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Abstract

Recent advances in digital breast tomosynthesis (DBT) technology were focused on the reconstruction of 2D “Synthesized
Mammograms” (SMs) from DBT dataset. The introduction of SMs could avoid an additional digital mammography (DM)
which is often required in complement to DBT examinations. Therefore, breast absorbed dose and compression time can
be significantly reduced in DBT+SM procedures with respect to DBT+DM modality. However, to date, a limited number
of studies have objectively characterised the image quality of SMs with respect to DM images. Therefore, the aim of this
phantom study was to comprehensively compare SMs and DM images in terms of several image quality parameters. A Sele-
nia Dimensions system (Hologic, Bedford, Mass, USA) was employed in this work. Five different phantoms were adopted
to study noise, contrast and spatial resolution properties of the images. Specifically, noise power spectrum (NPS), maps of
signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), modulation transfer function (MTF) and contrast-detail (CD)
thresholds were evaluated both for SM and DM modalities. SMs were characterised by different texture, noise and SNR
spatial distribution properties with respect to DM images. Additionally, while in some conditions SM provides higher CNR
than DM, lower overall performances in terms spatial resolution and CD curves were found in comparison to DM images.
Therefore, given the great benefits of SMs in terms of dose and compression time saving, further clinical investigations on
SMs image quality properties could be of practical interest to integrate our findings.

Keywords Synthetic mammography - Digital mammography - Image quality - Digital breast tomosynthesis - Contrast-
detail analysis - C-view™

Introduction since the detection of microcalcifications on DBT images

resulted often difficult [5, 6]. In addition, the DBT plus DM

Digital breast tomosynthesis (DBT) has been recently intro-
duced in clinical practice to reduce the inherent tissue over-
lapping associated to Digital Mammography (DM), facilitat-
ing discrimination between normal tissue and lesions [1-3].
DBT has been firstly employed in conjunction with DM [4],
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modality could be useful to better compare new studies with
previous DM examinations. Following this approach, some
studies have shown that DBT in combination with DM can
improve cancer detection rates and reduce false positive
findings [6—11]. However, this dual-acquisition modality
results in increasing patient dose and breast compression
time compared to DM or DBT alone. Therefore, to avoid
DM acquisitions additional to DBT procedures, some ven-
dors offer the possibility of reconstructing two dimensional
(2D) synthesized mammograms (SMs) from DBT dataset
[5, 12—-15]. SMs are obtained from DBT through a vendor-
specific algorithm that combines DBT data acquired from
different angles into a single 2D mammography-like image
[5, 12-14, 16, 17]; e.g. SMs can be generated through a
maximum intensity projection created from collapsing the
DBT image set to a single 2D image [18]. Thus, the aim
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of SMs is to provide a useful 2D image complementary to
DBT slices, highlighting important features that could be
less evident in DBT images.

The replacement of DBT plus DM acquisition with DBT
plus SM represents an important step toward the ALARA
(As Low As Reasonably Achievable) principle, especially
in screening programs in which is essential to achieve the
lowest dose compatible with the clinical task. Nevertheless,
SMs exhibit different image quality properties as compared
to DM images, due to the reconstruction algorithm involved
in the image generation process [14, 16, 17]. In this regard,
a number of studies have investigated the clinical perfor-
mances of SMs in comparison to DM images and similar
results were achieved with both modalities [13, 19-22].
In addition, few studies have objectively compared some
aspects of SMs and DM image quality [23-25]. More in
detail, in a retrospective study, Alshafeiy and colleagues
compared assessments of breast density (BI-RADS catego-
ries) on SMs and DM images [13]. They concluded that
SMs is comparable with DM images in assessment of breast
density, although they found some variability between read-
ers. Another retrospective observer performance study was
conducted by Zuley et al. [19]. Comparable performances
in terms of probability of malignancy ratings were found
in SMs and DM, even in combination with DBT. A recent
study performed by Zuckerman et al. aimed to evaluate the
implementation of SMs in a population screened with SMs/
DBT and they compared recall rates and cancer detection
rates to previous outcomes of DM/DBT screening [20]. Sim-
ilar outcomes were obtained in screening with SMs/DBT
and DM/DBT imaging. In agreement with previous studies,
Wahab and co-workers found similar frequency for detection
of calcifications and BIRADS assessment in SMs and DM
images [21]. Additionally, the role of SMs in comparison to
DM was discussed by Murphy et al. [22]. Even though no
cancers were missed when using SMs alone, they concluded
that the full DBT dataset needs to be reviewed to have con-
fidence in diagnosing breast malignancies.

In spite of these encouraging subjective results, only few
studies have objectively compared SMs and DM image qual-
ity, providing different conclusions [23-25]. In their phan-
tom study Nelson et al. compared CNR, noise and texture
properties of SMs and DM images [23]. In comparison to
DM, better depiction of objects of specific size and contrast
was found in SMs, but these images offered poorer overall
resolution and noise properties. Ikejimba and collaborators
conducted a contrast-detail phantom study by assessing
detectability reader performances in SMs, DBT and DM
images [24]. Significantly lower performances were exhib-
ited by SMs in comparison to DM or DBT for all imag-
ing conditions. A more recent phantom study conducted
by Baldelli and colleagues analysed sizes and contrasts of
several patterns of microcalcifications, shapes and contrasts
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of circular masses, as well as NPS of background regions
[25]. They concluded that SMs did not exhibit significant
differences with respect to DM images in terms of image
quality. Even though these studies have been carried out by
considering appropriate metrics, only a limited number of
parameters were analysed.

Given the aforementioned scenario, further investigations
on the objective image quality of SMs could be of practical
interest. For this reason, the purpose of this study was to
comprehensively compare the image quality of SMs with
respect to DM images in terms of several parameters. More
in detail, noise, texture, contrast and spatial resolution prop-
erties of SMs and DM images have been evaluated and a
comparison between the two modalities has been carried out.

Methods
Phantoms

Five different phantoms were employed in this study. Spe-
cifically, a 30X 24 x4 cm® homogeneous poly-methyl-
methacrylate (PMMA) plate was employed to evaluate
noise spectral properties and signal-to-noise ratio maps of
the images. Two phantoms were adopted to assess contrast-
to-noise ratio for low-contrast objects: the Mammographic
Accreditation phantom (ACR model 18-220, Fluke Biomed-
ical, Everett, WA, USA), which contains five different size
circular low-contrast "masses" to simulate tumors (Fig. 1);
the TORMAM phantom (Leeds Test Objects Ltd., North
Yorkshire, UK), which includes 6 groups of 3 low-contrast
detail subgroups (Fig. 2). A home-made PMMA phantom
(Fig. 3) which incorporates a 12.5 pm tungsten wire was
expressly assembled to evaluate the spatial resolution of the
images. The wire was fixed with an angle of 3° with respect
to the longer side of a rectangular PMMA support. The final
thickness of the PMMA support was 2 mm. Finally, the
CDMAM phantom (v. 3.4, Artinis Medical Systems, Elst,
The Netherlands) was employed in contrast-detail analysis
(Fig. 4).

Image acquisition

A Selenia Dimensions system (Hologic, Bedford, Mass,
USA) was employed to acquire images of the five phantoms
in DBT and DM modalities. This device provides three dif-
ferent anode-filter combinations: W-Rh and W-Ag for DM
modality, W-Al for DBT modality. The system covers an
angular range of 15° in DBT modality, acquiring 15 projec-
tions. All the acquisitions were performed by employing the
automatic exposure parameters (AE, Auto-Filter mode) set
by the device in both modalities. Specifically, for the ACR,
TORMAM and the home-made phantom, the exposure
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Fig. 1 A schematic representation of the ACR phantom (left panel). Circular inserts A—E were employed for CNR analysis; insert sizes are pre-

sented in Table 2. In the right panel, a DM image of the phantom is shown

Fig.2 A schematic representation of the TORMAM phantom (left
panel). Clusters of circular inserts 1-6 were employed for CNR analy-
sis (Table 3). Each letter A-F is associated to a specific contrast value.

parameters were derived from the AE settings of 4 cm thick
PMMA plate. To match the 4 cm PMMA attenuation equiva-
lence, the TORMAM phantom was placed on top of 2.5 cm
of PMMA [26]. The home-made phantom with a 12.5 pm
tungsten wire was placed under 4 cm of PMMA, while the
composition of ACR phantom approximates the attenua-
tion of 4 cm thick PMMA plate [26-30]. For the CDMAM
phantom the acquisition parameters were referred to the AE
settings of 5 cm thick PMMA plate, as suggested by quality
assurance protocols and international guidelines [27-31].
Table 1 summarises the image acquisition settings for both

More in detail, inserts A correspond to 4% nominal contrast, B to 3%,
Cto 2%, D to 1.5%, E to 1% and F to 0.5% [30]. In the right panel, a
DM image of the phantom is shown

DBT and DM modalities. SMs (SM version: C-view®
2.0.1.1) were automatically reconstructed by the system
from DBT acquisitions.

Image analysis
Noise, texture, contrast and spatial resolution properties
were evaluated through the analysis of noise power spec-

trum (NPS), signal-to-noise ratio (SNR), contrast-to-noise
ratio (CNR), modulation transfer function (MTF) and

@ Springer



1144

Australasian Physical & Engineering Sciences in Medicine (2019) 42:1141-1152

Fig.3 Image of the home-made phantom. A tungsten wire tilted by
3° was placed between 2 thin PMMA plates (2 mm of total thickness)
to measure the oversampled LSF of the system. The diameter of the
wire was 12.5 um

contrast-detail (CD) threshold. In this study were considered
processed (for presentation) DM images.

Images and data analysis were performed by means of
ImageJ (Wayne Rasband, National Institute of Health, USA),
Origin (OriginLab Corporation, MA, USA) and Matlab (The
MathWorks, Inc., MA, USA) software packages. The free
available CDCOM and CDMAM Analyser v. 1.5.5 software
were employed for CD evaluation (www.euref.org) [32].

NPS

The 2D-NPS was computed through the following relation-
ship [33]:

_Ax

. Ay 2
ST |FFT (RO, (5, )]

NPS(f..f,) > 1)

N,

X

where Ax and Ay are the pixel sizes, N, and N the num-
ber of pixels in each direction within the region of interest
(ROI) and ROI,(x,y) is a "noise" ROI. The "noise" image
was obtained by subtracting two images acquired under the
same conditions. Consequently, a factor 1/2 was applied to
Eq. (1). The Fast Fourier Transform (FFT) was applied to
50 ROIs, of 128 x 128 pixels and the ensemble average was
considered to obtain the final 2D-NPS. The Imagel] software
package was employed for image analysis. To better empha-
sise the NPS properties, the 2D-NPS was averaged along the

Fig.4 Image of the CDMAM 3.4 phantom. This phantom was employed for contrast-detail analysis, as suggested by international guidelines

[27-30]
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Table 1 System settings for DBT and DM acquisition modalities

Phantoms ACR, TORMAM, CDMAM

PMMA, PMMA+W

wire
Modality DBT DM DBT DM
Anode/filter W/AL W/Rh W/Al W/Rh
Grid Out In Out In
Tube voltage (kVp) 30 28 33 31
Tube load (mAs) 35 75 35 80

f, (horizontal), f, (vertical) and radial directions for both SM
and DM modalities. To directly appreciate the NPS results
in terms of texture appearance, a visual inspection of the
phantom images was also performed.

SNR maps

In order to carry out a complete study of the noise proper-
ties, 30 images of the homogeneous PMMA phantom were
acquired with identical settings. For each pixel, the average
and the standard deviation (SD) across the 30 images were
computed in order to determine average and SD maps. Then,
a pixel-by-pixel SNR map was obtained from the ratio between
the average map and SD map. The ImageJ software package
was employed for generating SNR maps. The following non-
uniformity index (NUI) was adopted to make a quantitative
comparison between SMs and DM SNR maps:

max (WROI‘-) — min (WROI‘_)

lmax <W,m,[ )+min (WRO,/,) ] (2)
2

NUI =

where WROI’, is the mean pixel value within the i,,-ROI. To
compute the NUI using Eq. (2) a large ROI was selected in
the SNR map for both SM and DM modalities. This ROI was
obtained by excluding about 1 cm from the edges of the orig-
inal image, in order to avoid edge effects. A set of sub-ROIs
of 100 % 100 pixels was then adopted and the maximum and
minimum WROI, were extracted. Furthermore, another sub-
region (14X 14 cm) of the original images was considered.
Specifically, the region was centered at 8 cm from the chest
wall side of the images (i.e. the region of the image which
usually contains the main part of the breast) and the NUI
was computed as described above.

CNR

The CNR was computed in the low contrast inserts of the
ACR and TORMAM phantoms (Figs. 1 and 2) using the
following relationship [34]:

PV, = PV
CNR = insert background ( 3)
Ubackgmund

where PV,,,,, and Wbackgmmd are the mean pixel values in
a ROI placed within the insert and in the background region
1espectively; 6, qe0uq 15 the standard deviation computed
in the ROI placed in the background region. Circular ROIs
of a diameter of about 2 mm (i.e. 18 and 30 pixels for SMs
and DM images respectively) were employed in both phan-
toms. The coefficient of variation obtained from 30 images
was used to compute the uncertainties in CNR calculation.

MTF

The spatial resolution of SMs and DM images was evaluated
by computing the MTF through the Line Spread Function
(LSF) method [29, 35]. The home-made phantom with a
12.5 pm tungsten wire (Fig. 3) was placed under 4 cm of
PMMA to match the same conditions of the previous men-
tioned acquisitions (Table 1). The ImageJ software package
was used to extract a series of horizontal/vertical profiles
which were combined to obtain the over-sampled LSF.
The Origin software package was employed to fit the over-
sampled LSF using a Gaussian function (G) with an offset:
¥(€) = yy + G(&); the offset y, was subtracted before apply-
ing the Fourier Transform (FT); the module of the FT was
then computed to obtain the MTF which was finally normal-
ised to the MTF(0) value. The MTF was calculated along the
tube travel direction (§ =x, MTF,) and along the orthogonal
direction (§ =y, MTF,) for both SMs and DM images.

CD analysis

The CDMAM phantom were acquired to assess the con-
trast-detail curve for each modality. The phantom was
placed with a 2 cm thickness of PMMA above and 2 cm
thickness below [27-31]. Sixteen different acquisitions of
the phantom were performed by slightly moving the phan-
tom each time [27-31, 36] and for each position both SMs
and DM images were acquired. The analysis of the images
was carried out by using the Matlab environment in order
to run the CDMAM Analyser v.1.5.5 software which com-
bines the data from multiple images to obtain the threshold
contrast, providing a contrast-detail curve [37, 38].
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Results
NPS

The NPS obtained from SMs and DM images is shown in
Fig. 5. Specifically, in order to comprehensively investi-
gate spectral noise properties, the radial-, vertical- and
horizontal-NPS are presented. Significant differences in
radial-NPS shape can be highlighted: in SMs, an evident
peak around the spatial frequency of 1 mm™! is expressed;
conversely, in DM images, the NPS appears substantially
flat along the entire spatial frequency range. Additionally,
the NPS shape associated to DM images is quite similar
along vertical and horizontal directions, manifesting sym-
metry properties. On the other hand, although a peak is
clearly shown in the vertical-NPS, it is barely visible in
the horizontal direction. No symmetry is exhibited in this
case. These results are reflected in the texture appear-
ance of the images: the texture of SMs appeared more
coarse grained than the texture of DM images, as shown
in Fig. 6. This feature can be appreciated on both ACR
and TORMAM phantoms.

ACR

Fig.6 Comparison of texture granularity between SMs and DM
images for ACR and TORMAM low contrast details. Notice a more
coarse grained texture associated to SMs with respect to DM images
in agreement with the NPS behaviour of Fig. 5
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Fig.5 Comparison between radial, vertical (fy) and horizontal (f,) NPS for SM and DM modalities. Notice the presence/absence of a peak in
NPS associated to SMs/DM images respectively
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TR AT T

SM

DM

Fig.7 SNR maps obtained from 30 images of the homogeneous PMMA phantom acquired in the same conditions for SM and DM modalities.
The maps were normalised to allow a better visualisation of the SNR distribution across the image

SNR maps

In Fig. 7 normalised SNR maps related to SMs and DM
images are presented. Based on a first qualitative compari-
son, the DM SNR map appears to be more uniform com-
pared to the SM map. Furthermore, in order to conduct a
quantitative comparison, the NUI was calculated. Values
of 0.61 and 0.26 were obtained for SMs and DM images
respectively, confirming the qualitative perception. In addi-
tion, SNR maps seem to be similar in terms of SNR spatial
distribution within the sub-region close to the chest wall
side. The NUI values in this sub-region were 0.15 for SMs
and 0.23 for DM images.

CNR

Tables 2 and 3 present the CNR values obtained for low
contrast inserts of the ACR and TORMAM phantoms
respectively. Before applying the CNR calculation a visual
inspection of the images was performed. On this basis, nom-
inal inserts which were not detectable in the images were
exluded from the CNR analysis both in SMs and in DMs,
as specified in Tables 2 and 3. For the two larger inserts of
the ACR phantom, the CNR values obtained in DM images
were higher than those obtained in SMs. Conversely, for

Table2 CNR values computed from the "masses" included in the
ACR phantom (Fig. 1) for both SM and DM modalities

Insert Diameter (mm) CNR-SM CNR-DM
A 2.00 1.40+0.24 2.36+0.07
B 1.00 1.23+0.24 1.42+0.05
C 0.75 0.98+0.22 0.82+0.04
D 0.50 0.67+0.21 0.39+0.04
E 0.25 Not visible Not visible

the two smallest inserts CNR values in SMs were slightly
higher than in DM images. Instead, for the TORMAM phan-
tom, CNR values obtained in SMs were higher than those
obtained in DM images.

MTF

MTFs computed through the LSF approach are shown in
Fig. 8 for both SMs and DM images. In detail, MTF associ-
ated to DM resulted higher than the MTF of SMs over the
entire spatial frequency range, in both x and y directions.
No significant differences were found in MTF, and MTF, of
DM images, while MTF, was significantly lower than MTF,
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Table3 CNR values computed from the low contrast details con-
tained in the TORMAM phantom (Fig. 2) for both SM and DM
modalities

Insert group Insert type CNR-SM CNR-DM
B 2.63+0.30 1.12+0.03
1 A 2.76+0.31 1.69+0.05
C 1.27+0.21 0.66+0.03
C 1.12+0.20 0.68+0.03
2 B 1.96+0.25 1.29+0.04
D 0.93+0.19 0.69+0.03
D 0.97+0.19 0.55+0.03
3 C 1.34+0.21 0.90+0.03
E Not visible 0.48+0.02
E Not visible 0.65+0.03
4 D 0.61+0.18 0.70+0.03
F Not visible Not visible
A 3.34+0.36 1.67+0.05
5 F Not visible Not visible
B 2.21+0.27 1.22+0.04
F Not visible Not visible
6 E Not visible 0.45+0.02
A 2.67+0.30 1.91+0.05
—=— SM (x-direction)
1.0 —e— SM (y-direction)
—4— DM (x-direction)
—v— DM (y-direction
0.8
0.6
[T
'_
=
0.4
0.2
0.0 T T T T u
0 2 4 6 8 10 12 14 16

Spatial Frequency (mm™)

Fig.8 MTFs computed from SMs and DM images along x- and
y-direction. No differences were found between the MTF, and MTF,
of DM modality. Conversely, MTF, was lower than MTF, in SMs
within the entire spatial frequency range. Additionally, MTFs of SMs
were always lower than MTFs of DM images

for SMs. Table 4 reports the spatial frequencies related to
50%, 20% and 10% MTFs fall off.

CD analysis

Figures 9 and 10 show the results of the CDMAM analysis.
Specifically, the probability of correct detection as a function

@ Springer

Table 4 Spatial frequencies associated to the Nyquist frequency,
MTFs,, MTE,, and MTF,, along two orthogonal directions

SM DM

fy (mm™") fy (mm™") fy (mm™") fy (mm™")

Nyquist frequency 4.6 4.6 7.1 7.1
MTF50% 2.1 4.3 6.7 6.7
MTF20% 2.6 6.7 10.1 10.1
MTF10% 3.1 8.2 12.3 12.3

These values were extracted from MTF curves of Fig. 8

of the disc thickness is presented in Fig. 9 for different disc
sizes (diameter of the discs). A threshold at 62.5% correct
responses was set for computing contrast detail curves as
shown in Fig. 10. The CD curve trend for SMs and DM
images was similar; however, the contrast thresholds associ-
ated to DM images were lower than the thresholds exhibited
by SMs for each considered disc size. For example, for a disc
diameter of 0.50 mm, the contrast threshold for DM images
was 0.13 um of gold thickness. For the same diameter, the
associated contrast threshold in SMs was 0.30 pm of gold
thickness.

Discussion

Synthesized mammography has been recently introduced
to avoid the employment of additional DM to DBT proce-
dures. Previous studies highlighted the benefits of a com-
bined DBT+SM modality in terms of radiation dose and
compression time reduction as compared to DBT+DM
approach [12, 15-17, 20]. For this reason, a number of clin-
ical studies compared the performances of SMs and DM
images associated to specific tasks [13, 19-22]. Additionally,
few studies have objectively compared SMs and DM image
quality, providing different conclusions [23-25]. Although
these studies analysed in great detail some properties of SMs
with respect to DM images, only a limited number of image
quality parameters was considered.

Therefore, the aim of this study was to conduct a com-
prehensive comparison between SMs and DM images, by
evaluating noise, texture, contrast and spatial resolution
properties. Specifically, noise properties of SMs and DM
images were investigated through the calculation of the
NPS. As shown in Fig. 5, NPS associated to SMs exhibits
different shape as compared to DM images. In fact, while
DM images are characterised by an almost flat NPS trend
within the considered spatial frequency range, a clear peak
is shown in NPS of SMs. More in detail, the NPS peak of
SMs is centred around 1 mm™! (i.e. in the lower part of
the spatial frequency range). In fact, the reconstruction pro-
cess in SMs introduces noise correlation in the final images
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Fig.9 Results of the CDMAM automated analysis in terms of the
proportion of correct detection as a function of the gold disc thick-
ness for SMs and DM images. Data were fitted with a psychometric
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Fig. 10 Predicted CD curves obtained from the CDMAM analysis for
SM and DM modalities. Notice the better performances of DM for all
considered object sizes. The predicted human thresholds values were
obtained by the CDMAM Analyser v.1.5.5 scaling up the automated
thresholds using specific factors for each detail diameter [37]

which is expressed by a more coarse grained texture than
DM images (Fig. 6). Similar differences in noise texture
were found in previous studies [23, 39]. Notice that SMs
are reconstructed from tomosynthesis data derived from
planar projections at different angles. Each projection is
employed in generating tomosynthesis data and therefore
noise in each projection influences noise of all image planes,
this is also reflected into SMs. Therefore, noise correlation
should be expected in these images. In addition, different
NPS shapes were obtained along the vertical and horizontal
direction in SMs images (Fig. 5). This is probably related
to the movement of X ray tube along one direction during
the acquisition process and the subsequent reconstruction
of the final image. Conversely, no differences were found

Thickness of gold disc (um)

curve as suggested by international guidelines and previous works
[27, 37, 38]. A threshold of 62.5% was adopted to extract values for
computing the final CD curves

between vertical and horizontal DM NPS, which exhibits
symmetry properties as expected. To further investigate the
noise properties of SMs, SNR maps were derived from 30
repeated acquisitions of the homogeneous PMMA phantom
and compared to those obtained in conventional DM. These
maps were used to compare spatial distribution of SNR
between SMs and DM images. From a visual inspection, the
SNR map of SMs appears less uniform than the SNR map of
DM images. This difference is quantified by the NUI value
which results 0.61 for SM and 0.26 for DM modality. Notice
that the differences between SNR maps in SMs and DM
are less evident in the central region toward the chest wall
side of the images, which is the region of the image which
usually contains the main part of the breast. In this region,
SMs expressed even better results in terms of SNR uni-
formity (NUI=0.15 for SMs, NUI=0.23 for DM images).
Notice that the effect of the not-homogeneous irradiation
due to the tube motion in tomosynthesis acquisition could
be more pronounced in peripheral regions than the central
one in which the sub-region was placed. This could partially
explain the reason why the NUI of SMs results lower in the
sub-region. Besides, changes in SNR within the images (e.g.
between central and peripheral regions) could be important
when images containing low-contrast features are analysed.
In addition, it could be useful to adopt the same approach
in further studies by employing heterogeneous phantoms,
which could permit a more relevant comparison.

In order to assess CNR in SMs and DM images two phan-
toms (ACR and TORMAM) were used in this study. These
phantoms are specifically designed and widely employed for
image quality evaluation [27-31, 40, 41]. Different trends
were found in the CNR analysis of the two phantoms. In
fact, in ACR images (Table 2) the CNR values determined
in DM modality were greater than those computed in SMs
for the two larger inserts (type "A" and "B"), but a reverse
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situation was found for the two smaller inserts (type "C" and
"D"). On the other hand, in TORMAM images (Table 3) the
CNR values obtained in SMs were higher than those found
in DM images. Similar behaviours were highlighted in a
previous study [25]. In this regard, it should be noted that the
Hologic SMs reconstruction algorithm attempts to create an
image in which some features of interest appear with greater
conspicuity than they would in the conventional DM [14].
Slices and regions containing calcification-like and lesion-
like characteristics are identified and extra weight is given to
these "special" regions when tomosynthesis slices are com-
bined into the final SM image [14]. This could be the reason
why most of the CNR values found in SMs were higher
than those obtained in DM images. Notice that, even though
in TORMAM images the CNR values were higher in SM
modality as compared to DM, a lower number of low-con-
trast inserts were clearly identifiable (Table 3). Furthermore,
some appreciable variability is expressed among insert of
same nominal contrast and different group (i.e. different
location) in the TORMAM phantom for both modalities (e.g.
among the "A" inserts in groups 1, 5 and 6, Table 3). Moreo-
ver, notice that the uncertainties associated to CNR values
in SMs are always significantly greater than those expressed
in DM images, implying higher variability in the former
case. These results suggest that the employment of CNR as
a stand-alone image quality indicator is not properly suitable
for comparing two different mammographic modalities, even
in clinical studies. Additionally, the obtained results cannot
be generalised to all mammographic devices (e.g. different
algorithms can be involved in the SMs reconstruction pro-
cess) as suggested by a previous study [25].

The spatial resolution of the system was evaluated by
computing the MTF. Our results show a clear better perfor-
mance of DM with respect to SM in terms of spatial resolu-
tion of the images (Fig. 8; Table 4). No significant differ-
ences were found between the x- and y-MTF of DM images.
Conversely, in SMs, the y-MTF was significantly higher than
x-MTF. This result is probably related to the tube motion
along the x-direction during the DBT acquisition process.
Our findings were also highlighted in a previous initial anal-
ysis [39]. Further investigations could be useful to evaluate
how much these results can affect the clinical performances
of SMs under different conditions.

Sixteen images of the CDMAM phantom were considered
to assess the CD curves in SM and DM modalities, as sug-
gested by international guidelines [27, 28]. Better perfor-
mances in terms of CD curves were expressed in DM images
for all disc diameters as shown in Fig. 10 (i.e. the predicted
threshold contrast associated to SM was higher than that
obtained in DM for every object size). This result can be
partially related to the loss in spatial resolution expressed in
MTF analysis (Fig. 8). In addition, ours results confirm those
found by Ikejimba and colleagues in a previous study [24].

@ Springer

Based on our results, the SMs offer overall lower per-
formances in terms of almost all considered image qual-
ity parameters than DM images. Only CNR analysis on
TORMAM phantom shows higher performances of the
SMs in comparison to DM images. Even though this study
highlights some limits of SMs in terms of objective image
quality, previous studies showed acceptable performances
of SMs in clinical practice [13, 19-22]. Therefore, in order
to have a complete overview of the potential of SM, sub-
jective image quality tests both on standard phantoms and
clinical images should integrate our quantitative analysis.

We would like to remark that SMs are only to be used in
conjunction with tomosynthesis and not as "stand-alone"
modality as DM. Therefore, a complete characterisation
of the imaging system in terms of image quality would
require the inclusion of tomosynthesis in the analysis.
However, a full characterisation of image quality of SMs
in comparison to DMs could help to clarify power and
limits of this modality.

Some limitations of our study must be recognised.
Firstly, the employment of the Fourier metrics in NPS and
MTF calculation requires assumptions of linearity and sta-
tionarity of the imaging system. These requirements are
not strictly achieved in processed ("for presentation") DM
images. Additionally, the SMs reconstruction process is
based on maximum intensity projection [18], i.e. a non-
linear algorithm is involved in images generation. How-
ever, the aim of this study was to compare SMs and DMs
in their final form i.e. by considering images that would
have been analysed by a radiologist. The assumption of
small signal linearity and wide-sense stationarity has been
tacitly made in our analysis. Nevertheless, even though
these results can not simply be generalisable to all pos-
sible conditions (e.g. image noise and objects contrast),
it is likely that better MTF and NPS results correspond
to better spatial resolution and noise properties of a given
modality with respect to the other. In addition, the adop-
tion of standard phantoms (i.e. standard conditions under
specific exposure settings) should facilitate the comparison
of our results with other future studies. Furthermore, even
though we employed a home-made phantom for spatial
resolution assessment, the high-contrast condition pro-
duced by the tungsten wire should be simply reproducible
for MTF evaluation.

It should also be noted that our results are strictly valid for
the employed system (i.e. only for the Selenia Dimensions
device under the above described conditions) and cannot
be simply generalised to other mammographic devices. In
fact, different performance of the devices hardware, different
processing and/or reconstruction methods can be involved
in the image generation process and can induce differences
in the final image quality. In this regard, more insights on
these aspects could be interesting and the presented analysis
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could be extended to study the performance of other mam-
mographic devices.

Conclusions

In this study we performed a comprehensive comparison
between SM and DM image quality. NPS, SNR, CNR, MTF
and CD curves were evaluated in order to investigate noise,
contrast and spatial resolution properties of the images.
Our results showed overall lower performances and differ-
ent image quality properties of SMs as compared to DM
images. Only in CNR properties SM performed better than
DM. Even though further studies are needed to integrate
these analysis, this study represents a solid objective evalu-
ation of image quality and these results could be employed
as starting point to a more complete investigation on SMs
properties.
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