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Abstract

This paper investigates the training of deep convolutional neural networks (DCNNs) to denoise digital breast
tomosynthesis (DBT) images. In our approach, the DCNN was trained with high dose (HD)/low dose (LD) image pairs,
in which the HD image was used as reference to guide the DCNN to learn to reduce noise of a corresponding input LD
image. In the current work, we studied the effect of the dose level of the HD target images on the effectiveness of the
trained denoiser. We generated a set of simulated DBT data with different dose levels using CatSim, a dedicated x-ray
imaging simulator, in combination with virtual anthropomorphic breast phantoms simulated by VICTRE. We found that
a DCNN trained with higher dose level of HD target images led to less noisy denoised images. We also acquired DBT
images of real physical phantoms containing simulated microcalcifications (MCs) for training and validation. The
denoisers trained with either simulated or physical phantom data improved significantly (p < 0.0001) the contrast-to-
noise ratio of MCs in the validation phantom images. In an independent test set of human subject DBTs, the MCs
became more conspicuous, and the mass margins and spiculations were well preserved. The study showed that the
denoising DCNN was robust in that the denoiser could be trained with either simulation or physical phantom data.
Moreover, the denoiser trained with CatSim simulation data was directly applicable to human DBTs, allowing flexibility
in terms of the training data preparation, especially the HD images.
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1 INTRODUCTION

Digital breast tomosynthesis (DBT) is the newest screening tool for detection of early breast cancer [1]. It alleviates the
problem of overlapping tissues in two-dimensional (2D) mammography by acquiring multiple projection views (PVs)
and reconstructing a quasi-3D image. The noise level of the DBT images is high due to the fact that the total dose level
of DBT is kept comparable to that of a 2D mammogram. Meanwhile, it is challenging to denoise DBT images because
of the need to preserve important signs of malignancy such as subtle microcalcifications (MCs) and the ill-defined or
spiculated margins of masses. Our previous study used a deep convolutional neural network (DCNN) to denoise the PVs
before DBT reconstruction [2].

In this study, we investigated the feasibility of training a DCNN denoiser for the reconstructed DBT slices. The training
required paired low dose (LD) and high dose (HD) DBT images. We studied the effect of the dose level of the training
HD images on the effectiveness of the trained denoiser. We generated virtual DBT data from a dedicated x-ray imaging
simulator [3]. To demonstrate the robustness of the denoising method, we also trained a denoiser using physical phantom
data and compared it with the denoiser from digital phantom data. The performance of the denoiser was evaluated in
terms of the improvement in MC conspicuity and the preservation of background texture.
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2  MATERIALS AND METHODS

2.1  Digital breast phantom data

We prepared 24 heterogeneous dense digital breast phantoms at a voxel resolution of 0.05 mm using an analytical
anthropomorphic model from VICTRE [4]. We used a simulation tool by GE Global Research, CatSim [5], to generate
PVs of the digital breast phantoms by modeling the GE Pristina DBT system. The flat panel detector model and its signal
and noise characteristics as validated for CatSim by Carvalho [6] were used in the simulations. Focal spot blur, scattered
radiation, and detector noise were not considered. The Pristina system acquires 9 PVs in a 25° scan and has a detector
pixel size of 0.1 mm X 0.1 mm. To simulate low dose PVs, we set the x-ray exposure in CatSim to 24 mAs, which was
close to the value from automatic exposure control (AEC) for a 4.5 cm breast for the Pristina system [7]. The mean
glandular dose (MGD) was 1.42 mGy under this exposure, estimated by a Monte Carlo simulation tool called CatDose in
the CatSim package. We also simulated the high dose DBT scans with 72 mAs (3x AEC), 120 mAs (5x AEC), 360
mAs (15x AEC) and noiseless (o0 X AEC) settings. After obtaining the PVs, we used 3 iterations of the simultaneous
algebraic reconstruction technique (SART) with the segmented separable footprint projector [8] to reconstruct the DBT
volumes. The reconstructed DBT voxel size was 0.1 mm X 0.1 mm X 1 mm. We extracted pairs of 24mAs/target non-
overlapping 32x32-pixel patches from the DBT images to form four LD/HD paired training sets, each of which used the
HD target images at one of the four dose settings (72, 120, 360, co mAs) while the LD images (24 mAs) were common
to all sets. Each set contained approximately 200,000 pairs of patches.

2.2 Physical phantom data

We had six 1-cm-thick heterogeneous slabs with 50% glandular/50% adipose breast-tissue-equivalent material mixed in
random patterns to construct five 5-cm-thick phantoms [9]. For each phantom, five of the six slabs were used and
stacked in a different order or orientation to form a different phantom. To generate physical phantom data, each phantom
was scanned twice by a Pristina system under the same compression. The LD scans used the standard dose (STD)
setting, which automatically chose a technique of Rh/Ag 34 kVp, with a mean exposure of 31.7 mAs and a mean MGD
of 1.30 mGy. We manually set the exposure for the HD scans to Rh/Ag 34 kVp, 125 mAs. The DBT reconstruction
settings were the same as before. We extracted about 209,000 pairs of LD/HD non-overlapping 32x32-pixel patches
from four phantoms to form the training set and held out one phantom for validation.

To evaluate the denoising effect on subtle objects, clusters of simulated calcifications (glass beads) of three nominal
diameters (0.150-0.180 mm, 0.180-0.212 mm, 0.212-0.250 mm) were randomly sandwiched between the slabs in the
validation phantom. We marked the MCs in the HD volume and had a total of 236, 227, 159 MCs of the three sizes,
respectively.

2.3 DCNN denoiser

We used a 10-layer convolutional neural network as our denoiser. Its input is a 32x32-pixel image region extracted from
DBT slice. The corresponding HD patch was used as a reference (target) image during training. The denoiser output had
the same shape as the input. Because the denoiser was fully convolutional, we applied it directly to the full DBT slices
during deployment. The training loss was composed of the mean-squared-error (MSE) loss and the adversarial loss [10].
The MSE loss compares the pixel-wise difference between the denoised and target images. The adversarial loss, which
we found effective for denoising PVs of DBT images [2], preserves texture details by comparing the distributions of the
denoised images and the target images.

2.4  Figures of merit

To quantitatively evaluate the conspicuity of MCs in the images, we calculated the contrast-to-noise ratio (CNR) and full
width half maximum (FWHM) as figures of merit for each MC. We obtained the contrast and FWHM of an MC from a
Gaussian function fitted to the MC pixels. The background noise was estimated as the root-mean-squared noise in the
surrounding area after removing the local background mean gray level using a box-rim filter [11] and excluding the MC
pixels.
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3 RESULTS

To study the effect of the dose level of the training HD target images on the effectiveness of denoising by the trained
DCNN, we trained four denoisers using the four training sets from the digital breast phantoms with the same training
settings, and deployed it on the validation physical phantom. As shown in Figure 1, the denoised images were smoother
when the training targets were less noisy. To compare with the denoiser trained with LD/HD image pairs from the
physical phantoms, we selected the 24mAs/120mAs denoiser that had a dose ratio closest to that of the physical
phantoms.

We trained a denoiser with the physical phantom data, denoted as LD/HD denoiser, using the same training settings as
before. Figure 2 compares the visibility of MCs in the validation phantom for the LD/HD denoiser as well as the
24mAs/120mAs denoiser. For the 0.180-0.212 mm and 0.212-0.250 mm groups, the MCs were more visible than those
in the original LD DBT slice for both denoisers. This was supported by the quantitative CNR and FWHM results. The
CNR improved by an average of 64% (77%) and 49% (62%) for the 0.180-0.212 mm (0.212-0.250 mm) size group by
the 24mAs/120mAs denoiser and the LD/HD denoiser, respectively, and the improvements were statistically significant
(p < 0.0001). The FWHMs indicated that the MCs maintained their sharpness. However, for the 0.150-0.180 mm
group, although the CNRs of the analyzable MCs were also significantly (p < 0.0001) improved by an average of 35%
and 17%, respectively, by the two denoisers, some MCs were blurry and failed the Gaussian fitting after denoising,
especially for the very subtle ones, as demonstrated in Figure 2. The 24mAs/120mAs denoised images had higher CNRs
than the LD/HD denoised images and were visually less noisy, probably because 24mAs/120mAs had a dose ratio of 5,
while LD/HD had a dose ratio of 4 and contained scatter and detector noises in both the LD/HD images. Figure 2 also
shows the denoised images from the 24mAs/noiseless denoiser for comparison.

Figure 3 shows the results of applying the 24mAs/120mAs, LD/HD and 24mAs/noiseless denoisers to independent test
human subject DBTs. The images were acquired using a GE prototype GEN2 DBT system. The prototype system
acquires 21 PVs in a scan angle of 60°. We used the central 9 PVs that correspond to a scan angle of 24°, similar to the
GE commercial Pristina DBT system. The test images in Figure 3 contained an invasive ductal carcinoma (mass) and a
ductal carcinoma in situ (MC cluster). After denoising, the mass margins and spiculations were well preserved. The
background noise was reduced so the MCs were more conspicuous.

4 DISCUSSION AND CONCLUSION

We trained a DCNN to denoise reconstructed DBT slices. We demonstrated by CatSim simulation data that using higher
dose training target led to less noisy output from the denoiser, but the use of noiseless images as the training target may
lead to denoised images that appear overly smooth. The degree of smoothness in the parenchymal texture on DBT
images that is acceptable to radiologists warrants further investigation. Our DCNN denoising method was robust in that
the denoiser could be trained with either digitally simulated or physical phantom DBT data. Moreover, the denoiser
trained with CatSim simulation data was directly applicable to the real data, allowing flexibility in terms of the training
data preparation. The simulation data has some advantages over the real data. For example, once the simulation model is
formed, it is inexpensive to generate a large set of data and there is no exposure limit. On the other hand, it is difficult to
make a large number of realistic physical phantoms and the tube loading of the DBT system limits the dose level of
imaging a physical phantom. Most importantly, the DCNN denoiser trained with phantom data was applicable to DBT
human subjects, thus avoiding the need to train using LD/HD human DBT that may be infeasible to collect. Future work
includes improving the conspicuity of subtle MCs in the denoised images, study of the robustness of the denoiser across
reconstruction methods or DBT systems, and further validation of the effectiveness of the trained denoisers in clinical
DBTs.
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Figure 1. An example of a background 20 mm X 18 mm region in the validation physical phantom. Top row: high
dose (HD) and low dose (LD) pair. Middle and bottom row: denoised with DCNN models based on
different training/target pairs. The images are displayed with the same window/level settings.
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0.150-0.180 mm 0.180-0.212 mm 0.212-0.250 mm

LD

24mAs/120mAs
Denoised

LD/HD Denoised

24mAs/Noiseless
Denoised

Figure 2. Three MC clusters of different sizes in the validation phantom. All images show a 15 mm X 15 mm region.
The images in the same column are displayed with the same window/level settings.
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Mass Example MC Cluster Example

Before Denoising

24mAs/120mAs Denoised

LD/HD Denoised

24mAs/Noiseless Denoised

Figure 3. Example images of human subject DBTs with an invasive ductal carcinoma (mass) and a ductal carcinoma
in situ (MC cluster). All images show a 20 mm X 18 mm region. The images in the same column are
displayed with the same window/level settings.
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