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Abstract 

Purpose
To assess the 3D geometric sampling accuracy of a new PET-guided system 
for breast cancer biopsy (BCB) from areas within the tumour with high 18F-FDG 
uptake.

Materials and methods
In the context of the European Union project MammoCare, a prototype semi-
robotic stereotactic prototype BCB-device was incorporated into a dedicated 
high resolution PET-detector for breast imaging. The system consists of 2 
stacked rings, each containing 12 plane detectors, forming a dodecagon with a 
186 mm aperture for 3D reconstruction (1mm3 voxel). A vacuum-assisted biopsy 
needle attached to a robot-controlled arm was used. To test the accuracy of 
needle placement, the needle tip was labelled with 18F-FDG and positioned at 
78 target coordinates distributed over a 35mm × 24mm × 28mm volume within 
the PET-detector field-of-view. At each position images were acquired from 
which the needle positioning accuracy was calculated. Additionally, phantom-
based biopsy proofs, as well as MammoCare images of 5 breast cancer patients, 
were evaluated for the 3D automated locating of 18F-FDG uptake areas within 
the tumour.

Results
Needle positioning tests revealed an average accuracy of 0.5 mm (range 0–1 
mm), 0.6 mm (range 0–2 mm), and 0.4mm (range 0–2 mm) for the x/y/z-axes, 
respectively. Furthermore, the MammoCare system was able to visualize and 
locate small (<10 mm) regions with high 18F-FDG uptake within the tumour 
suitable for PET-guided biopsy after being located by the 3D automated 
application.

Conclusions 
Accuracy testing demonstrated high-precision of this semi-automatic 3D PET-
guided system for breast cancer core needle biopsy. Its clinical feasibility 
evaluation in breast cancer patients scheduled for neo-adjuvant chemotherapy 
will follow.
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Introduction

In patients with locally advanced breast cancer, tumour sampling is increasingly 
used for assessment of tumour subtypes and genetic expression profiles in 
order to personalize neo-adjuvant chemotherapy. Usually, breast needle core 
biopsies are obtained under image guidance using ultrasound, although 
stereotactic mammography and MRI are also possible [1]. Ultrasound-guided 
core biopsy has been reported to be equivalent to open surgical biopsy for 
both palpable and non-palpable tumours and its use is standard practice [2]. 
However, tumour sampling is not just important to increase the likelihood of 
finding cancer in the delivered samples, but is also essential when vital tumour 
tissue containing sufficient RNA is required for genetic expression profiles and 
molecular subtyping. Biopsy success percentages are lower as, for example, 
found in the validation and clinical utility of the 70-gene prognostic signature 
where useful RNA only could be sampled from 81% of the core biopsies [3]. 
Recently, non-correspondence between the core biopsy location, identified 
by marker placement, and the tumour areas with highest metabolism, as 
assessed by 18F-FDG PET/CT, has been regularly observed by Koolen et al. 
[4]. This non-correspondence was found in 28 (14%) of 203 tumours in stage 
II–III breast cancer patients scheduled to receive neoadjuvant chemotherapy 
and was seen more often in tumours appearing as non-mass enhancement 
or multifocal disease on MRI, diffuse or multifocal tumours on PET/CT and in 
lobular carcinomas.
	 The uptake of 18F-FDG in breast cancer is based on the principle of augmented 
trapping of the tracer due to increased glycolysis in malignant tumours. The 
areas with the highest degree of 18F-FDG uptake mainly represent the most 
proliferative parts of the tumour, which has been associated with prognostic 
characteristics and survival [5,6]. In theory, visualization of heterogeneity in 
malignant breast tumours may help to select areas for assessment of core 
needle biopsy sampling for adequate molecular subtyping and gene expression 
profiling.
	 A few years ago, a dedicated single-ring 3D PET scanner (MAMMI-PET) 
for hanging breast imaging was developed in the context of an European 
Union project [7]. This device has extensively been validated for primary 
tumour visualization [8] and has also been able to visualize a higher degree 
of intratumour heterogeneity in 18F-FDG uptake than conventional PET/CT 
scanning in a group of patients with locally advanced breast cancer [9]. 
	 Based on the increased detection characteristics of the MAMMI-PET, in 
2013 a second European Union project was started to develop a breast biopsy 
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system prototype guided by a dual-ring PET (MammoCare) aimed at allowing 
real-time 3D tumour lesion localization and biopsy needle insertion guidance 
for higher sampling accuracy and efficiency. Herewith, we report the results 
of the accuracy tests as well as a first technical evaluation of the automated 
lesion visualization and localization program of the system using a phantom 
simulation model and the images of a group of breast cancer patients.

Material and methods

In 2013, a consortium constituted by Oncovision GEM Imaging S.A. (Spain), 
Statice Sas (France), Virtual Angle (The Netherlands), Institute of Biomechanics 
of Valencia (Spain), Institute for Instrumentation in Molecular Imaging I3M 
(Spain) and UK Heri (United Kingdom) was formed to develop a high-precision 
breast biopsy system in the context of the project MammoCare subsidized by the 
European Union (Project Number: FP7-SME-2013-606017). In this consortium 
(www.mammocare.eu) the Netherlands Cancer Institute participated as end-
user in charge of the clinical tests to validate the feasibility of the device. The 
MammoCare device was installed and extensively tested at the Netherlands 
Cancer in July–September 2015.
	 MammoCare was designed and developed as a semi-robotized stereotactic 
biopsy device incorporated in a dedicated dual-ring PET-detector for hanging 
breast imaging (Fig. 1). The PET-detector consists of two stacked rings, each 
containing 12 plane detectors, forming a dodecagon with a 186 mm aperture. 
Each detector module consists of a single continuous (nonpixelated) LYSO 
scintillating crystal (12mm thickness), a position sensitive photomultiplier tube, 
and an electronic board including the high voltage power supply. Images are 
reconstructed with a 3D maximum likelihood expectation maximization (MLEM 
3D) algorithm with a voxel size of 1mm×1mm×1mm. Dead time, scatter, random 
events, and attenuation correction through image segmentation are used in the 
reconstruction process [10]. The detector ring covers an axial field of view of 
94 mm, and can be translated axially to cover up to 170 mm for longer breasts. 
A vacuum-assisted 9 G biopsy needle (Eviva, Hologic, Bedford, Massachusetts, 
USA) is used on a robot-controlled arm (Fig. 2) enabling translational movement 
along the x-axis, horizontal movement along the y-axis, and vertical movement 
along the z-axis. The most upper position of the biopsy needle is at 2 mm 
distance from the upper image field of view border. The position of the sterile 
needle tip is automatically calibrated using a laser pointer. For biopsy the 
breast is immobilized using two transparent biocompatible paddles connected 
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to a support base for compression in the range of 70–90 N. The PET-ring can 
be opened to facilitate handling with the robot-controlled arm and needle 
insertion. This window enables the intervention team to acquire images while 
the biopsy needle is located inside the breast.
	 For biopsy with the MammoCare the working protocol is based on a 5-step 
procedure: (1) Start with a full breast image acquisition of the uncompressed 
breast using the closed PET-ring. Image target coordinates (xiyizi) can be selected 
in the software based on 3 image projection planes: sagittal, transverse, and 
coronal. The system automatically calculates the shortest needle insertion 
path towards the selected index lesion (xiyizi) and positions the biopsy needle 
module in that position. The index lesion is now in the centre of the biopsy 
range (y = 0 and z = 0). (2) This step concerns scanning a part of the breast 
including the index lesion, using a closed PET- ring fixed on one ring position, 
and compressed breast in order to adjust for the 3D lesion location movement 
due to breast compression. The new index lesion coordinates are then selected. 
(3) Subsequently, the PET-ring opens during breast compression and the needle 
is inserted. (4) A new scan is then obtained with open ring, compressed breast, 
and inserted needle in order to monitor possible index lesion displacement 
caused by needle insertion. (5) Finally, the needle position can be adjusted 
and vacuum-assisted core biopsy is performed manually. The biopsy range is 
along the whole x-axis, and the needle has a limited adjustment range in the y 
and z-axis; −12mm<y<12mm, −13mm<z<15mm. The total time of one biopsy 
procedure is approximately 30 min with a 10-min system setup time based on 
phantom experiments. The image acquisition using closed and open detector 
ring in relation to the biopsy needle module is schematically given in Fig. 3.

Closed versus open detector ring acquisitions
Ideally, an open ring acquisition needs to provide identical xiyizi -coordinates as 
a closed ring acquisition when a target lesion has not moved. The aim of this 
validation was to evaluate whether closed and open ring image acquisitions of 
exactly the same setup would result in identical images. Open and closed ring 
acquisitions were performed using a 22Na point source at 15 different locations 
within the detector field of view, and these image coordinates were compared.

Needle positioning accuracy
To evaluate the needle positioning accuracy a 12 mm × 28 mm piece of plastic 
has been manufactured with the same dimensions as the aperture of the Eviva 
vacuum biopsy needle. A 0.8 mm hole was drilled in the centre of the plastic 
piece and then it was placed in the opening of a 9-gauge needle (Fig. 2). A 
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drop of radioactivity (18F-FDG) was placed inside the hole corresponding with 
the coordinates of the needle (xnynzn). The biopsy needle was mounted on the 
MammoCare system and the needle laser calibration was performed following 
the above-described 5-step procedure. First, a 285 kBq 22Na point source, 
simulating an index lesion, was scanned for 30s with closed ring. The acquired 
image was reconstructed to determine the xiyizi -coordinates of the 22Na 
source. Next, the detector ring was repositioned in order to have the shortest 
needle trajectory towards the target (22Na source). A second 30-s image was 
acquired with a fixed ring position covering the 22Na source in its field of view. 
Subsequently, the 22Na source was repositioned at 77 other locations within the 
biopsy range (x>0, −12<y<12, −13<z<15), in order to simulate that the target 
had been moved. An image acquisition plus reconstruction was performed at 
each location. In total, 78 MammoCare images were gathered with a different 
position of the 22Na source in each image. The xiyizi -coordinates of the 22Na 
source were measured. Subsequently, the 22Na source was removed from the 
detector field of view. During the biopsy procedure, the needle coordinates 
are tracked in real- time and displayed on the screen in the dedicated software 
(xsyszs). The biopsy needle containing 18F was then positioned in each of the 
78 22Na locations (for which xsyszs equals xiyizi) followed by an open ring image 
acquisition (steps 3 and 4). This resulted in an additional 78 images in all of 
which the real location of the needle was detected in the image (xnynzn), thanks 
to the radioactive drops inside the needle opening. The position of the needle 
in the image was evaluated using a PET reconstruction with 1 mm3 voxels 
with open ring. Finally, all 78 measurements were repeated to measure the 
reproducibility of the system. Needle positioning errors were expressed as:

Needle position error = |xsyszs−xnynzn|

Simulated phantom training
Approximately 1 MBq of 18F-FDG was injected into a piece of vacuum-packed 
piece of meat used as a phantom to simulate a breast with an index lesion. 
Following automated lesion localization, a total of 3 biopsies from the index 
lesion were taken on the basis of the above-described procedure. Additionally, 
2 biopsy samples were taken at a distance of 1.5 cm from the index lesion, 
in a region considered to be free of or to contain a negligible 18F-FDG 
contamination. All 5 biopsies were placed on a Petri dish and scanned with an 
image acquisition time of 20 s by the MammoCare system.
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Figure 1 MammoCare system installation at the Netherlands Cancer Institute showing (on the 
left) the computerized console of the device and (on the right) the biopsy device. The biopsy 
device is placed below the bed for prone positioning of the patient. The MammoCare bed can be 
positioned at a height of 120 cm to facilitate biopsy handling.

Figure 2 Above, the biopsy 
needle placed on the robot-
controlled arm of the device. 
The biopsy module has been 
extended with a holder (red 
arrow) for eventual marker 
insertion to mark the biopsy 
site. Bottom, details of the Eviva 
9-gauge biopsy needle without 
and completed with the piece 
of plastic material inside the 
opening of the needle used to 
test needle positioning accuracy.
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Lesion visualization and automated localization
The dedicated software for automated lesion visualization and localization 
(steps 1 and 2) was technically evaluated in 5 breast cancer patients, initially 
scheduled for standard PET/CT for staging, and who all gave informed consent 
for an additional MammoCare image. All patients undergoing PET/CT were 
prepared with a 6-h fasting period. Blood glucose levels were required to be 
<10 mmol/L. A total dose of 180–240 MBq was given intravenously, depending 
on the body mass index. Immediately following PET/CT (100 ± 10 min after 
injection), without the requirement of an additional injection, additional 
MammoCare imaging was performed.

Figure 3 Above on the left, full uncompressed breast image acquisition performed by a 
closed PET-ring. On the upper right, detector ring is positioned at correct height and angle 
for shortest needle trajectory towards index lesion. A second scan is performed from part of 
breast, including the index lesion, using a closed PET-ring and compressed breast. Bottom on 
the left, detector ring opens and biopsy needle is manually positioned at target coordinates. 
A third breast scan is performed with open ring, compressed breast, and inserted needle. On 
the lower right, the needle position can finally be adjusted and vacuum-assisted core biopsy 
is performed.
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Results

Closed versus open detector ring acquisitions
Comparison of closed versus open ring acquisitions revealed an average image 
coordinate difference of 0.3 mm (range 0–1mm), 0.4 mm (range 0–1mm), and 
0.1mm (range 0–1 mm) for the x/y/z-axes, respectively. This resulted in average 
absolute deviations of 0.5 mm (range 0–1.6 mm).

Needle positioning accuracy
Needle positioning tests revealed an average accuracy of 0.5 mm (range 0–1 
mm), 0.6 mm (range 0–2 mm), and 0.4mm (range 0–2 mm) for the x/y/z-axes, 
respectively. This resulted in average absolute errors of 1.1 mm (range 0–2.8 
mm). Reproducibility tests of the needle positioning in all 78 image coordinates 
demonstrated an average deviation between the first and second test of 0.2 
mm (range 0–1 mm), 0.4mm (range 0–1mm), and 0.3mm (range 0–1mm). The 
average absolute error in the reproducibility test was 0.9 mm (range 0–1.4 
mm). These small deviations were noticed when the coordinates of the needle 
were derived from the open ring reconstructions.

Simulated phantom training
The piece-of-meat-phantom training demonstrated that the contaminated 
target, with compression, did displace up to 3 mm due to biopsy needle insertion. 
In Fig. 4 the biopsy experiments using the piece-of-meat-phantom containing 
a radioactive area to simulate an 18F-FDG-avid lesion is shown. This figure also 
illustrates the 3 biopsy specimens obtained from the simulated “index lesion” 
showing high radioactivity levels. The other 2 biopsy specimens obtained from 
the proximity of the “index lesion” show only minor levels of radioactivity, which 
is probably due to diffusion of 18F-FDG from the injection site to the periphery of 
the piece-of-meat-phantom. These same results were subsequently reproduced 
by two radiologists and one nuclear physician after training with the system.

Lesion visualization and automated localization
The MammoCare system was able to visualize small (<10 mm) intratumoural 
regions with a high 18F-FDG uptake (Fig. 5). As shown in Table 1 distances 
between intratumoural 18F-FDG-avid regions varied from 7mm to 47mm 
(median 23 mm).
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Table 1 Patient data of intratumoural regions with a high 18F-FDG uptake suitable for biopsy.

Patient Tumor size on MRI 
(mm)

Size (mm) 
intratumoural 
region 1
(x,y,z coordinates)

Size (mm) 
intratumoural 
region 2
(x,y,z coordinates)

Size (mm) 
intratumoural 
region 3
(x,y,z coordinates)

Distances 
between 
intratumoural 
regions (mm)

1 94 11 (20, 47, -7) 8 (35, 42, -5) 12 (34, 20, 2) 16a, 23b, 32c

2 56 12 (-10, 10, 16) 10 (-3, 12, 15) 4 (3, 40, 2) 7a, 31b, 36c

3 51 18 (-4, 42, 35) 6 (-8, 8, 3) 5 (0, 24, 3) 47a, 18b, 37c

4 20 7 (-10, 15, -15) 7 (-21, 12, -17) - 12a

5 33 12 (-36, -10, 50) 6 (-30, -1, 50) 5 (-24, -7, 51) 11a, 9b, 12c

a Absolute distance in mm between intratumoural region 1 and intratumoural region 2; b Absolute distance in mm between intratumoural 

region 2 and intratumoural region 3; c Absolute distance in mm between intratumoural region 1 and intratumoural region 3

Figure 4 Above, a biopsy proof using a piece of meat containing a radioactive area to simulate 
a 18F-FDG-avid lesion. Bottom, a Petri dish with 5 biopsy samples placed in the scanner (left 
image). Biopsy specimens 1–3 were taken from the highest radioactive region, while biopsy 
specimen 4–5 were taken 1.5 cm further on from a low radioactive region. The ex vivo 
MammoCare image of all 5 biopsy specimens can be seen on the right.
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Figure 5 Top, coronal slice showing a multifocal 18F-FDG avid tumour with two small regions 
of 10 and 12 mm (red arrows) and a sagittal slice showing one region of 31 mm of patient 2. 
Below, coronal and sagittal plane of patient 1 with a heterogeneous 18F-FDG avid tumour with 
a total diameter of 94 mm (red dashed line) of which the posterior tumour part shows more 
18F-FDG uptake than the anterior tumour region.

Discussion

In this first technical evaluation of the MammoCare device designed for 
18F-FDG-guided biopsy of breast cancer lesions, accuracy testing resulted 
in high precision scores for both needle positioning and automated lesion 
localization. Needle positioning tests revealed an average absolute error of 
1.1 mm (range 0–2.8 mm). These deviations might be explained partly by 
coordinate differences between open ring and closed ring reconstructions 
of up to 1.6 mm. Furthermore, the location of the needle derived from 
the image was measured manually with a 1mm accuracy due to the voxel 
size reconstruction. However, these small deviations in needle positioning 
are within the acceptance range of biopsy sampling following use of 9 G 
needles, especially since the biopsy needle itself has a diameter of 3 mm and 
obtains biopsy specimens of 2.8 mm × 12 mm when used with a vacuum-
assisted device. This kind of device was incorporated into the MammoCare 
prototype because a vacuum-assisted large bore needle approach allows to 
obtain multiple core biopsies of tissue without removing the needle from the 
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breast.1 We believe that lesions of 5 mm or larger are feasible for PET-guided 
biopsy using MammoCare by taking into account the needle positioning 
errors and the size of the 9 G biopsy needle.
	 Adequate tumour sampling is not just important to increase the likelihood 
of finding cancer in the delivered samples, but becomes crucial when 
molecular diagnostics is required. For tumour subtype analysis and RNA-based 
gene expression profiling tests, specific demands have been formulated for 
tumour tissue sampling [11,12]. Molecular diagnostics was initially validated 
on the basis of surgical excisional biopsy which enables pathologists to work 
with representative tissue samples. In early breast cancer, due to its high 
concordance with excisional biopsy, core needle biopsy has been found to be 
reliable for HER2 determination, while for assessment of grade, PgR and ER 
concordance is lower and results need to be considered with caution [13,14]. 
In patients with larger breast tumours the possibility to deliver biopsy samples 
containing stroma, inflammatory cells and fatty tissue in addition to malignant 
cells increases and may be a source of failure in RNA-based diagnostics. In 203 
evaluated primary tumours, correspondence between the site of the marker 
placed after core needle biopsy and the tumour area with the highest 18F-FDG 
uptake, reached only 55% with a significant 14% non-correspondence of ≥2 
cm [4]. This non-correspondence was seen more often in tumours appearing 
as non-mass enhancements and multifocal masses on MRI, diffuse or multifocal 
tumours on PET/CT, and in lobular carcinomas.
	 Against this background the possibility to develop a functional approach 
for core needle biopsy to optimize sampling becomes very attractive. Other 
investigators have used molecular imaging to guide breast biopsy but its use has 
been limited to tissue sampling for conventional histopathology in suspected 
breast lesions [15,16]. In addition to this possibility the MammoCare device, 
as technically evaluated in the present study, is also oriented to obtain tumour 
tissue samples matching the requirements for RNA-based molecular diagnostics. 
As shown in the phantom biopsy experiment, the future use of the MammoCare 
device may facilitate not only the selection of vital tumour areas for sampling, but 
also check correct deliverance of these samples for subsequent molecular analysis; 
to accomplish this, post-biopsy specimens can be checked on radioactivity, 
which reflects 18F-FDG avid sampled tumour tissue, in the MammoCare scanner. 
This feature of the device can contribute to optimize core needle sampling for 
RNA-based tools in breast cancer diagnostics. For instance, one of the most 
used tests, the MammaPrint, demands samples taken from regions clear of both 
necrotic and stromal tissue with delivered specimens containing at least 30% 
malignant cells on haematoxylin and eosin staining to be eligible for analysis [17]. 
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	 The PET-detector of the MammoCare system is equipped with two stacked 
rings. This significantly reduces whole breast acquisition times in comparison 
with the original MAMMI-PET, which is equipped with just a single ring [18]. 
The system necessarily uses breast fixation with transparent paddles to 
facilitate biopsy but compression in the 70–90 N range is appreciably lower 
than the 130–200 N compression force usually used for mammography. Finally, 
ergonomics of MammoCare has been designed for prone position of the 
patient; the bed can be positioned at a height of 120 cm allowing sufficient 
space for the intervention team to adequately prepare breast compression 
and subsequently to carry out the biopsy procedure in a continuous concept. 
Lesion displacement due to biopsy needle insertion was observed in the piece-
of-meat- phantom training. Therefore, step 4 of the procedure, a control image 
with the needle in place, is essential for breast biopsy procedure.
	 In conclusion, the first technical evaluation of the MammoCare device has 
led to promising results concerning core biopsy precision and automated 
lesion localization. Thanks to its specific approach based on tumour uptake of 
18F-FDG, the device offers potential to optimize core needle biopsy for both 
conventional histopathology and RNA-based molecular diagnostics. Phantom 
experiments show that the 5-step PET-guided biopsy procedure takes 30 min, 
which is similar to MRI-guided breast biopsy in our institute. Further clinical 
validation in breast cancer patients is needed.
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