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Abstract
Purpose: The SYRMA-3D collaboration is setting up a breast computed tomog-
raphy (bCT) clinical program at the Elettra synchrotron radiation facility in Trieste, 
Italy. Unlike the few dedicated scanners available at hospitals, synchrotron radia-
tion bCT requires the patient's rotation, which in turn implies a long scan duration 
(from tens of seconds to few minutes). At the same time, it allows the achieve-
ment of high spatial resolution. These features make synchrotron radiation bCT 
prone to motion artifacts. This article aims at assessing and compensating for 
motion artifacts through an optical tracking approach.
Methods: In this study, patients’ movements due to breathing have been first 
assessed on seven volunteers and then simulated during the CT scans of a 
breast phantom and a surgical specimen, by adding a periodic oscillatory motion 
(constant speed, 1 mm amplitude, 12 cycles/minute). CT scans were carried out 
at 28 keV with a mean glandular dose of 5 mGy. Motion artifacts were evalu-
ated and a correction algorithm based on the optical tracking of fiducial marks 
was introduced. A quantitative analysis based on the structural similarity (SSIM) 
index and the normalized mean square error (nMSE) was performed on the re-
constructed CT images.
Results: CT images reconstructed through the optical tracking procedure were 
found to be as good as the motionless reference image. Moreover, the analysis 
of SSIM and nMSE demonstrated that an uncorrected motion of the order of 
the system's point spread function (around 0.1 mm in the present case) can be 
tolerated.
Conclusions: Results suggest that a motion correction procedure based on an 
optical tracking system would be beneficial in synchrotron radiation bCT.
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1  |   INTRODUCTION

Breast computed tomography (bCT) is an x-ray tech-
nique emerging in clinical practice and, in recent years, 
several dedicated studies describing different setups 
and involving an increasing number of patients have 
been published.1-7 three-dimensional (3D) imaging of 
the breast allows the reduction of anatomical noise and 
masking effects inherent to two-dimensional mammog-
raphy, and it is regarded as a valuable tool to improve 
early detection of breast cancer, follow-up, and treat-
ment/surgery planning stages. Additionally, bCT does 
not require breast compression, thus entirely avoiding 
patient discomfort. In fact, more than 50% of women 
experience moderate to extreme discomfort during 
mammography,8 even discouraging some from the par-
ticipation in the screening program.9 On the other hand, 
bCT is an extremely demanding imaging task as tomo-
graphic data must provide both high spatial resolution, 
to identify microcalcifications, and high contrast reso-
lution, to distinguish between soft tissues composing 
the breast. This must be attained with a low delivered 
radiation dose (i.e., few milligrays), as imposed by regu-
latory bodies due to breast radiosensitivity. While these 
conflicting requirements certainly slowed down wide-
spread use of bCT in clinical practice, many improve-
ments have been recently introduced leading to a new 
generation of bCT systems based on a fan-shaped x-
ray beam and photon-counting detectors.10 At the same 
time, two research groups, working, respectively, at the 
Italian synchrotron facility Elettra (Trieste, Italy)11-13 
and at the ANSTO Australian Synchrotron (Melbourne, 
Australia),14,15 are developing clinical programs to scan 
patients with synchrotron radiation making use of x-ray 
phase-contrast imaging (XPCi) techniques.16,17 The 
main advantage of synchrotron radiation stems from 
the high degree of coherence, both temporal and spa-
tial, of the x-ray beam. The first permits a monochro-
matic beam whose energy can be tuned depending 
on the sample size and composition to optimize the 
signal-to-noise ratio at a given radiation dose.18,19 The 
latter enables a straightforward implementation of the 
propagation-based XPCi. In this technique an imaging 
detector, positioned at a given (propagation) distance 
downstream from the sample, records the near-field 
interference pattern due to the phase-shift accumu-
lated by the x-rays across the imaged object.20 Images 
obtained in this configuration, which show an addi-
tional contrast, or edge enhancement, arising at the 
interfaces between different materials, are further pro-
cessed via a so-called phase-retrieval filter.21 The final 
result of this imaging chain is a substantial decrease in 
image noise at the same contrast and spatial resolution 
levels that would be observed in a conventional x-ray 
attenuation-based tomography.22,23

In this framework, the presence of patients’ 
motion-related artifacts and their impact on the 

diagnostic significance of the examination is still an 
open issue and, to the best of the authors’ knowl-
edge, no dedicated studies have been published to 
date. In fact, the absence of the compression pad-
dles which constrain the breast in a fixed position 
makes bCT images more prone to artifacts due to 
patient movements, both voluntary and involuntary 
(e.g., breathing). In principle, these effects are more 
critical in synchrotron-based than in hospital-based 
bCT setups for two reasons. First, the scan duration 
is generally longer at synchrotrons (from tens of sec-
onds to few minutes) as the patient must be rotated 
instead of the x-ray source, thus limiting the rotation 
speed to velocities in the order of 10 degrees per 
second. This may prevent the possibility of a breath-
holding examination and increases the probability of 
patient movement. Second, synchrotron bCT sys-
tems generally feature a better spatial resolution, up 
to 7 lp/mm at 10% of the modulation transfer function, 
or ∼0.1 mm at full width at half maximum (FWHM) of 
the point spread function,24 being more sensitive to 
small displacements. To mitigate these effects, the 
usefulness of dedicated breast immobilizer systems, 
both for conventional and synchrotron-based setups, 
has been proposed25,26 but, at present, such systems 
are seldom used in clinical practice.

In this context, the study here presented has been 
conceived for three purposes. First, to develop a sim-
ple model for the respiratory motion by evaluating real 
breathing displacements on seven volunteers with op-
tical tracking. Second, to evaluate the effect of such 
modeled motion on reconstructed tomographic images 
of a breast phantom and a surgical specimen. Lastly, 
to introduce a correction method to compensate for 
the resulting artifacts. Although data-driven techniques 
based on refined image registration approaches have 
been proposed for motion compensation in tomo-
graphic imaging,27-30 the use of external hardware to 
implement an optical tracking system is here suggested 
and discussed.

All the presented activities have been carried out 
in the framework of the SYRMA-3D collaboration,12,31 
which is conducting a comprehensive study on 
synchrotron-based bCT, including ad-hoc Monte Carlo 
simulation software for dose evaluation,32,33 modeling 
of the whole imaging chain,34,35 dedicated reconstruc-
tion algorithms,36-38 and image quality assessment 
procedures.39

2  |   MATERIALS AND METHODS

2.1  |  Synchrotron radiation breast CT

The SYRMA-3D collaboration is setting up a clinical 
bCT facility at the SYRMEP beamline at Elettra,40 uti-
lizing the same patient room which hosted the XPCi 
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planar mammography clinical study.41 The geometry of 
the bCT system requires that the patient lies prone on 
a horizontal, ergonomically designed, high-precision 
support (CINEL Strumenti Scientifici s.r.l.), which is ca-
pable of rotating around the vertical axis, as well as 
translating horizontally and vertically (see Figure 1). The 
patient's support features a central aperture, whereby 
the pendant breast can be scanned through the laminar 
x-ray beam. A full volume acquisition is obtained via 
subsequent 180-degree scans performed at different 
vertical positions,42 each of a duration of 40 s or less, 
resulting in an expected total examination time of 5 to 
10 min. According to breast dimension and glandularity, 
the x-ray energy is selected between 25 and 30 keV,43 
with a target mean glandular dose delivery of 5 mGy 
or less. A detailed description of this bCT project was 
recently reported.12

2.2  |  Patient's motion 
preliminary assessment

To evaluate the patient's motion, a preliminary as-
sessment has been performed on seven female vol-
unteers. The volunteers were not exposed to x-rays 
but were simply asked to lie prone on the support in 
the patient's position, and to let their left breast dangle 
in a pendant geometry outside of the central aperture. 
The left breast was chosen because it was assumed 
that it might be more directly affected by involuntary 
heartbeat-related movements. To estimate the move-
ments, a white band with a fine pen black dot was 
applied to the dangling breast of each volunteer and 
images of this fiducial mark were acquired with an 
optical camera (Basler acA1920-155um equipped 
with a Kowa LM25HC 25  mm lens with an F 1.4-16 
iris range). The optical camera was positioned at the 
same height as the fiducial mark, at a distance of 
about 50 cm from the sample, and was used to record 
400 frames of the fiducial mark in 40 s (10 Hz frame 

rate), corresponding to the duration of a single scan. 
The volunteers were instructed to relax and to breathe 
normally. After manually selecting a region of inter-
est (ROI) suitable for all frames, a mask correspond-
ing to the fiducial mark was obtained for each frame 
by performing a single global threshold segmenta-
tion. Hence, the fiducial mark position was obtained 
by calculating the center of mass (CoM) coordinates 
of the masked pixels. Finally, calibration in millimeter 
units was performed by means of a reference image. 
The movements of the fiducial mark were assumed to 
yield a coarse estimation of a typical patient's breast 
movement.

2.3  |  Imaging setup

The tomographic images presented in this study 
were acquired in the experimental room, which is lo-
cated upstream of the room which hosts the patient's 
support. Here, a set of high-precision motor stages 
allows the combination of translational and rotational 
motions. A simplified sketch of the experimental setup 
is shown in Figure 2a. The x-ray source is a storage 
ring bending magnet generating a highly collimated 
polychromatic beam (vertical divergence of 0.2 mrad, 
horizontal divergence of 7 mrad). The beam is mon-
ochromatized by means of a Si(111) double-crystal 
monochromator, allowing the selection of energy in 
the range 8.5–40 keV with an effective resolution of 
around 0.1%. The beam cross-section at the sam-
ple, positioned at 22.5 m from the source, is 150 mm 
(horizontal) ×  5  mm (vertical). Owing to the imple-
mentation of a dedicated beam-flattening filter, the 
otherwise Gaussian vertical intensity distribution is 
nearly constant, leading to uniform dose and signal-
to-noise ratio distributions across the sample.44 The 
x-ray flux is monitored through a custom ionization 
chamber positioned upstream of the sample stage 
(Figure 2b).

F I G U R E  1   Image of the patient room 
at the SYRMEP beamline
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Samples are positioned on a high-precision rotator 
(Micos UPR-160 Air) spinning at 4.5 deg/s, correspond-
ing to an angular interval of 0.15 degrees per projection. 
The rotator is mounted on a programmable six degrees 
of freedom (DOF) hexapod positioning stage (Physik 
Instrumente H-840.G2), which was programmed to 
simulate breathing-induced oscillations (Figure 2c). In 
principle, the hexapod positioning stage can execute 
complex trajectories; however, for the sake of simplicity 
and taking into account the preliminary evaluation of 
the respiratory motion on the volunteers in prone posi-
tion (reported in Section 3.1), only vertical oscillations 
were simulated since they are dominant over the hori-
zontal ones. In particular, a periodic oscillatory motion 
with constant speed, amplitude of 1 mm, and frequency 
of 12 cycles/minute was programmed and was super-
imposed upon sample rotation during the tomographic 
acquisition. To monitor the motion, motor positions 
were logged at a rate of 30 Hz, ensuring a good match 
with the sampling of tomographic projections.

The imaging device is a large-area photon-counting 
detector (Pixirad-8), based on a 650 μm thick CdTe 

sensor bump bonded on the readout ASIC,45,46 and 
it is shown in Figure 2d. The readout electronics is 
optimized to obtain a negligible dead time between 
consecutive frames, allowing continuous acquisition 
without losing counts. The detector is assembled 
from eight modules, tiled to a global active area of 
246 mm × 24.8 mm, while pixels are arranged on a 
honeycomb array with a 60 μm pitch, corresponding 
to a matrix of 4096 × 476 pixels. The detector is po-
sitioned 3.7  m downstream from the sample stage, 
enabling propagation-based XPCi, and it is operated 
at its maximum frame rate of 30 Hz, resulting in 1200 
equally spaced projection images acquired over the 
180-degree rotation of the sample.

2.4  |  Scanned samples

Two samples were scanned with x-rays for this study. 
The first is a surgical breast specimen, with dimensions 
of 140 mm × 20 mm × 90 mm containing a moderate-
grade ductal infiltrating carcinoma with a maximum 

F I G U R E  2   Sketch of the experimental setup (a) and related images of the ionization chamber (b), sample stage (c), and detector (d)
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diameter of 35 mm. Before the scan, the sample was 
formalin-fixed and sealed in a vacuum bag, as shown 
in Figure 3a. The sample was handled following the 
Directive 2004/23/EC of the European Parliament 
and of the Council of 31 March 2004 on setting stand-
ards of quality and safety for the donation, procure-
ment, testing, processing, preservation, storage, and 
distribution of human tissues. XPCi was performed 
within the framework of the operative protocol of the 
Breast Unit of the Trieste University Hospital (“PDTA 
Neoplasia mammaria” approved on 11 December 2019 
by ASUGI–Azienda Sanitaria Universitaria Giuliana 
Integrata, Italy). The protocol entails a written informed 
consent which is obtained from the patients before 
their inclusion into bCT imaging studies. The specialist 
breast center of ASUGI is in compliance with the stand-
ard of EUSOMA guidelines (certificate No. 1027/01). In 
the study at hand, the images of the specimen were 
used to assess the magnitude of artifacts due to differ-
ent degrees of uncompensated motion on a real breast 
tissue texture.

The second sample is a multi-modality breast phan-
tom (CIRS model 073), shown in Figure 3b, simulat-
ing the breast shape, feel, and appearance for x-ray, 
ultrasound, and MRI imaging. The phantom mimics 
the presence of cystic dense lesions embedded in a 
homogeneous background and contains several mi-
crocalcifications with diameters ranging between 100 
and 300 μm. To simulate the clinical examination, the 
phantom was imaged in a pendant geometry. To track 
the motion of the phantom, 16 equally spaced fiducial 
marks were applied on its surface to allow easy seg-
mentation and image analysis in the optical tracking 
procedure. During the irradiation, the fiducial marks 
were imaged with the same optical camera previously 

described, which was positioned perpendicularly to the 
x-ray propagation direction (z) at the same height of the 
fiducial marks and a distance of about 50 cm from the 
sample. The frame rate of the camera was set to 30 Hz 
to match the x-ray detector's frame rate, while its gain 
was optimized to ensure the best visibility of the fidu-
cial marks used for tracking. It should be noted that, 
differently from the preliminary motion estimation on 
the volunteers, the displacements are here assessed 
by tracking multiple fiducial marks as the sample is 
rotating while the camera is at a fixed position. Both 
samples were scanned at 28  keV at an entrance air 
kerma of 10 mGy, corresponding to a mean glandular 
dose of 5 mGy, which is comparable to values used in 
clinical practice. Details of the conversion between the 
entrance air kerma and the mean glandular dose can 
be found in appropriate publications.12,32,33

2.5  |  Optical tracking

The goal of the tracking procedure is to follow the 
motion of the fiducial marks yielding, for each projec-
tion, the displacement of the sample along the verti-
cal axis. For this purpose, a small ROI is selected 
in the center of each frame to minimize parallax er-
rors. As schematically shown in Figure 4, the cropped 
image grayscale is then inverted (a) and segmented 
(b) by using a single global threshold providing a 
mask corresponding to the reference mark. The posi-
tion of the mark is identified by the CoM coordinates 
of the masked pixels (c). Since the sample is rotating, 
the procedure must track many consecutive marks 
moving in front of the camera. To this end, when 
the tracked point falls outside the selected ROI, the 

F I G U R E  3   Images of the breast 
specimen sealed in the vacuum bag (a), 
of the breast phantom captured with 
the camera used for optical tracking 
(b), and their respective ground truth 
motionless tomographic reconstructions 
(c,d). White dashed boxes indicate the 
magnified regions shown in Figures 
7 and 9, yellow dotted boxes indicate 
the regions used to evaluate SSIM and 
nMSE in Figures 8 and 10, respectively. 
The content of panels (c,d) is detailed in 
Section 2.6

(a) (b)

(d)(c)
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procedure seeks the next one and starts tracking it 
(see Movie S-1). In this way, the final tracks, along 
both vertical and horizontal directions, will be com-
posed of many sub-tracks, each corresponding to a 
different mark (d). At this point, the sub-tracks along 
the vertical direction are joined together by remov-
ing the offset between each sub-track pairs, yielding 
a single continuous displacement track (e). It should 
be noted that the linear trend which can be observed 
in the final track is due to a slight tilt of the camera 
with respect to the rotation plane, which can be es-
timated to be below 1 degree. As will be clear in the 
following, this trend can be easily compensated via 
linear fitting and it does not impair the procedure's 
results. In order to test the reliability of the optical 
tracking system, and to perform an initial calibration, 
a reference dataset tracked without moving the hexa-
pod stage has been generated and the resulting track 
has been subtracted from the motion track as shown 
in Figure 5a-c. The subtraction in panel (c) correctly 
reproduces the programmed oscillatory motion, car-
ried out at constant speed over an amplitude of 1 mm, 
and it can be matched to the actual motor positions. 
Thus, by tracking the motion of a simple object, which 
is displaced by a known length, a calibration factor 
to convert the tracked displacements from pixels to 
millimeters is obtained. Of note is that this is a one-
time calibration procedure. Once the optical system is 

calibrated, the raw tracking data previously obtained 
[panel (d), also previously reported in Figure 4e] are 
treated with a linear fit de-trending procedure (e), 
and the calibration factor is applied. In this particular 
case, it can be verified that the corrected and cali-
brated trajectory accurately reproduces the actual 
motor positions (f).

2.6  |  Image processing and analysis

Raw tomographic data streamed from the detector 
are firstly pre-processed via a dedicated procedure 
coping with detector-specific artifacts, such as charge 
trapping, which is often encountered when using high-
Z sensors.47 Following the pre-processing, the phase-
retrieval filter is applied to projection images. At this 
stage, projections are translated to compensate for 
the vertical motion imposed during the acquisition. In 
the case of the breast specimen sample, images are 
corrected based on the actual motor position tracks. 
For this sample no optical tracking procedure has 
been implemented due to its rather unrealistic sur-
face shape and volume, and to the presence of the 
vacuum bag wrapping the specimen. Specifically, six 
datasets are generated with different projection trans-
lation amplitudes, that is, by leaving various degrees 
of uncompensated motion: one dataset takes into 

F I G U R E  4   Diagram of the optical tracking procedure. The individual steps are discussed in the main text
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account the full motor displacement, while the other 
are under-corrected, leaving 0.05, 0.1, 0.2, 0.5, and 
1 mm (no correction) of residual motion, respectively. 
In this way, datasets with different displacements are 
virtually simulated. Conversely, for the breast phan-
tom data, the translation of the projections is directly 
based on the optical tracking results. Also in this 
case, to evaluate the effectiveness and quality of the 
tracking procedure, both non-corrected and corrected 
based on motor positions datasets are generated. 
After motion compensation, each dataset is finally re-
constructed via a GPU-based filtered back projection 
algorithm with a Shepp–Logan filter.48 Owing to the 
small divergence of the beam, a parallel geometry is 
assumed in CT reconstruction. Considering the slight 
geometrical magnification, due to the propagation dis-
tance between sample and detector, and the detec-
tor's pixel arrangement, the reconstructed voxel size 
is 51.5 × 51.5 × 44.7 μ m3.

To quantitatively assess the effects of motion and 
motion compensation procedures, the reconstructed im-
ages, both of the breast specimen and the phantom, are 
compared with reference images acquired without ver-
tical motion. These ground truth tomographic slices are 
shown in panels (c) and (d) of Figure 3. The comparison 
is carried out by evaluating two similarity metrics that 
are well known in the field of image processing, namely 
the structural similarity (SSIM) index and the normalized 
mean square error (nMSE).49 SSIM values vary be-
tween 0 and 1, with 1 indicating two identical images, 
while nMSE values are positive real numbers, with 0 in-
dicating identical images. For each dataset, these met-
rics are evaluated on five adjacent slices, allowing the 
computation of their mean values and standard errors of 
the mean, which are reported in the plots in the results 
section. Results for the breast specimen are detailed in 
Section 3.2, whereas artifacts compensation results for 
the breast phantom are discussed in Section 3.3

F I G U R E  5   Diagrams of the tracking calibration procedure, from (a) to (c), and of the procedure to obtain the final correction to be 
applied to projection images, from (d) to (f)
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3  |   RESULTS

3.1  |  Assessment of motion on 
volunteers

Figure 6 displays representative tracks of vertical and 
horizontal displacements optically tracked on a volun-
teer, lying prone on the patient's support and breath-
ing normally: vertical motion (maximum displacement 
0.7  mm, blue solid line) is prominent over horizontal 
motion (maximum displacement 0.4 mm, black dotted 
line). Overall, considering the recorded movements of 
the seven volunteers, typical oscillations in the range 
0.4–1.0 mm were observed in the vertical direction and 
in the range 0.2–0.5 mm in the horizontal direction, with 
a frequency ranging from 9 to 18 cycles/minute.

3.2  |  Impact of motion on CT images

Figure 7 displays a single detail containing a spiculated 
fibroglandular tissue component (bright) embedded 

F I G U R E  6   Optically tracked vertical and horizontal 
displacements on a volunteer's breast. The maximum 
displacements are 0.7 mm in the vertical direction and 0.4 mm 
in the horizontal direction

F I G U R E  7   Detail of the breast specimen sample reconstructed compensating for the vertical motion (a), leaving a residual motion 
of 0.05, 0.1, 0.2, and 0.5 mm, from (b) to (e), and without any correction (f). The inset in each panel shows the actual motor positions (red 
dashed line), the applied correction for each projection (blue points), and the residual motion (solid black line)
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in an adipose background (dark) as well as a sharp 
interface between tissue and air (black), which is re-
constructed with different degrees of uncompensated 
motion as shown in the tracks reported in the insets. 

Specifically, in panel (a) the image is reconstructed ex-
actly compensating for motor movement, in panels (b) 
to (e) reconstructions include a residual motion of 0.05, 
0.1, 0.2, and 0.5 mm, respectively, while in panel (f) no 
motion compensation is applied. From the images, it is 
clear that when no motion correction is applied the fi-
broglandular component is severely blurred and the vis-
ibility of connections is almost entirely lost. Additionally, 
artifacts arising at the boundary of the sample impair 
the visibility of the surrounding region and, more im-
portantly, they propagate within the tissue, reducing the 
overall image quality. Similar considerations hold also 
in the case of the 0.5 mm residual motion amplitude, 
whereas artifacts become much less severe at 0.2 mm. 
For residual displacements of 0.1 and 0.05 mm, the dif-
ferences with respect to the fully corrected image are 
almost negligible as the amount of residual motion is 
smaller than, or comparable to, the system's spatial 
resolution (i.e., ∼0.1 mm at FWHM of the point spread 
function).

The presented qualitative visual assessment is 
supported by the quantitative results of Figure 8, 
where SSIM and nMSE, measured against the refer-
ence motionless image within the yellow dotted area 
in Figure 3c, are plotted as a function of the residual 
vertical displacement. From the plot it can be seen 
that both SSIM and nMSE present a plateau and, for 
each metric, data points are compatible with each 
other for residual motions below 0.1  mm, indicating 

F I G U R E  8   Plot displaying the structural similarity index (SSIM, 
blue curve and points) and the normalized mean square error 
(nMSE, orange curve and points) as a function of the residual 
vertical motion left after the correction. When not visible the error 
bars are smaller than the markers

F I G U R E  9   Detail of the breast phantom reconstructed from a reference motionless dataset (a), from the vertically displaced dataset 
corrected with the actual motor positions (b), with the optical tracking procedure (c), and without correction (d). In panels (e) to (h) the 
respective line profiles (black dots) and Gaussian fit (red line) across the microcalcification indicated with the arrow (green when visible 
and red when not visible). Uncertainties on the FWHM measurements are evaluated as the 95% confidence intervals of the fit parameters. 
Lines for the intensity profile evaluation are not shown in the figure in order not to mask the microcalcification
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that these motions can be tolerated as they do not 
affect image quality. On the other hand, both curves 
have a steep dependence on the vertical displace-
ment for motions larger than 0.2 mm, implying that in 
this range motion artifacts are critical and impact on 
image quality.

3.3  |  Motion artifact compensation

The detail of the breast phantom shown in Figure 9 in-
cludes a simulated cystic lesion embedded in a breast 
tissue equivalent background. The lesion contains 
several microcalcifications, while in its periphery an 
air cavity can be observed. The latter feature, despite 
not being present in a real breast, is useful in de-
termining the quality of the optical tracking correc-
tion since high-contrast interfaces (e.g., air/tissue) 
are sensitive to small displacements. Panels (a) to 
(d) show the static reference, the reconstruction cor-
rected starting from the actual motor positions, cor-
rected with the optical tracking and not corrected, 
respectively. Of note is that the correction based on 
motor position, which obviously is not feasible in a 
clinical scenario where the patient is moving freely, 
has been performed to quantify how far the opti-
cal tracking is from the case of a perfect motion-
compensated dataset. From the figures it is clear 
that, if no motion correction is applied (d), the amount 
of blurring introduced in the final reconstruction com-
promises the visibility of the microcalcifications, 
which cannot be distinguished from the background 
signal. Conversely, the optical tracking procedure (c) 
yields an image similar to the perfectly compensated 
displacement (b), restoring the calcification visibility 
as well as the sharpness of interfaces. This is also 
demonstrated by the line profiles measured across a 
microcalcification (indicated by the arrows) in panels 
(e) to (h). Specifically, it is shown that the microcalci-
fication signal is to a great extent recovered thanks 
to the optical tracking, while its sharpness evaluated 
via Gaussian fitting (0.20  ±  0.02  mm at FWHM) is 
equivalent to both the motor corrected and the refer-
ence static cases. Conversely, if the image is not cor-
rected, the microcalcification signal is comparable 
with image noise.

Moreover, as in the case of the breast specimen 
sample, the similarity to the reference image has 
been evaluated. SSIM and nMSE have been mea-
sured within the yellow dotted area in Figure 3d for 
motor-based correction, optical tracking correction, 
and no correction at all, against the reference mo-
tionless image. The plot in Figure 10 demonstrates 
that the optical tracking correction is slightly worse 
but comparable to the ideal case, representing a 
great improvement with respect to the uncorrected 
image.

4  |   DISCUSSION

The presented results demonstrate that vertical respira-
tion displacements in the mm range reduce dramatically 
the visibility of features as spiculations and microcalcifi-
cations, which are paramount in the clinical evaluation 
of bCT images. Specifically, oscillations with a realis-
tic amplitude of 1 mm impair image quality, leading to 
a severe blurring, masking the microcalcifications and 
distorting the fibroglandular texture. On the other hand, 
the described synchrotron-based setup can tolerate dis-
placements around 0.1 mm: this rather small value is nat-
urally linked to the spatial resolution of the setup, which is 
higher than in hospital-based clinical scanners, rendering 
such system more sensitive to motion-related artifacts. 
Nonetheless, also conventional bCT systems, both with 
cone-beam and fan-beam spiral geometries, are capa-
ble of delivering high-resolution CT reconstructions with 
voxel sizes in the order of 150 μm cubed.4,6 Moreover, 
the patient undergoing a hospital bCT scan is usually in-
structed to breathe normally,6 as in synchrotron-based 
examinations. Thus, a typical 10 s long scan can record 
one to three respiratory cycles. For these reasons, al-
though no dedicated study exists, also hospital-bCT sys-
tems may arguably be affected by motion artifacts due to 
involuntary movement, potentially causing a loss in the 
visibility of features which could otherwise be resolved. 
Moreover, the presence of motion artifacts could be even 
more relevant for novel functional breast imaging tech-
niques, as 4D bCT, which has a duration longer than 
conventional bCT.50-52

In general, the adoption of strategies to prevent and/
or compensate for involuntary motion appears to be 

F I G U R E  10   Plot displaying the structural similarity index 
(SSIM, blue curve and points) and the mean square error (nMSE, 
orange curve and points) as a function of the correction procedure. 
When not visible the error bars are smaller than the markers
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mandatory for synchrotron-based setups and poten-
tially useful also in hospital scanners. In this context, 
the optical tracking of fiducial marks positioned on the 
breast (phantom) surface is a very promising strategy 
to compensate for motion-related artifacts. Results 
show that, following a calibration procedure, optical 
tracking allows the restoration of image quality to lev-
els comparable with the static reference image, recov-
ering all the microcalcifications and introducing only 
a marginal blurring. While these findings have been 
proven only for synchrotron radiation bCT, it can be 
anticipated that optical tracking methods could be a vi-
able solution for motion correction also in clinical bCT 
systems. In a realistic clinical scenario, the adoption of 
an optical tracking system would not have a relevant 
impact on the setup complexity and its implementation 
in the reconstruction workflow would not significantly 
increase the processing times as it only requires a 
translation of the projection images. Moreover, the op-
tical tracking procedure can be coupled with the use 
of breast holding/constraining devices, whose role 
would be to limit large displacements of the breast 
while the tracking would compensate for subtle resid-
ual movements.

In particular, optical tracking can be taken into ac-
count when data-driven techniques, that is, methods 
relying on the acquired imaging data only, do not pro-
vide satisfactory results. On the other hand, the pos-
sibility to compensate for motion by exploiting only 
the acquired projection data is highly attractive both 
for synchrotron radiation and conventional bCT, as it 
would avoid the need for additional hardware and/or 
external data. Ideally, a method where the collection 
of additional imaging data is not required (such as e.g., 
a very fast scan before and/or after the actual acqui-
sition) is desirable. Additional data acquisition could in 
fact be incompatible with in vivo imaging as an extra 
dose would be delivered to the patient and also, for the 
case of our synchrotron-based setup, could be tech-
nically challenging or unfeasible. Actually, advanced 
techniques for motion and also deformation compen-
sation in CT have been proposed in recent years, 
within the community of high-resolution tomography 
with synchrotron radiation, to deal with sudden random 
motions of the sample during the scan.27-30 However, 
the translation of such methods to bCT may not be 
straightforward. For instance, breast motion follows 
patient's respiration rate which is much lower than 
the detector frame rate. This results in very minor dis-
placements which are hardly detectable on consecu-
tive projection images. One more aspect to consider is 
that, in the specific case of synchrotron bCT with lami-
nar x-ray beam, the field-of-view for each scan is much 
smaller than the whole organ, thus making the motion 
compensation via data-driven techniques even more 
challenging. It is not excluded, however, that future re-
search activity will include refined image registration 

and processing solutions to enhance the accuracy of 
motion correction.

At this point, it should be stressed that the present 
study has been focused on the respiratory motion, 
which has been modeled as a rigid translation along 
the vertical axis. Of course, this is a rather simplified 
model which requires further refinements as the breast 
motion is in general more complex (non-rigid and along 
an arbitrary direction). For this reason a more sophis-
ticated tracking setup will be implemented to monitor 
complex motion patterns (translations along y- and x-
axis, plus angular tilts), which will be simulated with the 
hexapod motors.

5  |   CONCLUSION

In the process of designing a bCT clinical protocol at 
the Elettra synchrotron in Trieste (Italy), crucial issues 
are related to the patient's respiratory motion. The pre-
sent study aimed at assessing such motion, at evaluat-
ing the related artifacts, and at setting up a correction 
procedure by means of a custom optical tracking sys-
tem. Typical movements were first assessed on seven 
volunteers, positioned on the patient's support at the 
SYRMEP beamline but not exposed to x-rays. Then, a 
similar motion was simulated during the CT scans of a 
breast tissue and a phantom, both acquired at 28 keV 
and with a glandular dose of 5 mGy. The motion of the 
breast phantom was faithfully registered through the 
optical tracking of fiducial marks. A quantitative analy-
sis of the reconstructed CT images showed that, while 
residual motion of the order of one-tenth of millimeter 
(comparable with the system's point spread function) 
can be tolerated, larger movements have a critical 
impact on the visualization of spiculations and micro-
calcifications, and thus on the bCT diagnostic value. 
However, the correction procedure based on the optical 
tracking system was able to restore the pristine image 
quality, at a level comparable with the static reference. 
Even though the simulated movement was simplified, 
namely limited to the vertical direction, these results 
confirmed the idea that optical tracking can address 
the problem of motion artifacts. Further experiments 
are now scheduled to prove the validity of this approach 
for more realistic movements. Overall, our experience 
confirms that optical tracking motion correction is a val-
uable tool in synchrotron radiation bCT and suggests 
that it could be beneficial also in hospital bCT systems.
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