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Abstract: Wavelia is a low-power electromagnetic wave breast imaging device for breast cancer
diagnosis, which consists of two subsystems, both performing non-invasive examinations: the
Microwave Breast Imaging (MBI) subsystem and the Optical Breast Contour Detection (OBCD)
subsystem. The Wavelia OBCD subsystem is a 3D scanning device using an infrared 3D stereoscopic
camera, which performs an azimuthal scan to acquire 3D point clouds of the external surface of
the breast. The OBCD subsystem aims at reconstructing fully the external envelope of the breast,
with high precision, to provide the total volume of the breast and morphological data as a priori
information to the MBI subsystem. This paper presents a new shape-based calibration procedure
for turntable-based 3D scanning devices, a new 3D breast surface reconstruction method based on a
linear stretching function, as well as the breast volume computation method that have been developed
and integrated with the Wavelia OBCD subsystem, before its installation at the Clinical Research
Facility of Galway (CRFG), in Ireland, for first-in-human clinical testing. Indicative results of the
Wavelia OBCD subsystem both from scans of experimental breast phantoms and from patient scans
are thoroughly presented and discussed in the paper.

Keywords: breast surface reconstruction; 3D scanning system; turntable calibration; breast cancer
diagnosis; microwave imaging; medical radar; breast phantoms

1. Introduction

Wavelia is a prototype medical device which has recently been developed by MVG Industries.
The purpose of Wavelia is to offer an alternative and/or complementary imaging modality to X-ray
mammography for breast cancer diagnosis. As it involves microwave technology, so non-ionizing
radiation, it may allow for diagnosis and follow-up of rapidly evolving pathologies by making
it possible to safely schedule regular 3D scans of the breast as often as required [1,2]. Given the
incorporated radar detection technology [3], this novel imaging modality is also meant to provide the
clinicians with a useful tool for automated Computer-Aided Diagnosis (CAD). The hardware modules
integrated in Wavelia are partly inherited from the technical background and expertise of the company
in antenna measurement systems [4,5]. A detailed presentation of the actual R&D status of the system
has been reported in [3].

Wavelia is now installed at Galway University Hospital, Ireland, for a first-in-human clinical
investigation which started running in the last quarter of 2018. Prior to the initiation of the clinical
investigation, on-site validation [3] has been performed using breast phantoms [6]. The pilot study
holds full approval by the Local Ethics Committee, and the Health Products Regulatory Authority
(HPRA), in Dublin, Ireland. Details on the clinical protocol of the pilot study can be found in the
ClinicalTrials.gov repository to which the trial has been registered with identifier NCT03475992 [7].
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The Wavelia prototype medical device consists of two subsystems, both performing a non-invasive
examination: the Microwave Breast Imaging (MBI) subsystem, which is the main part of the
system and the Optical Breast Contour Detection (OBCD) subsystem, which plays an auxiliary
role. The MBI subsystem illuminates the breast with low-power electromagnetic waves in the
microwave frequency range, which penetrate the breast under examination. The subsystem collects
the scattered electromagnetic waves and recovers useful information on the breast tissue consistency,
given the dielectric contrast of these tissues; this information can be represented as 3D volumetric.

The OBCD subsystem performs an azimuthal scan of the breast using a 3D infrared stereoscopic
camera. The objective of the OBCD subsystem is triple [3]:

• compute the volume of the patient’s breast, thus indirectly deriving the required volume of
transition liquid such that the container of the MBI subsystem is optimally filled after immersion
of the breast;

• compute the distance (vertical extent) from the lowest point of the pendulous breast to the lower
plane of the examination table, in order to optimally define the vertical scan positions for the MBI
scan of each breast; the number of vertical scan positions and thus the time duration of the MBI
scan will vary accordingly to the size of each breast;

• reconstruct the external envelope of the breast, with millimetric precision; such information
will further serve to quantify the level of deformation of the breast due to immersion in the
transition liquid during the microwave imaging scan, as introduced in [8]; in the case of breasts
minimally deformed when immersed in the transition liquid (younger patients with breasts not
very large), the OBCD-reconstructed breast surface, after registration with the MBI scan, is also
meant to improve the localization of the abnormalities detected with MBI in the breast, by means
of revealing the exact orientation of the pendulous breast under scan, as well as details such as
the nipple location, which cannot be defined using the MBI-derived reconstruction of the breast
surface alone, due to its centimetric level of spatial resolution. With no access to such level of
detail, the annotation of the breast quadrant and clock-position at which an abnormality has
been detected with MBI cannot be very accurate, when using the MBI system stand-alone, thus
inhibiting the comparison and ultimate validation of the microwave breast imaging modality
against conventional reference breast imaging data (X-Ray mammography and Ultrasound breast
scan).

For the third purpose to be achieved at the maximal possible level with the actual prototype #1
implementation of the Wavelia system, which involves operation of the OBCD and MBI scans on two
separate identical examination tables, it is important that the patient lies in the same position for both
scans. A standardized position for the arms and the overall body posture of the patient has been
established and respected on both scanners during the ongoing first-in-human clinical investigation,
such that rigid registration of the two breast surface reconstructions (OBCD and MBI) of each patient’s
breast is feasible. Two indicative results of OBCD reconstructions of patient breast surfaces, after rigid
registration with the MBI scan, are presented in Section 3.4 of the paper.

The importance of retrieving the external breast envelope with high accuracy as a priori information
for efficient microwave breast imaging has been extensively highlighted by the microwave breast
imaging research community so far [8–12]. The significant added-value of the use of an auxiliary (laser)
system to further enhance the maximal achievable accuracy of the estimated breast envelope has been
analyzed in [13,14]. Such a laser system has been incorporated in the TSAR microwave breast imaging
system and has been clinically trialed on a small group of patients in Calgary, Canada [13,14]. For the
Wavelia system, an infrared 3D stereoscopic camera has been integrated, after appropriate selection
and configuration, to perform optimally in the interior of the Wavelia examination table and for the
case of the human skin texture. To the authors’ knowledge, this is the first time that such an optical
system is incorporated in the setting of clinical breast imaging.
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The relevant state-of-the-art methods from which the Wavelia OBCD design could have been
inspired are the existing 3D Surface Imaging methods, mainly designed for post-surgical and/or
aesthetic breast reconstruction. An overview of these methods, the set of commercial devices in which
they are used, as well the achievable accuracy of the volume computation can be found in [15–18].

Due to their application to aesthetic breast reconstruction, most of those systems and methods are
designed to image the patient’s torso, while at regular standing or sitting position. To the authors’
knowledge, other than the MRI and CT scanners, there are no well-known systems and methods
for surface reconstruction and volume computation of the pendulous breast (patient lying at prone
position).

Other particularities of the Wavelia OBCD system, which justify the need for a new, system-tailored
development, are:

• the requirement for integration of the OBCD system in a specific examination table, the layout
of which is driven by the architecture of the MBI subsystem; this is the main reason why
system-specific algorithms for denoising and extraction of the useful portion of the recorded 3D
point clouds are required to be designed;

• the need to operate in an obscure, closed environment, which justifies the specific choice of a
stereoscopic 3D camera to scan the breast. The procedure that led to the selection of the specific
3D camera is presented in Appendix A.

This paper will focus on the presentation of the Wavelia OBCD subsystem. An overview of
the Wavelia system architecture is presented in Section 2.1. Given that the full 3D reconstruction
of the breast is performed using multiple camera measurements taken along an azimuth scan of
the breast, the design of an accurate calibration algorithm, resulting in a high-quality alignment of
the multiple point clouds on a unique reference coordinate system is critically important for the
overall performance of the imaging system. The new calibration algorithm which has been designed
and integrated in the Wavelia breast imaging prototype device, in view of its first-in-human clinical
test, is presented in the Section 2.2 of this paper. The new method developed for 3D breast surface
reconstruction from 3D point clouds, as well as the breast volume computation method, are presented
in Section 2.3. The method used to validate the Wavelia OBCD subsystem in terms of achievable
accuracy of breast surface reconstruction using static breast phantoms is presented in Section 2.4.
Indicative performance results of the calibration algorithm, breast surface reconstruction results from
both phantom and patient scans, as well as some information concerning the envisioned evolutions
of the Wavelia OBCD subsystem towards a real-time support tool for the Wavelia MBI examination
and breast cancer diagnosis, are presented in Section 3 of the paper. The main conclusions that can be
drawn from this study can be found in Section 4. Some supplementary technical material has been
included in Appendices A–A.

2. Materials and Methods

2.1. Wavelia Breast Examination: OBCD Subsystem Architecture

As already mentioned in the introduction, the MBI and OBCD subsystems of the Wavelia
investigational medical device are housed in two separate examination tables. This is a temporary
technical limitation of the Wavelia prototype #1 system, which is planned to be resolved in the future
with integration of the two subsystems in the same examination table. Such an integration is not trivial
though, mainly due to two well-identified technical challenges:

• The circular array of microwave sensors moves along an opaque cylindrical container filled
with a creamy opaque transition liquid. These opaque materials have dielectric properties
appropriately selected to favor the penetration of the electromagnetic waves in the breast, while
being biocompatible and acceptable in the clinical setting. Their replacement by semi-transparent
counterparts with the desired properties is feasible, but not evident or straightforward;



Appl. Sci. 2020, 10, 1234 4 of 44

• An appropriate motorization system needs to be designed, such that the MBI and OBCD scans
can be performed sequentially, while the sensors (optical and microwave) are not in close vicinity
to each other during the respective scans.

Given the temporary technical constraint of housing the MBI and OBCD subsystems in two
separate examination tables and in order for the 3D data generated by the OBCD subsystem to be
useful a priori information for the MBI subsystem, the two examination tables have been manufactured
to be identical. In addition, they both use the same 3D reference system (Wavelia reference system),
located on each examination table plane and centered on the circular opening, as seen in Figure 1.
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Figure 1. The Wavelia prototype medical device: the OBCD subsystem (on the Front) and the MBI
subsystem (on the Rear). The Wavelia reference coordinate system is also shown (red and green axes).

The examination procedure is divided into two steps. In the first step the patient is lying in prone
position on the examination table of the OBCD subsystem. The dedicated circular opening on the
examination table permits a 3D optical scan of the breast and then a priori information for the MBI
subsystem is computed. The opening is fitted with a plastic ring to protect the patient’s breast.

In the second step the patient is moved to the MBI subsystem and asked to lie in prone position
on the examination table. The breast is introduced in the dedicated circular opening and immersed
in a tube containing a specific liquid, which will serve as coupling (transition) medium between the
imaging system and the breast. A horizontal circular probe array located outside the tube, slides
vertically along the tube to reach a set of predefined vertical scan positions.

It is important that the patient is lying in the same prone position during both examinations.
The objective is to facilitate the registration between the 3D data generated by the OBCD subsystem
and the 3D data generated by the MBI subsystem.

For the examination on the OBCD subsystem, the patient is lying on the examination table, with
her breast under examination inserted in the circular opening of the examination table. For this
examination, the breast is hanging below the examination table; no coupling liquid is used. An infrared
3D stereoscopic camera is placed below the examination table, at a distance of several tens of
centimeters below the breast. A motorization system enables azimuthal motion of the camera in one
single horizontal plane with an angular step of 30◦ (see Figure 2). The azimuthal scan of the 3D camera
permits to acquire twelve 3D point clouds and then to reconstruct the external envelope of the breast
with sub-millimetric precision. The working environment inside the OBCD subsystem where the 3D
breast scan is performed is small, closed and with no light. The small closed environment is essentially
a multi-reflection environment, for which stereoscopic cameras are meant to be efficient. In addition,
the obscurity of the environment justifies the selection of an infrared camera. The procedure that has
been followed to select a specific 3D infrared stereoscopic camera, among other candidates, for the
Wavealia OBCD subsystem is reported in Appendix A.
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2.2. Optical Breast Contour Detection (OBCD) Subsystem: The Calibration Procedure

The OBCD subsystem can be associated to a turntable-based 3D scanning system [19], however,
the only difference in our case is that the camera is the moving element and not the patient’s breast.
After the 3D data acquisitions are performed by the OBCD subsystem, several point clouds are obtained;
these point clouds need to be registered into the Wavelia reference coordinate system and ultimately
merged. In the case of turntable-based 3D scanning systems, two main approaches can be used to
perform the registration operation. The first one consists in using iterative methods like Iterative
Closest Point (ICP) to perform this registration on the acquired point clouds [20]. The second approach
consists in performing a preliminary calibration step of the turntable, by using a known reference
object [21]. The aim of the calibration operation is to compute the transformation matrix, in order to
pass from the camera coordinate system to the turntable reference coordinate system, for each angular
position of the turntable. Due to the closed and obscure environment of the OBCD subsystem and the
expected significant variability of shapes and sizes of the breasts to be scanned, we decided to use the
second approach. In this context, we developed a new calibration procedure with no iterative process,
based on the use of a cross-shaped calibration tool. The cross-shaped object was chosen because it is a
simple shape that can be easily defined as the intersection of two linear segments perpendicular to
each other, thus it is easy to associate a 3D reference system to this shape.

The first objective of this procedure is to compute the Tc transformation which allows the passage
of the point cloud acquired at 30◦ (azimuthal angular acquisition step) from the camera reference
system at 30◦ to the camera reference system at 0◦. Tc is further used to compute the cumulative
transformations to transform the point clouds acquired at the other azimuthal angular positions (60◦ to
330◦) to the camera reference system at 0◦, as follows:

Tc60 = Tc × Tc

Tc90 = Tc × Tc60

Tc120 = Tc × Tc90

Tc150 = Tc × Tc120

Tc180 = Tc × Tc150

Tc210 = Tc × Tc180

Tc240 = Tc × Tc210

Tc270 = Tc × Tc240

Tc300 = Tc × Tc270

Tc330 = Tc × Tc300

The second objective is to compute the Wavelia reference system, as defined in Figure 1.
The calibration procedure is divided into two steps: at the first step, a 3D scan of the lower

plane of the examination table is performed; at the second step a 3D scan of a cross-shaped object
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is performed. The point clouds acquired during both steps are used to compute Tc and the Wavelia
reference coordinate system, as defined in Sections 2.2.1 and 2.2.2.

2.2.1. The Calibration Procedure: Step A

At this step, the circular opening on the examination table is covered with a lid. Then, four
3D acquisitions are performed at 0◦, 90◦, 180◦ and 270◦. A bounding box referenced to the camera
reference system is used to define the volume of interest to extract the points corresponding to the
lower plane of the examination table from each acquired point cloud (see points inside the bounding
box in Figure 3). The dimensions and positions of the bounding box are defined manually by using the
software module that was developed to perform the full calibration procedure. The four extracted
point clouds are further named PcA0, PcA90, PcA180 and PcA270.
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2.2.2. The Calibration Procedure: Step B

At this step a cross-shaped reference object is used. Its dimensions are slightly longer than 100 mm
vertically and horizontally (see Figure 4a). The cross is fixed to a square bar. The inclination angle of
the cross is the same as the inclination of the camera. The cross is centered and fixed to a cylinder that
will fit into the circular opening of the examination table (see Figure 4b), making it possible to move
the bar vertically or to make it rotate. The aim is to position the cross optimally, such that it can be seen
by the camera at 0◦, 30◦ and 330◦ (see Figure 4c).
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Figure 4. (a) The cross-shaped reference object; (b) Schematic visualization of the cross-shaped
reference object, as installed in the Wavelia examination table, for camera calibration; (c) The point
cloud corresponding to the cross-shaped reference object as seen by the camera at 0◦.

After the cross-shaped reference object is mounted, four 3D acquisitions are performed at 0◦, 30◦,
180◦ and 330◦. Then, the points corresponding to the cross-shaped object at 0◦, 30◦ and 330◦ and the
points corresponding to the vertical square bar at 180◦ are extracted. To ensure that the extracted points
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at 0◦, 30◦ and 330◦ correspond to the cross-shaped object, the best fitting plane to each extracted point
cloud is computed, by using a Least-Squares (LS) method and the points in the close vicinity to each
plane are selected. The final extracted point clouds are further named PcB0, PcB30, PcB180 and PcB330.
Figure 5 shows these point clouds in relation to the xy plane of the camera reference system and their
optimal orientations in relation to the x and y camera axes. These optimal orientations are the key of
our method to compute the axes of each cross-shaped object point cloud, as explained below.

Appl. Sci. 2020, 10, 1234 7 of 44 

 

and their optimal orientations in relation to the x and y camera axes. These optimal orientations are 

the key of our method to compute the axes of each cross-shaped object point cloud, as explained 

below. 

 

Figure 5. Extracted point clouds at the four angular positions of the camera, during the calibration 

step B. The red axis corresponds to the x camera axis and the green axis corresponds to the y camera 

axis. 

To compute the transformation 𝑇𝑐, the 3D reference systems associated with the cross-shaped 

object at 0°, 30° and 330° need to be determined. To do this, each of the point clouds 𝑃𝑐𝐵0, 𝑃𝑐𝐵30, and 

𝑃𝑐𝐵330 is fitted to a plane (cross-shaped object plane) by using a LS method. The unitary cross-shaped 

plane vector at each angular position is used as z unitary vector and is named �̂�𝑧0 (0°), �̂�𝑧30 (30°) 

and �̂�𝑧330 (330°). Then, four point-cloud sections corresponding to the vertical and horizontal axes 

are extracted from 𝑃𝑐𝐵0, 𝑃𝑐𝐵30, and 𝑃𝑐𝐵330, according to the following conditions: 

• upper section extraction conditions: 

(𝑝𝑚𝑥 − 𝑠𝑖𝑧𝑒𝑥 ∙ 𝑈𝑝𝑝𝑒𝑟𝑋𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑥𝑖 < (𝑝𝑚𝑥 + 𝑠𝑖𝑧𝑒𝑥 ∙ 𝑈𝑝𝑝𝑒𝑟𝑋𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟)  

(𝑝𝑚𝑦 + 𝑠𝑖𝑧𝑒𝑦 ∙ 𝑈𝑝𝑝𝑒𝑟𝐿𝑜𝑤𝑒𝑟𝑌𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑦𝑖 < (𝑝𝑚𝑦 + 𝑠𝑖𝑧𝑒𝑦 ∙ 𝑈𝑝𝑝𝑒𝑟𝐿𝑜𝑤𝑒𝑟𝑌𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟)  

• lower section extraction conditions: 

(𝑝𝑚𝑥 − 𝑠𝑖𝑧𝑒𝑥 ∙ 𝐿𝑜𝑤𝑒𝑟𝑋𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑥𝑖 < (𝑝𝑚𝑥 + 𝑠𝑖𝑧𝑒𝑥 ∙ 𝐿𝑜𝑤𝑒𝑟𝑋𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟)  

(𝑝𝑚𝑦 − 𝑠𝑖𝑧𝑒𝑦 ∙ 𝑈𝑝𝑝𝑒𝑟𝐿𝑜𝑤𝑒𝑟𝑌𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑦𝑖 < (𝑝𝑚𝑦 − 𝑠𝑖𝑧𝑒𝑦 ∙ 𝑈𝑝𝑝𝑒𝑟𝐿𝑜𝑤𝑒𝑟𝑌𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟)  

• left section extraction conditions: 

(𝑝𝑚𝑥 + 𝑠𝑖𝑧𝑒𝑥 ∙ 𝐿𝑒𝑓𝑡𝑅𝑖𝑔ℎ𝑡𝑋𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑥𝑖 < (𝑝𝑚𝑥 + 𝑠𝑖𝑧𝑒𝑥 ∙ 𝐿𝑒𝑓𝑡𝑅𝑖𝑔ℎ𝑡𝑋𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟)  

(𝑝𝑚𝑦 − 𝑠𝑖𝑧𝑒𝑦 ∙ 𝐿𝑒𝑓𝑡𝑌𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑦𝑖 < (𝑝𝑚𝑦 + 𝑠𝑖𝑧𝑒𝑦 ∙ 𝐿𝑒𝑓𝑡𝑌𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟)  

• right section extraction conditions: 

(𝑝𝑚𝑥 − 𝑠𝑖𝑧𝑒𝑥 ∙ 𝐿𝑒𝑓𝑡𝑅𝑖𝑔ℎ𝑡𝑋𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑥𝑖 < (𝑝𝑚𝑥 − 𝑠𝑖𝑧𝑒𝑥 ∙ 𝐿𝑒𝑓𝑡𝑅𝑖𝑔ℎ𝑡𝑋𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟)  

(𝑝𝑚𝑦 − 𝑠𝑖𝑧𝑒𝑦 ∙ 𝑅𝑖𝑔ℎ𝑡𝑌𝑀𝑖𝑛𝐹𝑎𝑐𝑡𝑜𝑟) < 𝑝𝑦𝑖 < (𝑝𝑚𝑦 + 𝑠𝑖𝑧𝑒𝑦 ∙ 𝑅𝑖𝑔ℎ𝑡𝑌𝑀𝑎𝑥𝐹𝑎𝑐𝑡𝑜𝑟)  

where 𝑝𝑚𝑥 and 𝑝𝑚𝑦 correspond to the x and y coordinates of the centroid of the point cloud, 𝑝𝑥𝑖 

and 𝑝𝑦𝑖 correspond to the x and y coordinates of each point on the point cloud and 𝑠𝑖𝑧𝑒𝑥, 𝑠𝑖𝑧𝑒𝑦 

correspond to the size of the bounding box of the point cloud along the x and y camera axes 

respectively. The factor values (e.g., UpperLowerYMaxFactor) are positives and lower than 0.5, they 

have been defined empirically for each angular position of the camera, considering several 3D scans 

of the cross-shaped object at 0°, 30° and 330° degrees. Figure 6 shows the four extracted sections, at 

each angular position. 

  

Figure 5. Extracted point clouds at the four angular positions of the camera, during the calibration step
B. The red axis corresponds to the x camera axis and the green axis corresponds to the y camera axis.

To compute the transformation Tc, the 3D reference systems associated with the cross-shaped
object at 0◦, 30◦ and 330◦ need to be determined. To do this, each of the point clouds PcB0, PcB30, and
PcB330 is fitted to a plane (cross-shaped object plane) by using a LS method. The unitary cross-shaped
plane vector at each angular position is used as z unitary vector and is named v̂z0 (0◦), v̂z30 (30◦) and
v̂z330 (330◦). Then, four point-cloud sections corresponding to the vertical and horizontal axes are
extracted from PcB0, PcB30, and PcB330, according to the following conditions:

• upper section extraction conditions:

(pmx − sizex·UpperXMinFactor) < pxi < (pmx + sizex·UpperXMaxFactor)(
pmy + sizey·UpperLowerYMinFactor

)
< pyi <

(
pmy + sizey·UpperLowerYMaxFactor

)
• lower section extraction conditions:

(pmx − sizex·LowerXMinFactor) < pxi < (pmx + sizex·LowerXMaxFactor)(
pmy − sizey·UpperLowerYMaxFactor

)
< pyi <

(
pmy − sizey·UpperLowerYMinFactor

)
• left section extraction conditions:

(pmx + sizex·Le f tRightXMinFactor) < pxi < (pmx + sizex·Le f tRightXMaxFactor)(
pmy − sizey·Le f tYMinFactor

)
< pyi <

(
pmy + sizey·Le f tYMaxFactor

)
• right section extraction conditions:

(pmx − sizex·Le f tRightXMaxFactor) < pxi < (pmx − sizex·Le f tRightXMinFactor)(
pmy − sizey·RightYMinFactor

)
< pyi <

(
pmy + sizey·RightYMaxFactor

)
where pmx and pmy correspond to the x and y coordinates of the centroid of the point cloud, pxi and pyi
correspond to the x and y coordinates of each point on the point cloud and sizex, sizey correspond to the
size of the bounding box of the point cloud along the x and y camera axes respectively. The factor values
(e.g., UpperLowerYMaxFactor) are positives and lower than 0.5, they have been defined empirically for
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each angular position of the camera, considering several 3D scans of the cross-shaped object at 0◦, 30◦

and 330◦ degrees. Figure 6 shows the four extracted sections, at each angular position.
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Figure 6. The cross-shaped object point clouds at three angular positions of the camera: the upper
and lower sections are highlighted with green color, the left and right sections are highlighted with
red color.

The extracted point cloud sections are used to compute the x and y axes for each angular position
of the camera, as depicted in Figure 7, by using a LS method. The unitary orientation vectors, v̂x0 and
v̂y0 for 0◦, v̂x30 and v̂y30 for 30◦ and v̂x330 and v̂y330 for 330◦, are used as x and y unitary vectors at each
camera position. The closest point between the x and y axes at each camera position (see Figure 7) is
further determined. This point is projected on the cross-shaped object plane. The resulting points on
the cross-shaped object planes, at each angular position, are named p0, p30 and p330.
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The 3D reference systems Re f0, Re f30 and Re f330 for each camera position respectively and the
transforms T0, T30 and T330 are computed as defined in Equations (1)–(6).

êz0 = v̂z0êy0 = êz0 × v̂x0êx0 = êy0 × êz0 (1)

Re f0 =
(
êx0, êy0, êz0, p0

)
êz30 = v̂z30êy30 = êz30 × v̂x30êx30 = êy30 × êz30 (2)

Re f30 =
(
êx30, êy30, êz30, p30

)
êz330 = v̂z330êy330 = êz330 × v̂x330êx330 = êy330 × êz330 (3)

Re f330 =
(
êx330, êy330, êz330, p330

)
T0 =

[
êx0 êy0 êz0 p0

0 0 0 1

]
(4)

T30 =

[
êx30 êy30 êz30 p30

0 0 0 1

]
(5)
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T330 =

[
êx330 êy330 êz330 p330

0 0 0 1

]
(6)

The transforms T30to0, T0to330 and Tmean are computed as defined in Equations (7)–(9).

T30to0 = T0 × T30
−1 (7)

T0to330 = T330 × T0
−1 (8)

Tmean =
T30to0 + T0to330

2
(9)

T30to0, T0to330 and Tmean allow to switch the 3D reference coordinate system of the camera from 30◦

to 0◦. Tc is further defined as the most accurate among these three estimated transforms. To evaluate
accuracy, a control point pctrl is used (see green sphere in Figure 8). It is referenced to the 3D coordinate
system at the camera angular position 0◦ (in theory the same coordinates at 360◦). Its position has
been manually defined at about 130 mm from the azimuth rotation axis and under the lower plane
of the examination table, then a cumulative transform to switch the 3D camera reference coordinate
system from 360◦ to 0◦ is computed as Tc360 = Tc × Tc330. This cumulative transform is applied to pctrl
to obtain p′ctrl. The Eucledian distance between pctrl and p′ctrl is used as a criterion to select the most
accurate transform among T30to0, T0to330 and Tmean and to define the calibration transform error.
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Figure 8. Control point in green for the calibration transform error computation.

After the Tc transformation has been determined, the Wavelia reference system can be computed
at 0◦. To do this, the cumulative transformations Tc90, Tc180 and Tc270 (see Section 2.2) are respectively
applied to the point clouds PcA90, PcA180 and PcA270. The result is merged to the point cloud PcA0 (see
Figure 9).
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Figure 10. Cumulative point clouds corresponding to three 3D breast scans with the Wavelia OBCD 

subsystem: (a) cumulative point clouds corresponding to two human breasts: Patient 002 and Patient 

004; (b) cumulative point cloud corresponding to a test breast phantom. 

Figure 10 shows the point cloud of the breast when it is introduced into the circular opening, the 

lower plane of the examination table and the lower section of the plastic ring used to protect the 

patient’s breast. To perform the 3D reconstruction of the breast, we need to remove the points 

corresponding to the ring and to extract a point cloud corresponding to the breast surface. The 

Figure 9. Cumulative point cloud of the lower plane of the examination table.

The cumulative point cloud is fitted to a plane and the unitary plane vector is used as z unitary
vector of the lower plane of the examination table. The unitary plane vector is defined to point upwards,
and it is named ŵz. Then, the x and y unitary vectors are computed, according to the following
condition: the y unitary vector is defined to point towards the camera.
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The x, y and z unitary vectors of the Wavelia reference coordinate system are defined as: ŵx, ŵy

and ŵz, as shown in Equation (10).
êy = (0, 0,−1)

ŵx =
êy×ŵz

|êy×ŵz|

ŵy = ŵz×ŵx
|ŵz×ŵx |

(10)

To compute the center of the Wavelia reference coordinate system, Tc180 is applied to the point
cloud PcB180 (see Figure 5). The new point cloud is then fitted to a plane. The unitary plane vector is
defined to point towards the camera. It is named v̂. The mean point pmean of the new point cloud is
also computed. Then, an axis is generated by using ŵz and pmean. We determine the intersection point
pitr between this axis and the lower plane of the examination table, as computed previously. Then,
the origin pw of the Wavelia reference coordinate system is computed by using half of the side length
of the square bar Lbar, as follows: pw = pitr + 0.5·Lbar·v̂. The Wavelia reference system is defined by
Re fwavelia =

(
ŵx, ŵy, ŵz, pw

)
.

2.3. Optical Breast Contour Detection (OBCD) Subsystem: The 3D Breast Surface Reconstruction Procedure

When the 3D scan of the patient’s breast is finished, the calibration parameters are applied to the
acquired point clouds. The resulting cumulative point cloud is named PcAcc (see Figure 10).
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Figure 10. Cumulative point clouds corresponding to three 3D breast scans with the Wavelia OBCD
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004; (b) cumulative point cloud corresponding to a test breast phantom.

Figure 10 shows the point cloud of the breast when it is introduced into the circular opening,
the lower plane of the examination table and the lower section of the plastic ring used to protect
the patient’s breast. To perform the 3D reconstruction of the breast, we need to remove the points
corresponding to the ring and to extract a point cloud corresponding to the breast surface. The methods
for 3D surface reconstruction from point clouds generally comprise three main processing steps:
denoising, smoothing and mesh generation by triangulation, as presented in [19]. In most of the
state-of-the-art methods, the input point cloud is preserved during the processing, while in other
methods a deformation step is added before the standard processing [22]. Considering the shape of
the pendulous breast during examination at prone patient position (see Figure 10), a new method for
3D breast surface reconstruction has been developed. This new method includes a linear stretching
deformation step to transform the input point cloud into an elevation point cloud. Starting from
an elevation point cloud, it is easier to transform it into a rectangular grid, thus enabling the use of
2D image processing methods, instead of 3D point cloud processing, to perform the denoising and
smoothing steps. Moreover, this rectangular grid allows to define easier the topological connection
relationships between points, in the meshing step.

As said before, the points related to the ring shall be removed and a point cloud corresponding to
the breast surface has to be extracted from PcAcc to obtain the input point cloud PcB for the 3D breast
surface reconstruction method. The procedure to generate PcB is detailed in Appendix B.

The 3D breast surface reconstruction method for the OBCD subsystem consists in the following
processing steps:
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• linear stretching procedure;
• denoising procedure;
• smoothing procedure;
• meshing procedure.

Each of the above processing steps as well as the breast volume computation are specified in a
separate sub-section below.

2.3.1. Linear Stretching Procedure

The aim of this processing step is to transform the point cloud PcB, obtained after removal of the
ring as explained in the previous sub-section, into an elevation point cloud to ensure the generation of
a surface with no overlaps (see illustration in the right-hand images in Figure 11a–c). A surface with no
overlaps is defined as a surface where there is one single z coordinate for each coordinates pair (x, y).
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with overlaps, the result is a surface without overlaps; (b) stretching procedure applied to a breast
phantom point cloud; (c) stretching procedure applied to Patient 002 breast point cloud.



Appl. Sci. 2020, 10, 1234 12 of 44

Overlaps, as defined below, are naturally very common in the geometry of the pendulous breast,
especially in the case of elder patients. The stretching of the breast surface, such that it has no overlap,
is a processing step which enables the use of 2D image processing methods for de-noising of the point
cloud, before meshing. Obviously, the stretching operation is compensated before meshing, such that
the original breast shape is ultimately reconstructed.

To perform this transformation, a new origin point pstr needs to be defined. This point must be
located at the bottom of the breast (close to the chest wall) and the z axis starting from it must intersect
the non-stretched surface only once, to successfully stretch the x and y coordinates of the point cloud,
as illustrated graphically in Figure 12.Appl. Sci. 2020, 10, 1234 13 of 44 

 

 

(a) 

 

(b) 

Figure 12. (a) Example of a bad choice of origin point (illustrated with yellow color): the resulting 

surface after the stretching process was applied is shown on the right; (b) example of a good choice 

of origin point (illustrated with yellow color): the resulting surface after the stretching process was 

applied is shown on the right. 

In the following, the procedure put in place to define a linear stretching function 𝑆𝑓(𝑧) and 

compute the stretching factor for the x and y coordinates of each point as a function of the z coordinate 

(see Figure 13b), is detailed. The function is defined in the Wavelia reference coordinate system (see 

Figure 13a) and it is specified in Equation (11), where 𝑠𝑚𝑎𝑥 is the maximal stretching factor, 𝑧𝑚𝑖𝑛 

and 𝑧𝑚𝑎𝑥 are the minimum and maximum z coordinates of the bounding box of 𝑃𝑐𝐵, and z is the z 

coordinate of the point to be stretched.  𝑧𝑚𝑎𝑥 is equal to zero, as shown in Figure 13b. 

𝑆𝑓(𝑧) =
(𝑠𝑚𝑎𝑥 − 1)

(𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛)
∙ 𝑧 + 𝑠𝑚𝑎𝑥 (11) 

  

(a) (b) 

Figure 13. Linear stretching function 𝑆𝑓(𝑧) : (a) the Wavelia reference coordinate system; (b) graphical 

representation of the Sf(z) function. 

 

The following processing steps are applied to compute 𝑠𝑚𝑎𝑥: 

1. the number of points of the point cloud is reduced by voxelization (Figure 14a). 

2. the points associated to the chest wall are removed from the voxelized point cloud, by removing 

the points where the z-coordinate is in range from 0 to 𝑧𝑐ℎ𝑒𝑠𝑡 (white points in Figure 14b); 𝑧𝑐ℎ𝑒𝑠𝑡 

Figure 12. (a) Example of a bad choice of origin point (illustrated with yellow color): the resulting
surface after the stretching process was applied is shown on the right; (b) example of a good choice
of origin point (illustrated with yellow color): the resulting surface after the stretching process was
applied is shown on the right.

In the following, the procedure put in place to define a linear stretching function S f (z) and
compute the stretching factor for the x and y coordinates of each point as a function of the z coordinate
(see Figure 13b), is detailed. The function is defined in the Wavelia reference coordinate system (see
Figure 13a) and it is specified in Equation (11), where smax is the maximal stretching factor, zmin and zmax

are the minimum and maximum z coordinates of the bounding box of PcB, and z is the z coordinate of
the point to be stretched. zmax is equal to zero, as shown in Figure 13b.

S f (z) =
(smax − 1)

(zmax − zmin)
·z + smax (11)



Appl. Sci. 2020, 10, 1234 13 of 44

Appl. Sci. 2020, 10, 1234 13 of 45 

 

 

(a) 

 

(b) 

Figure 12. (a) Example of a bad choice of origin point (illustrated with yellow color): the resulting 

surface after the stretching process was applied is shown on the right; (b) example of a good choice 

of origin point (illustrated with yellow color): the resulting surface after the stretching process was 

applied is shown on the right. 

In the following, the procedure put in place to define a linear stretching function 𝑆𝑓(𝑧) and 

compute the stretching factor for the x and y coordinates of each point as a function of the z coordinate 

(see Figure 13b), is detailed. The function is defined in the Wavelia reference coordinate system (see 

Figure 13a) and it is specified in Equation (11), where 𝑠𝑚𝑎𝑥 is the maximal stretching factor, 𝑧𝑚𝑖𝑛 

and 𝑧𝑚𝑎𝑥 are the minimum and maximum z coordinates of the bounding box of 𝑃𝑐𝐵, and z is the z 

coordinate of the point to be stretched.  𝑧𝑚𝑎𝑥 is equal to zero, as shown in Figure 13b. 

𝑆𝑓(𝑧) =
(𝑠𝑚𝑎𝑥 − 1)

(𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛)
∙ 𝑧 + 𝑠𝑚𝑎𝑥 (11) 

  

(a) (b) 

Figure 13. Linear stretching function 𝑆𝑓(𝑧) : (a) the Wavelia reference coordinate system; (b) graphical 

representation of the Sf(z) function. 

 

The following processing steps are applied to compute 𝑠𝑚𝑎𝑥: 

Figure 13. Linear stretching function S f (z): (a) the Wavelia reference coordinate system; (b) graphical
representation of the Sf(z) function.

The following processing steps are applied to compute smax:

1. the number of points of the point cloud is reduced by voxelization (Figure 14a).
2. the points associated to the chest wall are removed from the voxelized point cloud, by removing

the points where the z-coordinate is in range from 0 to zchest (white points in Figure 14b); zchest has
been empirically determined, considering a series of tests on both human and phantom breasts.
The aim of this step is to preserve the points corresponding to the pendulous breast.

3. the point cloud obtained in the previous step is divided in five vertical sections (red, blue, cyan,
magenta and yellow in Figure 14b).

4. the orientation axis of the breast is computed, by applying a LS method on the centroids of the
five vertical sections (see Figure 14c).

5. the θ angle between this axis and the z axis of the Wavelia reference coordinate system is computed
(see Figure 14d).

6. Finally, pstr is determined, by projecting the centroid of the middle section on the orientation axis
of the breast (cyan sphere in Figure 14e) and setting to 0 the z coordinate of the projected point.
The result corresponds to pstr (orange sphere in Figure 14e).
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Figure 14. (a) Voxelized point cloud; (b) The five vertical sections of the breast, highlighted with
different colors; (c) Orientation axis of the breast and centroids (colored spheres) of the pre-defined
vertical sections; (d) The angle θ between the orientation axis of the breast (orange color) and the z axis
of the Wavelia reference coordinate system (blue color); (e) New origin point pstr (orange sphere).

Based on several tests performed both on human and phantom breasts, the minimum stretching
value sre f = 8.0 that can be applied to generate non-overlapping point clouds in all performed tests
was determined empirically. The maximum value of the angle θ for which the minimum stretching
value sre f is applied by default has been empirically defined from the same tests. The notation θre f
is used in the sequel of the paper to refer to this value. θre f is further used to compute the reference
value for the tilt of the breast b_tiltre f as defined in Equation (12).

b_tiltre f = 1 + tanθre f (12)

The specific sre f and b_tiltre f values can be used to compute the maximal stretching factor smax as
defined in Figure 15 and Equation (13), where b_tilt is the tilt of the breast which is computed by using
Equation (12) while θre f is replaced by θ.

smax =
b_tilt ·sre f

b_tiltre f
(13)

The full procedure to compute smax is presented in Figure 15 above. This procedure ensures that
smax is always superior than sre f .

Finally, the point cloud PcB is centered at the position pstr and the stretching function S f (z) is
applied (see Equation (11)). The stretched point cloud (right-hand images in Figure 11b,c) is named PcC.
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2.3.2. Denoising Procedure

Until the previous step, the pendulous breast point cloud has been transformed into an elevation
point cloud PcC on the xy plane, while preserving the z coordinates. The aim of the denoising procedure
is to remove the artifacts and the ring remaining points and to fill the zones with no points. To do
this, the denoising procedure combines morphological information of the pendulous breast, and 2D
imaging processing.

At the beginning of this procedure PcC is used to generate a reference rectangular grid for denoising
which is then used to perform a first artifacts removal process on PcC. To perform this process, the
following parameters are used:

• xmin, xmax, ymin and ymax: these values correspond to the minimum and maximum x and y
coordinates of the bounding box of PcC;

• mesh resolution (Dxy): it corresponds to the desired resolution on the xy plane for the 3D
breast reconstructed mesh, before the linear stretching transformation (see definition also in
Appendix B.2);

• smax: this is the maximal stretching factor, as computed in the previous step (see Section 2.3.1);
• xsize and ysize: these are integer values. They correspond to the size of the rectangular grid

along the x and y axes after the linear stretching transformation. These values are computed
by using Equations (14) and (15), where Dxy·smax corresponds to the stretched mesh resolution,
after the stretching transformation. To preserve small parts like the nipple, after the stretching
transformation, it was decided to increase the stretched mesh resolution by a factor of 2, as
indicated in Equations (14) and (15).

xsize =

[
xmax − xmin

Dxy·smax·0.5

]
(14)

ysize =

[
ymax − ymin

Dxy·smax·0.5

]
(15)

By using xsize and ysize a rectangular grid on the xy plane is generated (see Figure 16b). Each of the
z values in the grid (green points in Figure 16a) is computed as the mean value of all the z coordinates of
the points located inside the associated small rectangular section (small blue rectangles in Figure 16a).
If there are no points inside the small section, the associated z value is set to 0. This ensures a single z
coordinate for each coordinates pair (x, y) on the grid.
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rectangular grid. The result is the reference rectangular grid for denoising (see Figure 17b). The kernel 

size (11 × 11) has been selected among various kernel sizes, after testing on a series of both human 

and phantom breasts (test range from 9 × 9 to 17 × 17). 
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Figure 17. Procedure to generate the reference rectangular grid for denoising: (a) rectangular grid 

considered as a 2D image: in the right-hand image the z coordinates of the grid points are mapped to 

Figure 16. Procedure to generate a rectangular grid from a point cloud: (a) the rectangular grid
configuration; (b) example of rectangular grid generation from the stretched point cloud corresponding
to Patient 002.

The obtained rectangular grid can be considered as a 2D image, where the intensity at each
point (x,y) corresponds to the z-value (in mm) of the point (x,y,z) in a new stretched point cloud (see
Figure 17a). To reduce the noise, remove the larger artifacts and obtain a very smooth grid without
completely removing the nipple, a median filter is applied with a large kernel size (11 × 11) to the
rectangular grid. The result is the reference rectangular grid for denoising (see Figure 17b). The kernel size
(11 × 11) has been selected among various kernel sizes, after testing on a series of both human and
phantom breasts (test range from 9 × 9 to 17 × 17).
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Figure 17. Procedure to generate the reference rectangular grid for denoising: (a) rectangular grid
considered as a 2D image: in the right-hand image the z coordinates of the grid points are mapped to
the color of the image; (b) reference rectangular grid for denoising obtained by using a median 11 × 11 filter.
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The signed vertical distance (along the z axis) to the reference rectangular grid for denoising is used as
a criterion for the removal of points (positive distance for points above the grid and negative distance
for points below the grid). The denoising is performed after splitting the breast into two vertical
sections. These are defined in PcC by using the z limit of the nipple section (see Figure 18).
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Figure 18. Nipple section (magenta points) in the not stretched point cloud (left-hand images) and
in the stretched point cloud PcC (right-hand images): (a) point cloud corresponding to Patient 002;
(b) point cloud corresponding to Patient 004.

To apply the point removing criterion, the following parameters are defined:

• zmin and zmax: these values correspond to the minimum and maximum z coordinates of the
bounding box of PcC.

• znipple: this parameter concerns the z limit of the nipple section (see Figure 18). Its value is
computed by using Equation (16), where Dznipple is an empirically defined value within the range
0 to 1 based on tests performed on human and phantom breasts.

znipple = zmin + (zmax − zmin)·Dznipple (16)

• valid distance: this parameter is applied to the points outside the nipple section. It corresponds to
the maximal signed vertical distance to the reference rectangular grid for the denoising operation
to preserve points corresponding to the breast surface.

• valid distance for nipple section: this parameter is applied to the points inside the nipple section,
where the nipple points are above the breast surface. It corresponds to the maximal signed
vertical distance to the reference rectangular grid for the denoising operation to preserve points
corresponding to the nipple and areola vicinity on the breast surface.
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The removing criterion is applied to PcC by using znipple, valid distance for nipple section and valid
distance. The resulting point cloud, after denoising, is named PcD. Figure 19a,b illustrates the denoising
process applied to the data from two patient scans. In Figure 19, two sample zones (yellow delimited
zones) are highlighted before the denoising procedure (PcC) and after the denoising procedure (PcD).
Observing the impact of the denoising procedure on these zones permits to clearly illustrate the efficacy
of the denoising procedure to significantly reduce the noise.
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Figure 19. Denoising step by using the reference rectangular grid for denoising. Two yellow delimited
zones are shown in PcC (before denoising) and PcD (after denoising): (a) point cloud corresponding to
Patient 002; (b) point cloud corresponding to Patient 004.

When the first artifacts removal process is finalized, PcD is transformed into a full filled
rectangular grid PcgA. This point could PcgA can be considered as a 2D image which allows
using 2D imaging processing.

To generate the full filled rectangular grid PcgA from PcD, the size of the rectangular grid is
defined in the x and y axes by using Equations (14) and (15). Then, a rectangular grid is generated on
the xy plane. To improve the robustness against the noise along the z axis, each of the z values of the
grid (green points in Figure 20a) is computed as the median value of all the z coordinates of the points
located inside the associated small rectangular section (small blue rectangles in Figure 20a). Some
points of the rectangular grid will remain with no defined z value. These points are named “empty
points”, and the sections of empty points are named “holes” (see red points in Figure 20b). The points
with a defined z value are named “valid points” (see green points in Figure 20b).
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Figure 20. Procedure to generate a rectangular grid from a point cloud by preserving the holes: (a) the
rectangular grid configuration; (b) example of rectangular grid generation by preserving the holes (red
point sections) from the stretched point cloud corresponding to Patient 002.

To define the z coordinate of the empty points in the rectangular grid (the process to fill the holes),
the parameter ring height defined in Appendix B.2 is required. By using this parameter, we divide the
valid points of the grid (green points in Figure 21) in two vertical sections: the first one concerns the
points the z coordinates of which are in range of 0 to ring height (bright green points in Figure 21),
and the second one concerns the points the z coordinates of which are outside the first interval (dark
green points in Figure 21). The left-hand image in Figure 21 shows the two sections on the equivalent
non-stretched point cloud for a better understanding.
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Figure 21. Valid points (green points) of the rectangular grid divided into two sections (bright green
and dark green) by using the ring height parameter, in the non-stretched point cloud (left-hand image)
and in the stretched point cloud PcD (right-hand images). Illustration on Patient 002.

Three types of holes are further defined:

• Type-A hole: the holes bordered by valid points the z coordinates of which are located inside
the first interval (bright green points in Figure 22). This type of hole is composed of at least two
consecutive empty points along the x axis or along the y axis (see yellow delimited zones in
Figure 22). These holes correspond to the zones located between the internal vertical wall of the
ring and the border of the breast surface. The z coordinate value of these empty points is set to 0.

• Type-B hole: all the holes not completely bordered by valid points (see Figure 23). These holes
correspond to the zones located beyond the ring, where no section of the breast surface is present.
The z coordinate value of these empty points is set to 0.

• Type-C hole: the holes bordered by valid points the z coordinates of which are outside the first
interval (holes located inside the dark green section).
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Figure 23. Type-B hole. Illustration on Patient 002.

To fill the type-C holes and the other remaining empty points on the rectangular grid, a bi-linear
interpolation is performed by using the closest points for which the z coordinate is defined. Finally, a
smoothing procedure is performed by using two b-spline approximations [23]. The first approximation
is carried out along the x axis, and the second one is carried out along the y axis. The result is the mean
of the two approximations. The resulting point cloud is named PcgA and it can be considered as a full
filled rectangular grid.

At this stage it is possible to use 2D image processing to finalize the denoising procedure. Two 2D
processing are performed. The first one is based on erosion and dilation morphological operations
by using PcgA as input. The result is a binary mask, which is applied to PcgA by a multiplication
operation. Then the second one consists in the use of a median filter of several kernel sizes to remove
the last remaining artefacts. The final resulting point cloud is named PcgC. (see Appendix C).

2.3.3. Smoothing Step

The aim of this step is to smooth PcgC while preserving the breast surface details around the
nipple. To do this, PcgC is considered as a 2D image. PcgC is divided into four vertical sections by
using the procedure presented in Appendix C.2, and then a bi-lateral filter [24] is applied with variable
kernel size, as defined below:

• a (3 × 3) kernel size for the nipple section (this kernel size allows to smooth this section while
sufficiently preserving the breast surface details around the nipple);

• a (5 × 5) kernel size for the second breast section;
• a (7 × 7) kernel size for the third breast section;
• a (9 × 9) kernel size for the fourth breast section.

This, empirically defined, combination of kernel sizes allowed to preserve a good continuity along
the four breast sections in all the breast scans we have performed so far. The result is a point cloud we
name PcgD.
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2.3.4. Meshing Procedure

PcgD is a rectangular grid that can be easily presented as a 2D matrix of 3D points. A triangular
mesh is further generated, where the points of each triangle are connected in clockwise order,
as illustrated in Figure 24.
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breasts: Patient 002 and Patient 004; (b) 3D surface reconstructions corresponding to two test breast 

phantoms: Test Breast phantom B1 and Test Breast phantom B2. 

2.3.5. Breast Volume Computation 

Figure 24. Generation of triangular mesh from a rectangular grid.

To perform the final meshing, we compute the inverse of the stretching function earlier presented
in Section 2.3.1, as defined in Equation (17). Then, we apply Equation (17) to the points of the grid, and
finally the point pstr is added, such that the original position of the breast is retrieved.

S f (z)−1 =
1

S f (z)
=

1
(smax−1)

(zmax−zmin)
·z + smax

(17)

Indicative results of the meshing procedure are presented in Figure 25.
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2.3.5. Breast Volume Computation 

Figure 25. Meshing procedure results: (a) 3D surface reconstructions corresponding to two human
breasts: Patient 002 and Patient 004; (b) 3D surface reconstructions corresponding to two test breast
phantoms: Test Breast phantom B1 and Test Breast phantom B2.

2.3.5. Breast Volume Computation

To compute the volume of the 3D triangular mesh of the patient’s breast (Final Mesh) generated
in the previous step we use as reference the cumulative method presented by Zhang and Chen [25]
but instead of using a tetrahedron as elementary calculation object, we use a truncated triangular
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prism [26], which is perpendicular to the xy plane (see Figure 26). This condition permits to reduce the
number of arithmetic operations.
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The signed volume V of the elementary truncated triangular prism is computed for each triangle
( pa, pb, pc in Figure 26) by using Equation (18), where A is the area of the basis of the truncated
triangular prism and sign corresponds to the sign (1 or −1) of V. The value of sign is determined by the
inner product

→
nabc.êz, where êz is the unitary vector (0,0,1) defining the orientation of the z axis in the

Wavelia reference coordinate system (see Figure 26).

V =

(
A ·

(| z1|+ | z2|+ | z3|)

3

)
·sign (18)

where:

A =

∣∣∣∣∣∣x1·(y2 − y3) + x2·(y3 − y1) + x3·(y1 − y2)

2

∣∣∣∣∣∣
To compute the total volume of Final Mesh we use Equation (19).

Vtotal =

∣∣∣∣∣∑ Vi

∣∣∣∣∣ (19)

where: Vi =
(
Ai ·

(| zi1 |+| zi2 |+| zi3 |)
3

)
·signi, Ai =

∣∣∣∣ xi1·(yi2−yi3)+xi2·(yi3−yi1)+xi3·(yi1−yi2)
2

∣∣∣∣ and i stands for the index

of triangles of elementary truncated triangular prisms. (xi1, yi1, zi1), (xi2, yi2, zi2) and (xi3, yi3, zi3)

are the 3D coordinates of the vertices associated with the triangle i.

2.4. Description of the Method to Quantify the 3D Breast Surface Reconstruction Accuracy

2.4.1. Generation of 3D Breast Reference Surfaces

To assess the accuracy of the 3D breast surface reconstruction and the breast volume computation,
two MRI-based 3D printed breast phantoms named B1 and B2 have been used. The two
anthropomorphic breast phantoms, which have been also used all along the Wavelia prototype
medical device design, experimental testing and validation, are presented in Figure 27. As detailed
in [6], the geometry of the phantoms which have been manufactured in-house by MVG Industries for
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this purpose, originated from real MRI images of patients, publicly made available by the University
of Wisconsin (UWCEM database) [27].
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Figure 27. MRI-based 3D printed breast phantoms and their 3D representations: (a) Test breast phantom
B1; (b) Test breast phantom B2.

Before starting the comparison procedure, a pre-processing step was performed on the 3D breast
phantom representations in order to extract the external surface of each breast phantom (see Figure 28).
To perform the pre-processing step, the MeshLab open source software has been used [28]. The resulting
reference breast phantom representations have been named Model_B1_Ref and Model_B2_Ref.



Appl. Sci. 2020, 10, 1234 24 of 44
Appl. Sci. 2020, 10, 1234 24 of 44 

 

 

 

(a) 

 

(b) 

Figure 28. 3D breast phantom representations (a) before, (b) after application of the surface pre-

processing step. 

Model_B1_Ref and Model_B2_Ref have been further on used to assess the accuracy of the 3D 

breast surface reconstruction, the estimation of the vertical extent of the breast and the estimation of 

the volume of the breast, as performed by the Wavelia OBCD subsystem. Figure 29 shows two 

indicative results of the Wavelia 3D reconstruction method (see Section 2.3). 

  

Figure 28. 3D breast phantom representations (a) before, (b) after application of the surface
pre-processing step.

Model_B1_Ref and Model_B2_Ref have been further on used to assess the accuracy of the 3D
breast surface reconstruction, the estimation of the vertical extent of the breast and the estimation
of the volume of the breast, as performed by the Wavelia OBCD subsystem. Figure 29 shows two
indicative results of the Wavelia 3D reconstruction method (see Section 2.3).
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Figure 29. 3D breast reconstructions from point clouds using the Wavelia OBCD breast surface
reconstruction method.

2.4.2. Procedure to Quantify the Accuracy of the 3D Breast Surface Reconstruction

To quantify the accuracy of the 3D breast surface reconstruction method and the breast volume
computation, we first extract the part of the reconstructed surface that corresponds to the breast
surface (removal of the flat horizontal surface corresponding to the examination table). To perform this
operation, the Wavelia reference coordinate system is used, as presented in Section 2.1, to define the z
value of the cutting plane that will be used to extract the breast surfaces (see Figure 30).
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Figure 30. Wavelia reference coordinate system and 3D reconstructions of the breast phantoms B1
and B2.

The extraction procedure of the breast surfaces has been performed using the Paraview
software [29]. After the breast surface has been extracted, a rigid registration is applied between this
surface and its breast reference model. The Wavelia reference coordinate system is used as the main
reference system for this operation. This procedure is performed by using the ICP (Iterative Closest
Point) method, which is integrated in the MeshLab software [28]. The ICP transformation is applied to
the breast reference model in order to obtain the registered breast reference model. The result of the
registration procedure is shown in Figure 31a, where the extracted breast surface appears in blue and
the registered breast reference model appears in semi-transparent grey. Then, the MeshLab software is
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used to compute the unsigned distance from each point of the extracted breast surface to the closest
point of the registered breast reference model (distance error). We used the distance error as point color
criterion to generate the breast distance color map of the extracted breast surface by using the MeshLab
software as well (Figure 31b). Based on the distance data of the extracted breast surfaces, we also
computed the following parameters to assess the accuracy of either 3D breast surface reconstruction:

• percentage of points with distance error less or equal to 0.5 mm;
• percentage of points with distance error less or equal to 1.0 mm;
• percentage of points with distance error less or equal to 1.5 mm;
• Root Mean Square (RMS) distance error in mm.
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Figure 31. Breast phantom rigid registration: (a) example of results of the rigid registration of B1 and
B2 reconstructed breast surfaces with the corresponding breast reference models; (b) example of breast
distance color maps for the B1 and B2 extracted breast surfaces.

After the rigid registration has been performed, the breast reference surface is extracted from the
registered breast reference model by using a cutting plane coinciding with the lower surface of the
examination table. The breast reference surface is a closed surface.

Then, the vertical extent and the volume of the breast reference surface are computed by using
the MeshLab software [28]. These parameters have been named: reference breast height (Hre f ) and
reference breast volume (Vre f ). The following metrics are used to assess the accuracy of the vertical
extent (Hcomp) and the volume (Vcomp) of the breast, as computed by the Wavelia OBCD subsystem:

• Breast vertical extent error [mm]: this metric is defined as: Hcomp −Hre f .

• Breast volume error [mL]: this metric is defined as: Vcomp −Vre f .

• Breast volume error in percentage: this metric is defined as:
(

Vcomp−Vre f
Vre f

)
·100.
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3. Results and Discussion

3.1. Calibration Evaluation

Several tests of the calibration procedure have been performed with the Wavelia OBCD subsystem.
Indicative values of the calibration transform error, as evaluated during these tests, are presented in
Table 1.

Table 1. Performance results of calibration procedure tests.

Test ID Calibration Transform Error (mm)

1 1.40
2 0.58
3 0.70
4 0.97
5 0.88
6 0.80

Table 1 reports a value greater than 1 mm for the calibration transform error, in the case of Test
1. Such a relatively high value of the calibration transform error could be due to small movements
of the cross-shaped reference object during the azimuthal 3D scan of the camera. To prevent these
movements and to ensure sub-millimetric precision in the computation of the calibration transform, it
is very important to avoid any contact with the OBCD subsystem during the calibration azimuthal
scan of the camera.

Test 1 was one of the first tests of the calibration method with the Wavelia prototype, while it was
still at the factory. All the other reported tests (Test 2 to Test 6) have been performed after installation
of the Wavelia system at the Galway University Hospital, while carrying-out the calibration procedure
after repeated training. It is demonstrated that sub-millimetric precision of the method has been
consistently assured, after validation of the system for transfer to the clinical investigation site.

It is worthwhile noting that, this being a prototype version 1 of the Wavelia system, installed in the
hospital for a first-in-human clinical investigation, the calibration is meant to be performed by trained
technical staff during installation or maintenance of the system. It is not meant to be repeated by the
daily operator, during the clinical investigation. The calibration measurements are used to define once
the cumulative transformation operator, which is afterwards applied to align the multi-view camera
measurements of all breast scans. The required accuracy for the calibration measurement (controlled
environment) is higher than the effective accuracy of the breast scan measurements, such that the
cumulative transformation operator is optimally defined.

3.2. D Breast Surface Reconstruction: Quantitative Evaluation Results

A series of eight 3D breast reconstruction tests have been performed. Six of the tests were
performed on breast phantoms fully introduced into the opening of the examination table (four tests for
B1 phantom and two tests for B2 phantom). To simulate a smaller breast phantom, the two remaining
3D breast reconstructions were performed with the B2 breast phantom partially introduced into the
opening of the examination table. The results of the eight tests are shown in Figure 32 and Table 2.
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Table 2. Summary of the accuracy results on eight 3D breast surface reconstruction tests involving the
B1 and B2 breast phantoms.

B1 Test 1 B1 Test 2 B1 Test 3 B1 Test 4 B2 Test 1 B2 Test 2 B2 Test 3 B2 Test 4

Total number of points on the
extracted breast surface 177,228 178,570 178,562 179,896 134,808 137,000 119,758 119,748

Percentage of points with
distance error <= 0.5 mm (%) 76.80 90.20 89.01 87.28 82.18 93.77 83.88 79.88

Percentage of points with
distance error <= 1.0 mm (%) 96.26 95.19 94.58 97.45 100 99.14 98.12 99.77

Percentage of points with
distance error <= 1.5 mm (%) 97.55 97.42 97.37 98.94 100 100 99.86 99.93

Percentage of points with
distance error >1.5 mm (%) 2.45 2.58 2.63 1.06 0.00 0.00 0.14 0.07

RMS distance error (mm) 0.74 0.65 0.69 0.50 0.40 0.30 0.44 0.42
Reference Vertical Extent of the
Breast (mm) 110.19 110.96 110.96 111.16 84.67 84.97 67.88 67.59

Computed Vertical Extent of the
Breast (mm) 109.36 109.55 109.60 109.85 84.71 84.79 67.73 67.50

Error in the Vertical Extent of the
Breast (mm) −0.83 −1.41 −1.36 −1.31 0.04 −0.19 −0.15 −0.09

Reference Volume of the Breast
(mL) 915.57 924.57 924.57 928.28 498.92 502.51 349.48 350.01

Computed Volume of the Breast
(mL) 909.81 921.25 921.25 921.97 494.27 502.21 349.51 347.48

Breast Volume Error (mL) −5.75 −3.31 −3.31 −6.31 −4.64 −0.31 0.03 −2.52
Breast Volume Error (%) −0.63 −0.36 −0.36 −0.68 −0.93 −0.06 0.01 −0.72

The breast distance maps shown in Figure 32 demonstrate the homogeneous spatial distribution
of the points with a distance inferior or equal to 1.0 mm. Figure 32 also confirms the limited extension
of the zones where the distance error is greater than 1.5 mm.

Table 2 shows that at least 76% of the extracted breast surface has a distance error inferior or equal
to 0.5 mm, that at least 94% of this surface has a distance error inferior or equal to 1.0 mm and at least
97% of this surface has a distance error inferior or very close to 1.0 mm (greater than 1.0 mm and less
or equal to 1.5 mm). It also shows that only approximately 3% of the extracted breast surface has a
distance error greater than 1.5 mm. Based on these results, we can affirm that globally the accuracy of
the extracted breast surface is sub-millimetric. This sub-millimetric accuracy may be also deduced
from the RMS distance error which is overall less than 0.75 mm.

Concerning the computation of the vertical extent of the pendulous breast, Table 2 shows that
the computed breast vertical extent is generally underestimated (breast vertical extent error is often
negative) and that the absolute breast vertical extent error is very close to 1.0 mm (worst-case error of
−1.41 mm for B1 test 2 in Table 2).

Table 2 also shows that the computed breast volume tends also to be underestimated (volume
error is often negative) and that the uncertainty in the breast volume computation is less than 1%.

3.3. D Breast Surface Reconstruction: Indicative Results from the First Ten Patient Scans

In Figures 33 and 34, the reconstructed breast surfaces using the Wavelia OBCD subsystem are
shown for the ten first patients enrolled in the on-going first in-human clinical investigation of the
Wavelia system, at Galway University Hospital. These are preliminary clinical results which serve to
demonstrate the efficacy of the presented calibration algorithm and 3D breast surface reconstruction
method on real clinical data. It is demonstrated that meaningful breast surfaces of good quality have
been achieved for all the ten patient scans.

In Figures 33 and 34, two views of the reconstructed surface of both breasts of each patient are
shown. The two selected views for this illustration are: (a) a side view of the two pendulous breasts:
looking at the patient from the front; (b) a supine-mimicking view of the two breasts: looking at
the patient from the bottom. This comparative presentation of the breast anatomy for this group of
ten patients, as captured during their Wavelia OBCD scans, highlights the expected variability in
the positioning of the patients. Even though the same positioning of the arms and alignment of the
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patient’s body with the bed is intended in all cases, unavoidable rotations of the breasts and/or twist of
the torso seem to happen in the case of some patients.
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Figure 34. Breast Anatomy, as seen in the Wavelia OBCD scanner: Side view (Left), Supine position
mimicking view (Right) - the second series of five patient scans.

While a quantitative evaluation of the reconstructed surfaces is not straightforward in the case of
the patient scans, the computation of the breast volume, as performed using the Wavelia OBCD scan
data, has been possible to be validated using as reference the X-ray mammography breast volume data,
being made available for the same patients.
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All the patients enrolled in the clinical study have had an X-ray mammogram performed no more
than 6 weeks ahead of their scan with the Wavelia prototype medical device. The mammograms have
been processed with the Volpara VDM (Volumetric Density Measurement) software package [30] and
the breast volume has been computed. The Volpara VDM breast volume and density computation
have been extensively validated, against MRI breast volume and density estimation [31–34] and can be
safely considered as a valid reference. In [33] breast volume estimates obtained from 186 FFDM (Full
Filed Digital Mammography) exams including mediolateral oblique (MLO) and cranial-caudal (CC)
views to objective reference standard measurements obtained from breast MRI have been presented.
The Pearson’s correlation coefficient between the two computations of the breast volume has been
found to be as high as 0.97. The Volpara commercial software was used to compute the breast volume
and volumetric breast density, based on FFDM data, in this study. In [34], the agreement of three
mammographic techniques (Single-energy X-ray Absorptiometry [SXA], Quantra, and Volpara) with
MRI for percent fibro-glandular tissue volume, absolute fibro-glandular tissue volume, and total breast
volume computation was assessed. In terms of breast volume computation, the squared Pearson’s
correlation coefficient was reported to be 0.91 between all the three mammographic techniques and
the MRI, while the achieved RMSE (Root Mean Squared Error) was found to be 108 mL, 109 mL and
121 mL for the three mammographic methods correspondingly, when compared to MRI. This study
involved data from 99 women. Both referenced studies have been used to validate volumetric breast
density and also breast volume computation using FFDM data, the validation being performed against
computation using 3D MRI data.

A similar approach has been adopted in our study to validate breast volume computation using
the Wavelia OBCD 3D data, against the computation performed by the already validated Volpara
software on the available FFDM data. Results on the 10 first patients that have participated in the
first-in-human clinical investigation of the Wavelia system are presented. In Figure 35, the volume of
both breasts of each of the ten patients is plotted, as computed from either:

• the Wavelia OBCD 3D scan data, or
• the 2D X-ray mammogram (Volpara software package, computation on ‘For processing’ DICOM

files of the two standard mammographic views – Cranio-Caudal and Medio-Lateral Oblique).
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Figure 35. Comparative presentation of the breast volume, as computed by the Wavelia OBCD scanner
(pendulous breast) and the X-ray mammogram (compressed breast - averaging over Cranio-Caudal
and Medio-Lateral view captures).

Good level of correspondence between the breast volume computation, as performed by the
two distinct imaging modalities, is demonstrated, thus validating the Wavelia OBCD breast surface
reconstruction and volume computation. It is interesting to observe that the RMSE error computed
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between the Wavelia OBCD and FFDM (Volpara) breast volume computations based on this first small
dataset of patients is 154.6 mL, thus in the same order of magnitude as the RMSE reported in [34]
between FFDM and MRI.

Significant discrepancy between the X-ray mammography and the Wavelia OBCD breast volume
computation can be noticed only in the case of Patient 013 (P013). This has most probably been due
to the patient not being well positioned on the Wavelia scanner, resulting in part of her breasts not
being scanned. Patient 003 had very small breasts, potentially difficult to be fully inserted in-between
the X-ray mammography plates, resulting in under-estimation of the breast volume by the X-ray
mammography in this case. The ‘for processing’ DICOM files, which are required for processing the
mammograms with Volpara VDM, were not available in the case of Patient 010.

Finally, in order to evaluate the impact of potential movement of the patient’s breast during the
OBCD scan, a quality check has been developed and executed after each OBCD patient scan. For the
purpose of the quality check, two versions of the breast surface are reconstructed using two interlaced
and non-overlapping subsets of the full set of recorded azimuthal samples (Subset 1: camera at the
azimuthal positions {0:60:300}◦, Subset 2: camera at the azimuthal positions {30:60:330}◦). The OBCD
scan is validated, as long as the RMS distance between the two surfaces is inferior to 0.8 mm. The OBCD
scans of all the patients participating in the first clinical investigation so far have been validated with
this criterion, which indicates that if sub-millimetric precision has been demonstrated in the case of
static breast phantoms, the same level of precision can be maintained during the OBCD scan of a real
breast. Obviously, before the scan starts, the patient is instructed by the research assistant to stay still,
avoid heavy breathing and maintain a relaxed position during the total duration of the scan, which
lasts approximately 1 min.

3.4. Wavelia OBCD Breast Surface Reconstruction: Towards Development of a Real-Time Support Tool for the
Wavelia MBI Examination and Breast Cancer Diagnosis

As specified in the introduction, in the first prototype of the Wavelia breast imaging medical
device, the OBCD and MBI subsystems are integrated in two separate examination tables on which the
two scans are sequentially performed, while the patient positions herself in approximately the same
way during both examinations. The OBCD scan is performed while the breast is hanging in the air,
while the MBI scan is performed with the breast being immersed in a coupling (or transition) creamy
liquid, which is opaque.

Given this implementation, at this stage of development of the Wavelia system, the breast surface
reconstruction using the OBCD subsystem serves to define the amount of transition liquid to be used
for the MBI scan and also to define the length of the vertical scan of the pendulous breast with the
MBI system. In the context of the first-in-human clinical study of the Wavelia breast imaging medical
device, it has also served to verify the correspondence of the breast anatomy, as retrieved using two
distinct imaging modalities (Wavelia OBCD and MBI), tested for the first time on humans.

Rigid registration is performed to match the reconstructed breast surfaces, as computed during
the two scans (OBCD and MBI). The ultimate objective of this operation is to exploit the sub-millimetric
level of detail of the OBCD-derived breast surface, as a high-quality envelope for the MBI-derived
breast abnormality detections for breast cancer diagnosis. It is recalled that due to the physically limited
spatial resolution that can be achievable at the microwave frequency range, the exact orientation of the
pendulous breast under scan, as well as details such as the nipple location, cannot be defined using
the MBI-derived reconstruction of the breast surface alone. With no access to such level of detail, the
annotation of the breast quadrant and clock-position at which an abnormality has been detected with
MBI cannot be very accurate either, when using the MBI system stand-alone.

Given the potential deformation of the breast when submerged in the transition liquid,
the exploitation of the OBCD breast surface for refined localization of the detected breast abnormalities
with MBI is possible only in the case of minimally deformed breasts, in the actual implementation.
In Figure 36a, the example of a young patient (37 years old) with medium-sized breasts, which have not
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been significantly deformed when immersed in the transition liquid, is shown. For such a patient, the
registered OBCD contour can be safely used as envelope for the breast abnormalities, as detected with
MBI. In Figure 36b, the example of an elderly patient (68 years old) with large breasts, which have been
significantly deformed when immersed in the transition liquid, is shown. This second patient is a case
in which the simple rigid registration of the OBCD-derived breast surface is not usable as an envelope
for the breast abnormalities, as detected with MBI, in the actual implementation of the system.
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Figure 36. Illustration of the expected level of breast deformation due to immersion in the transition
liquid of the Wavelia MBI scanner: (a) Patient 017: not significantly deformed breast, when immersed
in the transition liquid of the Wavelia MBI subsystem; (b) Patient 008: significantly deformed breast,
when immersed in the transition liquid of the Wavelia MBI subsystem.

In a future generation of the Wavelia breast imaging medical device prototype, it is planned to
integrate both the OBCD and MBI subsystems in the same examination table, such that both scans
are performed while the patient stays at the exact same position and the breast is in the exact same
ambient conditions. A semi-transparent transition liquid would then need to replace the actual creamy
and opaque transition liquid, such that the OBCD scan can be performed in the same conditions as the
MBI scan and the breast is identically deformed during both scans. With such a future version of the
Wavelia system, the OBCD-derived breast surface reconstruction is meant to enhance significantly the
potential of the Wavelia Microwave Breast Imaging system in terms accurate localization of the detected
breast abnormalities in the patient’s breast, no matter what the level of breast deformation due to
immersion in the transition liquid is. In addition, while being practically real-time available, the OBCD
breast surface reconstruction is meant to drive the operator during the positioning of the patient (e.g.,
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improve the centering of the breast in the system), such that the MBI scan can be performed in the best
possible conditions.

4. Conclusions

In this paper, a new calibration algorithm for turntable-based 3D scanning systems, a new method
for 3D surface reconstruction from point cloud based on a linear stretching function, and a breast
volume computation method, which have been designed for and integrated in the OBCD subsystem of
the Wavelia prototype breast imaging medical device, have been thoroughly presented. Indicative
experimental results with two test breast phantoms and preliminary results from ten patient scans have
demonstrated the efficacy of the system in reconstructing with high precision the external envelope of
a female patient’s breast hanging below the examination table, while the patient is in prone position.
This consists in very valuable input information for the second counterpart of the Wavelia medical
device, the MBI subsystem, which aims at detecting the presence of breast pathologies, based on the
contrast, in terms of dielectric properties, between healthy and malignant breast tissue.

The envelope of the breast being scanned with the microwave breast imaging system is essential to
be known for any detection in the microwave image to be meaningfully referenced in space. In addition,
specifically for microwave breast imaging, as the dielectric properties of the interior of the breast are
unknown, while the dielectric properties of the transition medium are known, the breast envelope
which is extracted at first also serves as boundary between the two electromagnetic wave propagating
media (dielectrically known exterior of the breast versus dielectrically unspecified interior of the
breast), which is very important a priori information for any microwave imaging algorithm, further
on. The spatial resolution of the OBCD (optical) subsystem is significantly finer than the one of the
MBI (microwave) subsystem, but the optical subsystem cannot penetrate the breast skin, while the
microwave subsystem can. The interest in fusing the optical and microwave data is exactly to profit
from a highly detailed breast envelope, as spatial reference for any abnormalities of the breast tissues
being detectable with microwaves.

The Wavelia prototype medical device has only recently been installed at the Galway University
Hospital, Ireland, for its first-in-human pilot clinical test. To this day, the system has been tested on
twenty patients in total (the aim being to test it on thirty patients by the end of this first-in-human
clinical investigation). The OBCD subsystem, which has been the main focus of this paper, has been
evaluated positively by the users, so far, and generated reliable data which are being efficiently
exploited in the ongoing off-line processing of the MBI subsystem datasets. A first encouraging patient
result, involving the detection of a palpable Invasive Ductal Carcinoma (IDC) of approximate size
15 mm in the breast of a 44-year old patient, using the Wavelia breast imaging medical device, has been
presented in [35]. More complete associated clinical data results will be included in future publications
on the Wavelia Microwave Breast Imaging system.

The proposed method for new 3D surface reconstruction from point clouds has been designed
based on the shape of the breast when the patient is in prone position on the examination table (Wavelia
MBI and OBCD subsystems). However, beyond this specific application, the method could be also
used to reconstruct objects other than the breast, as long as the object is representable with the shape of
a cone or a cylinder (e.g., the breast can be represented by a cone). The proposed calibration method
could be used to calibrate any turntable-based 3D scanning system, in general.

Author Contributions: J.D.G.C. conceived and developed the calibration and breast surface reconstruction
methods for the Wavelia OBCD subsystem, developed the piloting software for both Wavelia OBCD and MBI
subsystems, including Graphical User Interface (GUI) appropriate for the clinical setting, wrote the original draft
of the paper; A.F. designed the radar signal processing algorithms for microwave breast image formation and
tumor detection with the Wavelia MBI subsystem, reviewed and edited the draft paper; L.D. supervised the
hardware development of both Wavelia OBCD and MBI subsystems, designed the RF chain of the Wavelia MBI
subsystem, reviewed and edited the draft paper; J.-G.B. participated to the design of the electrical architecture of
both Wavelia OBCD and MBI subsystems and contributed to their installation at the hospital. All authors have
read and agreed to the published version of the manuscript.
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Appendix A. Selection Procedure for the 3D Camera to be Integrated in the Wavelia OBCD
Subsystem

For the development of the Wavelia OBCD subsystem, the 3D camera to be used needed to
be carefully selected, first of all. Two 3D cameras using different acquisition technologies. have
been tested and evaluated, before selection. For this purpose, 3D acquisitions were performed with
both cameras around breast phantoms by using an azimuthal rotating camera system inside a closed
environment with no light. The cameras were located at a distance of approximately 50 cm from the
breast phantoms. The first 3D camera that was tested was the model O3D302 from IFM [36], which
measures the distance between the sensor and the nearest point on the surface of the 3D object under
scan, based on the time-of-flight (ToF) principle. The second 3D camera that was tested was the model
Ensenso N10-804-18 from IDS [37], which works according to the “projected texture stereo vision”
principle. This 3D camera has two integrated CMOS sensors and an infrared projector that projects
high-contrast textures onto the object to be captured by using a pattern mask. Some technical data of
the tested cameras are presented in Table A1. The experimental setups which have been used to test
the two cameras are presented in Figure A1. A black curtain has been used to cover each setup, in
order to obtain a closed obscure environment.

Table A1. Main technical data of the two tested cameras.

IFM O3D302 Ensenso N10-804-18

Image resolution [pixels] 176 × 132 752 × 480
Max. reading rate [Hz] 25 30
Operating distance [mm] 300 . . . 8000 450 . . . 1600
View field size X at 500 mm [mm] 500 158.49
View field size Y at 500 mm [mm] 370 158.13
Z-Accuracy [mm] — 0.452
Baseline (Pupillary Distance) [mm] — 100
Illumination 850 nm, infrared 850 nm, infrared
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Figure A1. Azimuthal rotating camera system: (a) Experimental test setup for IFM O3D302 camera;
(b) Experimental test setup for Ensenso N10-804-18 camera.
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As presented in Table A1, the resolution of the IFM camera is lower than the resolution of
the Ensenso camera. Therefore, in order to compare both cameras with similar volumes of points,
an azimuthal scan with an angular step of 10◦ has been performed with the IFM camera. This data has
been compared with the data from an azimuthal scan with an angular step of 30◦ performed with the
Ensenso camera. The two aforementioned 3D scans permitted to collect 36 point clouds with the first
camera and 12 point clouds with the second one.

Mechanical data, such as the vertical inclination of the camera, the distance from the camera to
the axis of azimuthal rotation, the 3D coordinates of the camera position and the azimuthal angle at
which each point cloud is collected (0◦ to 350◦ for IFM camera and 0◦ to 330◦ for Ensenso camera),
were used to approximatively align the acquired 3D point clouds. The results presented in Figure A2
correspond to the cumulated approximatively aligned 3D point clouds for both cameras.
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Figure A2. Cumulated approximatively aligned 3D point cloud: (a) From IFM O3D302 camera scan;
(b) From Ensenso N10-804-18 camera scan.

By visually comparing the cumulative 3D point clouds from both cameras, it can be observed
that the number of artifacts (ghost points) is significantly higher for the IFM camera than for the
Ensenso camera.

To evaluate visually the accuracy of each cumulative 3D point cloud, a 3D reference surface of the
breast phantom has been manually registered with the point cloud. The ground truth surface of the
scanned breast phantom (red color) has been overlaid with the camera point clouds (white color) for
the purpose of this illustration, in Figure A3.
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Figure A3. Cumulative approximately aligned 3D point cloud and registered 3D breast surface:
(a) From IFM O3D302 Camera scan; (b) From Ensenso N10-804-18 camera scan.

Figure A3 shows than the cumulative point cloud collected with the Ensenso camera is significantly
closer to the 3D breast reference surface than the cumulative point cloud collected with IFM camera is.

Based on these results, the 3D stereoscopic camera Ensenso N10-804-18 has been selected to be
integrated in the Wavelia OBCD subsystem.
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Appendix B. Generation of the Input Point Cloud for the 3D Breast Surface Reconstruction
Method

This procedure uses as input data the cumulative point cloud PcAcc presented in Section 2.3.
It consists in the following processing steps:

• extraction of the working point cloud;
• ring removal and verification.

Each of the above processing step are specified in a separate sub-section below.

Appendix B.1. Extraction of the Working Point Cloud

In order to extract the points of the working point cloud, the z value of the lower plane of the
examination table is required to be known. To compute this, a disk section points corresponding to this
plane has been selected from PcAcc (see illustration with the green point cloud in Figure A4). The mean
of the z coordinates of the points located in this section have been further computed. The computed
value is named zre f .
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To extract the working point cloud, the points where the z coordinate is lower than zre f are first
selected from PcAcc.

The working point cloud is further extracted, by selecting the points that lie within an ellipsoid
centered at the (0,0,0) position of the Wavelia reference coordinate system. The lengths of the semi-axes
of the ellipsoid, a for the x and y axes and b for the z axis, have been selected such that all the points
corresponding to the largest possible breast under scan lie, with sufficient margin, within the outer

contour of this ellipsoid. To select the points inside the ellipsoid, the condition px
2

a2 +
py

2

a2 +
pz

2

b2 ≤1
is applied.

After the ellipsoidal point selection, an additional operation step is applied to remove remaining
outlier points, if any, lying far from the breast surface. An illustration of this operation is provided in
Figure A5 below.
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removal: extracted point cloud for the test breast phantom B2.

Finally, the point (0,0, zre f ) is set as the origin of the extracted working point cloud.

Appendix B.2. Ring Removal and Verification

As mentioned in the introduction, the opening of the examination table of the Wavelia OBCD
subsystem is fitted with a plastic ring. The ring removal procedure consists in identifying the points of
the working point cloud corresponding to the ring and setting to zero their z coordinate values. To do
this, a disk section of points corresponding to the flat surface of the ring is selected, then those points
are fitted to a plane. The signed distance to this plane is used as a criterion for the removal of points
(positive distance for points above the plane and negative distance for points below the plane). To
apply the point removing criterion, a parameter is defined:

• inner radius (InRad): this parameter is defined as the physical radius of the ring minus an estimate
of the expected variation due to reflections on the vertical wall of the ring during the OBCD scan
of the breast.

The removing criterion is applied to the points with Euclidean distance to the xy plane greater
than InRad (see inner radius in Figure A6a). The complete ring removal procedure, as applied to a test
breast phantom, is shown in Figure A6b.

The new point cloud, as obtained after ring removal, is named PcB.
Some points corresponding to the ring may still remain. To verify this, the following parameters

are used:

• ring height: it is the physical height of the ring, including an estimate of the noise along the z axis
on the flat ring section (see Figure A6b) during the OBCD scan;

• mesh resolution (Dxy): it corresponds to the desired resolution on the xy plane for the 3D breast
reconstructed mesh;

• remaining reference factor: it is a factor in the range [0–1], defining whether processing to remove
remaining ring points is required, or not. This factor has been determined empirically, based on
observations from a series of available scan data, involving both human and phantom breasts.
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flat grid is generated with a resolution corresponding to Dxy by using the minimum and maximum 

 

Figure A6. Ring removing procedure: (a) point removing criterion; (b) full ring removal procedure, as
applied to the Test breast phantom B1.

The points are selected with an absolute z coordinate value lower than ring height. A rectangular
flat grid is generated with a resolution corresponding to Dxy by using the minimum and maximum
values for the x and y coordinates of the selected points. The z coordinate values of this flat grid
are zero. Then a disk section is defined on that grid between radii InRad and InRad - 2·Dxy. Then,
the selected points on the flat grid are projected, and the points of the grid which correspond to the
disk section where at least one projected point is present are set to 1. The other points, which do not
correspond to the disk section, are set to 0 (see illustration in Figure A7).
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The remaining ring factor is computed by dividing the number of points equal to 1 present within
the disk section on the flat grid (white points in the right-hand images in Figure A7) by the maximal



Appl. Sci. 2020, 10, 1234 41 of 44

number of points which may be present in the disk section. If this ratio is greater than remaining
reference factor, a specific process to remove remaining ring points will be necessary to be applied.
Otherwise, the regular process for artifact removal will be sufficient. Both processes are defined in
Appendix C.1.

Appendix C. Final Denoising

This procedure performs 2D image processing steps to finalize the denoising process (see
Section 2.3.2). It consists in the following processing steps:

• removal of the artifacts and/or removal of ring residuals;
• removal of remaining artifacts.

Each of the above processing steps is specified in a separate sub-section below.

Appendix C.1. Removal of the Artifacts And/or Removal of Ring Residuals

In this step, PcgA (see Section 2.3.2) is processed as a 2D image to perform the artifact removal
processing and/or the ring residuals removal processing. The selection of one of these processes has
been described in Appendix B.2.

The removal procedures are based on morphological operations, so a binary image needs to be
generated from PcgA, first of all. Then, erosion and dilation operations are performed, the result being
a binary mask, which is applied to PcgA by a multiplication operation. The resulting point cloud
is named PcgB; this point cloud is further considered clean from any significant artifacts related to
ring residuals.

The number of iterations and the structuring elements used in the erosion and dilation operations
were empirically determined, based on the so far cumulated experience on both human and phantom
breast scans.

Figure A8 shows the procedure to remove ring residuals in the case of Patient 004.
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Illustration on Patient 004.

Appendix C.2. Removal of Remaining Artifacts

At this stage, residual artifacts from the previous steps may remain. The aim of this procedure
is to further reduce the remaining artifacts along the z axis in PcgB, while preserving the details in
the vicinity of the nipple. To do this, PcgB is processed as a 2D image. PcgB is divided in four vertical
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sections (cyan, magenta, blue and red in Figure A9). Median filtering using distinct kernel sizes for the
four vertical sections of the breast is further applied.
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Figure A9. Illustration of the division of the stretched breast into four sections along the z axis.
Illustration on Patient 002.

To divide PcgB in four vertical sections Equation (16) is applied, with the first section corresponding
to the nipple, the fourth section corresponding to the zone of the scanned breast the closest to the chest
wall, while the second and third are middle sections of the scanned breast.

At this stage, the median filter is applied with a variable kernel size, which is defined as follows:

• a (1 × 1) kernel size for the nipple section (this kernel size allows to best preserve the breast surface
details around the nipple);

• a (5 × 5) kernel size for the second breast section;
• a (7 × 7) kernel size for the third breast section;
• a (9 × 9) kernel size for the fourth breast section;

The specific combination of kernel sizes has been empirically defined and allowed to preserve a
good continuity between the four sections of the reconstructed breast surfaces (see Figure A9), in the
case of all the experimental and patient scans performed with the Wavelia OBCD subsystem, so far.
The result of the median filter with variable kernel sizes is a point cloud named PcgC, as illustrated in
Figure A10 for Patient 002.
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