room 
employed a 43x43cm flat-panel 
detector. An image of the phantom 
is shown in Figure 3 with the simu-
lated nodule.

A standard chest DR provided a 
performance reference level. The PA 
image was acquired using automatic 
exposure control (AEC) to achieve a 
400-speed equivalent image. 

The DE images were acquired 
with fixed and differential filtration 
to evaluate the impact of using a dif-
ferent x-ray filter on dose efficiency. 
Differential filtration implies that 
the filter is changed between the 
low- and high-energy images thus 
improving the separation of the two 
x-ray spectrum yielding higher con-
trast and lower noise in the resultant 
DE image. [9]

The nominal “100 %” dose level 
for the DT images were acquired at 
approximately 8 times the exposure 
of the PA with a total of 60 projec-
tion images. Tomosynthesis images 
were also acquired at two other dose 
levels: 30% and 50% of the nomi-
nal dose. The three dose levels are 
denoted DT30%, DT50%, DT100%. 
The images were reconstructed using 
a standard filtered back projection 
algorithm.

The image task function was com-
puted from a region extracted around 
the nodule. This provided a method 
for evaluating the nodule’s contrast 
and shape across DR, DE, and DT 
acquisitions. The Fourier transform 
of the nodule’s signal yielded the task 
function. Figure 4(a) illustrates the 
nodule used for the computation of 
the task function [Fig. 4(b)] for the 
DE image. The nodule detection task 
function was found to weigh mostly 
lower frequencies due to its larger 
size (compared the pixel area).

The image noise (GNPS) was 
estimated via Fourier spectrum 

FigUre 2. Illustration of spatial discrimination in x-ray medical imaging resulting in reduced overlying clutter 
and improved feature conspicuity. DR – Digital radiography, DT – Digital Tomosynthesis, and CT – computed 
tomography.
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analysis using a method previously 
described. [6] Figure 4(c) illustrates 
an example dual-energy x-ray image 
with highlighted regions of interests 
(ROI) representing a set of small 
squares where the noise analysis was 
performed within the lung region. 
For each case 200 ROIs measuring 
128x128 pixels were used. The size 
of the ROIs was chosen to capture 
the larger structures associated with 

the rib, but small enough to obtain 
a large enough number of samples. 
Figure 4(d) plots the radially aver-
aged GNPS which includes the 
background anatomical noise and 
quantum noise. The GNPS exhibits 
low-frequencies but also mid-fre-
quencies due to the range in size of 
anatomical structures in the image 
in addition to the high-frequency 
quantum noise.

The noise results were combined 
with the nodule’s signal (TaskIm-
age) - see Eq 1 - to generate the 
detectability index (d’). The detect-
ability index was further normalized 
by entrance surface exposure (ESE), 
denoted d’norm, to provide a dose-
efficiency metric to compare across 
acquisition protocols and modalities.

Results: CoMPARIsoN of X-RAy 
ModAlItIes

Figure 5 contains images used 
for the evaluation of nodule con-
spicuity across DR, DE, and DT and 
for different acquisition settings. 
The impact of tissue and spatial 
discrimination on the reduction of 
overlying lying structures is appre-
ciable, where nodule conspicuity is 
improved in both DE and DT com-
pared to DR.

Figure 6(a) plots the detectabil-
ity index values for DE fixed and 
differential filtration. The results in 
each case were normalized such that 
d’=1 for DR. This provides a relative 
metric to compare with the standard 
of care used in x-ray room. The val-
ues for d’ are 1.2 and 1.3 for fixed 
and differential filtration, respec-
tively. Therefore the overall perfor-
mance between the two approaches 
is similar and indicates improved 
conspicuity compared to DR. When 
the results are further normalized 
by dose [Fig 6(b)] the values for d’ 
norm are 0.7 and 1.1 for fixed and 
differential filtration, respectively. 
This indicates that fixed filtration is 
significantly less dose efficient than 
differential filtration. Furthermore, a 
d’ norm value of less than 1 for fixed 
filtration indicates that it is less dose 
efficient than DR for the modeled 
nodule detection task – even if it has 
improved conspicuity.

Figure 7(a) plots the detectabil-
ity index values for tomosynthesis at 
three dose levels. The results for d’ 
are 11.8, 14.6, and 18.1 for DT30%, 
DT50%, DT100%, respectively, where 

FigUre 3. Anthropomorphic chest phantom with removed lungs in which a nodule was placed to evaluate nodule 
conspicuity across different x-ray modalities.

FigUre 4.  Dual-energy example illustrating the region of analysis employed for evaluation of the task function 
and the generalized noise-power spectrum (GNPS). The small highlighted regions represent the small square 
where the GNPS was computed.
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d’=1 for DR. This indicates a substantial improvement 
in nodule conspicuity for DT compared to DR. For dose 
normalized d’, we measured values of 7.8, 7.7, and 5.9, 
for DT30%, DT50%, DT100%, respectively - see Fig 7(b). 
From these results we observe that DT becomes anatomi-
cal noise limited as opposed to quantum noise limited 
– meaning that after a certain dose level, (i.e., DT50%) 
the most important limiting factor to conspicuity is ana-

tomical noise not quantum noise. This is indicated by the 
drop in dose efficiency at DT100% compared to DT30% 
and DT50% and suggests an ideal operating point for DT 
acquisitions.

CoNClusIoNs
The study provides a useful method for the com-

parison of imaging performance across x-ray modalities 
and settings. Both DE and DT can provide improved 
nodule conspicuity via reduced anatomical clutter and 
better use of the x-ray information compared to DR - 
exemplified by a d’norm value greater than 1. For DE 
imaging, the results indicate that differential filtration 
provides significant dose efficiency compared to fixed 
filtration.  For DT imaging, the method provides a 
framework for identifying which dose level yields the 
most dose efficiency for a given task. The results indi-
cated that DT can become anatomical noise limited as 
the dose is increased beyond a certain dose level. Fur-
ther work will look at the impact of other factors such 
as patient size, pixel binning of the detector, and the use 
of an anti-scatter grid.
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FigUre 5.  Images of the nodule for which the detection is modeled after. The nod-
ule measures 0.5 cm in diameter with CT attenuation of 100 Hu. Top row: DR and 
DE images with ant without differential filtration between the low- and high-energy 
images. Bottom row: DT reconstruction with images acquired at 30%, 50%, and 100% 
of the nominal dose.

FigUre 6.  Plots the detectability index values for DE fixed and differential filtration. 
The results are d’ of 1.2 and 1.3 and d’ norm of 0.7 and 1.1, respectively, where d’=1 
for DR. The d’norm data indicates that using fixed filtration is less dose efficient than 
differential filtration and DR imaging.

FigUre 7.  Plots of the detectability index and normalized (by dose) detectability 
index values for three dose levels - 30%, 50%, and 100% where d’=1 for DR. 


