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Purpose: The development of MR-guided high dose rate (HDR) brachytherapy is under investigation
due to the excellent tumor and organs at risk visualization of MRI. However, MR-based localization
of needles (including catheters or tubes) has inherently a low update rate and the required image
interpretation can be hampered by signal voids arising from blood vessels or calcifications limiting
the precision of the needle guidance and reconstruction. In this paper, a new needle tracking
prototype is investigated using fiber Bragg gratings (FBG)-based sensing: this prototype involves
a MR-compatible stylet composed of three optic fibers with nine sets of embedded FBG sensors
each. This stylet can be inserted into brachytherapy needles and allows a fast measurement of the
needle deflection. This study aims to assess the potential of FBG-based sensing for real-time needle
(including catheter or tube) tracking during MR-guided intervention.
Methods: First, the MR compatibility of FBG-based sensing and its accuracy was evaluated.
Different known needle deflections were measured using FBG-based sensing during simultaneous
MR-imaging. Then, a needle tracking procedure using FBG-based sensing was proposed. This proce-
dure involved a MR-based calibration of the FBG-based system performed prior to the interventional
procedure. The needle tracking system was assessed in an experiment with a moving phantom during
MR imaging. The FBG-based system was quantified by comparing the gold-standard shapes, the
shape manually segmented on MRI and the FBG-based measurements.
Results: The evaluation of the MR compatibility of FBG-based sensing and its accuracy shows that
the needle deflection could be measured with an accuracy of 0.27 mm on average. Besides, the
FBG-based measurements were comparable to the uncertainty of MR-based measurements estimated
at half the voxel size in the MR image. Finally, the mean(standard deviation) Euclidean distance
between MR- and FBG-based needle position measurements was equal to 0.79 mm(0.37 mm). The
update rate and latency of the FBG-based needle position measurement were 100 and 300 ms,
respectively.
Conclusions: The FBG-based needle tracking procedure proposed in this paper is able to deter-
mine the position of the complete needle, under MR-imaging, with better accuracy and preci-
sion, higher update rate, and lower latency compared to current MR-based needle localization
methods. This system would be eligible for MR-guided brachytherapy, in particular, for an improved
needle guidance and reconstruction. C 2016 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4961743]
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1. INTRODUCTION

HDR brachytherapy involves placement of needles (includ-
ing catheters or tubes) into or close to the tumor, through

which a radioactive source (e.g., Ir-192) irradiates the tu-
mor for certain times at different positions according to a
calculated dose plan.1 In usual clinical practice, a dose plan
is made at the beginning of the brachytherapy procedure.2–4
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This process involves selecting the appropriate needle
positions in order to achieve an optimal dose distribution
with a high irradiation dose to the tumor and the lowest
possible dose to surrounding healthy tissues. However, two
major events are likely to modify the preplanned dose distri-
bution during the interventional process. First, needle
positioning errors may occur: in the case of HDR prostate
brachytherapy, Strassmann et al.5 showed that the average
needle positioning accuracy on prostate was 2.7 ± 0.7 mm
with manual template-guided insertion and 1.8±0.6 mm with
robot-assisted positioning. Second, accidental shift (move-
ment of patient), peristaltic change, bladder filling,6,7 or inter-
nal movement of organs and tissue edema related to the trauma
of the needle insertion8–10 can cause anatomical modifications
(and needle position deviations) during the intervention. Those
events can lead to uncertainties and errors in the delivered
dose to the planning target volume (PTV) and organs at risk
(OARs).11 To reduce those uncertainties, two methods are
possible: (1) restraining at maximum the needle positioning er-
rors and (2) dynamically updating the dose plan with feedback
on the actual catheter locations as shown by Borot de Battisti
et al.12 For that, the real-time determination of the needle
position (consisting of tracking the needle during insertion and
reconstructing the needle after insertion) is warranted.

For an increasing number of brachytherapy applications,
MRI is the imaging modality of choice due to excellent tu-
mor and organs at risk (OARs) visualization.13–16 de Oliveira
et al.17 proposed a needle tracking method using MRI in the
case of endorectal biopsy device: it consists of applying a pulse
sequence in order to follow a passive marker attached to the
MR biopsy device holder. With this method, the position of
the needle axis is automatically identified using a phase-only
cross-correlation algorithm. The total duration of the track-
ing sequence is about 10 min. More recently, an active MR-
tracking (MRTR) system was developed to provide accurate
and rapid localization of interstitial brachytherapy catheters.18

This system consists of integrating multiple microcoils into
the metallic stylets that are used to advance the catheters into
tissue. The catheter trajectory is reconstructed by pulling out
the stylet from the catheter while the microcoils are tracked
using a dedicated MR sequence. The mean 3D error of the
catheter path was found to be 1.5±0.5 mm for an acquisition
time of ∼10 s/catheter. In practice, the update rate of the
needle position measurement in MRI may be too low and
the latency too high for high-precision needle steering during
the interventional procedure.

As an alternative to MR-based needle tracking, the needle
shape can also be measured using a MR-compatible stylet
with embedded fiber Bragg gratings (FBG) sensors. Park et al.

and Henken et al.19,20 were able to reconstruct the needle
shape with high accuracy, but both only assessed in-plane
needle deflection in free space. Roesthuis et al.21 validated
the accuracy of needle tip measurements using FBG sensors
for out-of-plane (3D) deflections in both free space and a
soft tissue simulant with a maximum out of plane error of
1.66 mm. Besides, Park et al. and Henken et al. both esti-
mated needle curvature by measuring the curvature at two
locations along the needle shaft (their stylets were composed

of three fibers with two sets of FBG sensors each). Roesthuis
et al. used three fibers with four sets of FBG sensors each,
which enabled to measure needle curvature at four different
locations along the needle shaft. In this paper, an upgraded
prototype is investigated: it includes an MR-compatible sty-
let involving three fibers with nine embedded sets of FBG
sensors each. This FBG-based tracking system has poten-
tially an improved accuracy and precision, higher update rate,
and lower latency compared to MR-based needle tracking.
Furthermore, the FBG-based sensing stylet is composed of
MR-compatible materials which do not interfere with MR-
imaging. However, the major issue of FBG-based sensing is
that it only measures the deflection of the needle (i.e., the
relative shape in the needle coordinate system). In order to
assess the needle shape in the physical spatial coordinate
system, the position and orientation of the stylet at, at least,
one point of the stylet must be known.

This study aims to assess the potential of FBG-based sens-
ing for real-time needle (including catheters or tubes) tracking
during MR-guided intervention. The main contribution of this
work is as follows:

• To evaluate the MR-compatibility and accuracy of the
needle deflection measurement using FBG-based
sensing.

• To propose an experimental protocol designed to assess
needle tracking using FBG-based sensing. This protocol
involves (1) the fixation in space of the stylet base and
(2) a MR-based calibration which aims to determine the
position and orientation of the stylet at the fixation point.
This calibration is performed once and for all, prior to the
measurement of the needle position. The authors under-
line that in practice, the proposed protocol is optional if
the position and orientation of the stylet at one point are
already known.

• To assess the FBG-based needle tracking procedure un-
der MR-imaging in a phantom experiment.

Special attention will be paid to the accuracy, precision, up-
date rate, and latency of the proposed needle tracking method.

2. METHODS

First, we describe the MR-compatible FBG-based sensing
device (cf. Sec. 2.A). An inherent deficit of the FBG-based
sensing is reported in this section: In order to assess the needle
position in the physical spatial coordinate system, the position
and orientation of the stylet at one or more stylet points are
mandatory. To achieve this, we propose an experimental pro-
tocol which involves the fixation of the stylet base and a MR-
based calibration performed prior to the measurement of the
needle position (cf. Sec. 2.B). The experiments to evaluate the
MR compatibility of the FBG-based sensing are described in
Sec. 2.C.1: the accuracy of the needle deflection measurement
is evaluated under on-line MRI. An experiment, which aims to
assess the proposed FBG-based needle tracking procedure, is
described in Sec. 2.C.2: this experiment involves the tracking
of needles inserted in a moving phantom.
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F. 1. (a) presents a picture of the FBG-based sensing stylet. (b) is a schematic of a transverse slice of the FBG-based sensing stylet inserted in the needle. (c)
presents the longitudinal schematic of the stylet.

2.A. MR-compatible FBG-based sensing device

In the scope of this study, a FBG-based sensing prototype
was used to determine the deflection of a brachytherapy needle
in real-time. This FBG-based sensing prototype was composed
of a MR-compatible stylet that can be inserted inside the
lumen of the needle. The length of the stylet was 195±1 mm
and the diameter 1.15±0.05 mm (cf. Fig. 1). Three grooves
were situated parallel to the central axis of the stylet, at 120◦

intervals. Three fibers (noted F1, F2, and F3) were embedded
inside the grooves such that F1, F2, and F3 were at the same
distance from the central axis of the stylet. Each fiber Fi (i ∈
[1,3]) had nine FBGs (noted FBG(i)

1 ,· ··,FBG(i)

9 ). Those FBGs
were separated by intervals of 20 mm along the stylet’s length
such that, ∀k ∈ [1,. . .,9], FBG(1)

k
, FBG(2)

k
, and FBG(3)

k
had the

same longitudinal position along the stylet. By measuring the
wavelength of the light reflected by the FBGs, the 3D curvature
and temperature along the stylet can be determined. Knowing
the 3D curvature, it is possible to reconstruct the stylet deflec-
tion (and consequently the needle deflection when the stylet is
inserted inside the needle) at regularly sampled position (every
1 mm). The procedure to reconstruct the 3D needle deflection
by measuring the reflected FBG wavelengths was described by
Roesthuis et al. and Park et al.20,21

To determine the amplitude of the reflected wavelength, a
measurement device for FBG sensors was used (FBG-scan

804D, FBGS, Geel, Belgium). This device is composed of
broadband LED source to light the optical fibers, a spectrum
analyzer (monochromator) to measure the reflected wave-

length, and a fast optical switch which alternatively routes the
three optical fibers to the LED source and spectrum analyzer. A
computer controls the device and automatically determines the
stylet’s deflection using a LabVIEW program. This program
could also determine the update rate and latency of the needle
deflection measurement, which were dependent on the switch-
ing speed, the light integration time of the monochromator, and
the needle deflection computation time.

With this system, we can monitor the deflection of the
needle. To derive the position of the whole needle, the position
and orientation of the stylet at one or more stylet points need to
be determined. This can be done using a MR-based calibration,
as follows.

2.B. MR-based calibration of the FBG-based
measurement

In the scope of this study, an experimental protocol is
proposed in order to assess the FBG-based needle tracking
procedure under MR-imaging. In this setup, the base of the
stylet is fixed in space (for example with a clamp) such that this
point cannot move or rotate. A MR-based calibration is then
performed prior to the measurements of the needle position
in order to determine the position and orientation of the stylet
at the fixation point (called the “reference point” in the scope
of this study). Once the calibration is done, the tracking of
the needle can be performed without having to subsequently
reapply the calibration. This section describes this MR-based
calibration.
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If we assume that no image distortion occurred during
the MR-imaging, the axes XMR, YMR, and ZMR of the MR
image are coincident with the axes X , Y , and Z of the phys-
ical spatial coordinate system. A way to determine the posi-
tion and orientation of the stylet at the reference point is
to register this point to the XMR, YMR, and ZMR-coordinate
system. To achieve this, we propose the following
procedure:

1. Several (at least 2) different needle shapes are measured
with FBG-based sensing during simultaneous MR imag-
ing. For that, we can insert the stylet into two needles
(with different shapes) introduced beforehand into a
phantom.

2. The MR-based needle shapes stem from a segmentation
step.

3. A rigid registration of the MR and the FBG-based
measurements of the needle shapes is then performed.
The rigid registration of the MR and FBG-based
measurement consists of determining six parameters:
three parameters of translations along XMR, YMR, and
ZMR (noted tx, ty, and tz) and three angles of rotation
about XMR, YMR, and ZMR (noted θx, θy, and θz). To find
those parameters, paired points between the MR and the
FBG-based measurements at regular sample positions
along the needle are determined. A gradient driven opti-
mization is then performed to find the values of tx, ty, tz,
θx, θy, and θz. This gradient driven optimization consists
of minimizing the distances between those paired points
after transformation (translations and rotations). The
method to perform this rigid registration is detailed in
the Appendix.

4. Once MR and FBG-based measurements are registered,
the determination of the stylet position and orientation at
the reference point in the XMR, YMR, and ZMR-coordinate
system is straightforward.

The proposed method involves an immobilization of the
stylet base and therefore may be limiting in a clinical workflow.
This issue will be discussed in Sec. 4.

2.C. Experimental evaluation of FBG-based sensing
for real-time needle tracking during MR-guided
intervention

This section presents three experiments which aim as
follows:

• To assess the accuracy and MR-compatibility of the
FBG-based sensing system (cf. Sec. 2.C.1).

• To evaluate the accuracy, precision, update rate, and la-
tency of the complete tracking device under MR imaging
using the MR-based calibration presented in Sec. 2.B (cf.
Sec. 2.C.2).

In the following experiments, the 3D MR images were ac-
quired with a 1.5 T MR-scanner using a 3D spectral presatura-
tion with inversion recovery (SPIR) sequence (T R

= 2.9 ms, T E = 1.44 ms, voxel size = 1.2 × 1.45 × 1 mm3,
and number of signal average= 2). This sequence was chosen
because it is commonly used to reconstruct a needle, in prac-
tice, of HDR brachytherapy at the University Medical Center
Utrecht (Netherlands) (UMCU). The employed field of view
was approximately 60×250×250 mm3 in order to image the
whole length of the needle. The scan time to cover the whole
volume was 5 min and 37 s.

2.C.1. Accuracy and MR compatibility
of FBG-based sensing

To evaluate the accuracy and MR-compatibility of the
FBG-based tracking system, we performed the two following
experiments:

First, to evaluate the accuracy during MR-imaging, a needle
(titanium needle 1.9×200 mm from Elekta, Veenendaal, The

Netherlands) was placed inside the MR scanner bore and its
shape was imposed by a specially designed plastic mold with
different known 2D paths (cf. Fig. 2). For paths 1, 2, and 3,
the deflection of the needle was measured by FBG-based sens-
ing during MR-imaging along four orientations (i.e., 0◦, 90◦,
180◦, 270◦), by rotating the needle along its longitudinal axis
[cf. Fig. 3(a)]. The error between the FBG-based measurement
and the gold standard shape was then calculated.

F. 2. (a) presents the schematic in 3D of the mold used. The three paths used for the experiment are noted as 1, 2, and 3. (b) is a schematic of the upper view
of the mold. The curvatures (in mm−1) of the paths 1, 2, and 3 are depicted in green. (See color online version.)
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F. 3. (a) is a picture of the experimental setup for the gold standard test using the mold inside the MR scanner bore (the setup was shifted out of scanner for
photograph). (b) presents the typical example of the Euclidean distance between a known shape and the FBG-based measurement.

Second, to evaluate the impact of FBG-based sensing
measurement on MR-imaging, four plastic ProGuide 6F
Sharp needles (Elekta, Veenendaal, The Netherlands) with
a length of 195 mm were introduced in an agar phantom.
The corresponding needle shapes were measured with FBG-
based sensing during simultaneous MR imaging [cf.

Figs. 4(a) and 4(b)]. The MR-based needle shapes stem from
a manual segmentation step. A rigid registration of the ob-
tained MR- and the FBG-based needle measurement was
then performed using the algorithm described in the
Appendix. After registration, the error between the FBG and
MR-based needle position measurements was assessed:

F. 4. (a) presents a picture of the experimental setup consisting of evaluating the impact of FBG-based sensing measurement on MR-imaging (the setup was
shifted out of scanner for photograph). (b) shows the MR image of one needle, (c) represents the MR and the FBG-based measurement after rigid registration,
and (d) represents the Euclidean distance between the MR- and FBG-based measurements along the needle.
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For this purpose, the Euclidean distances between the
paired points (see Subsection 1 of the Appendix) were
calculated.

2.C.2. Assessment of the proposed FBG-based
needle tracking system

The following experiment was performed to assess the
complete needle tracking procedure using the calibration pro-
tocol described in Sec. 2.B:

Step 1. A flexible needle of 93 mm (ProGuide 6F Sharp
by Elekta, Veenendaal, The Netherlands) was placed into a
prostate phantom (CIRS, Model 053-I, Ultrasound Prostate
Training Phantom).

Step 2. The plastic holder of the FBG-based sensing device
[cf. Fig. 1(a)] was fastened to a support fixed on the MR table
[cf. Fig. 5(a)]. That way, the stylet base was fixed in space with
no possibility of translation or rotation.

Step 3. The needle shape was measured with FBG-based
sensing during simultaneous MR imaging in five different
configurations: the phantom was moved for each configura-
tion by approximately one centimeter, along the left–right

axis. That way the needle position was different in each
configuration.

Step 4. Two of those configurations were used to perform
the MR-based calibration and determine the position and
orientation of the stylet base (see Sec. 2.B).

Step 5. The three other configurations were used to assess
the complete FBG-based tracking system: the FBG and MR-
based needle position measurements were compared. For this
purpose, paired MR and FBG-based points were determined at
regular interval (1 mm) along the needle using the algorithm
described in Subsection 1 of the Appendix and their corre-
sponding Euclidean distances were calculated.

To assess the repeatability of the results, steps 4 and 5 were
repeated for all possible pairs of configurations.

3. RESULTS

3.A. Accuracy and MR compatibility evaluation
of the FBG-based sensing

This section presents the results of the experiments which
aim to assess the accuracy and MR-compatibility of the FBG-

F. 5. (a) presents the setup of the experiment consisting of assessing the FBG-based needle tracking system (the setup was shifted out of scanner for
photograph). (b) is a MR sagittal slice of the phantom with the inserted needle. (c) represents the MR and the FBG-based measurement after rigid registration.
The two configurations used for the calibration of the reference point are in green, the configurations to validate the protocol are in blue. (d) represents the
Euclidean distance between the MR and FBG-based tracking measurement along the needle. (See color online version.)
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based tracking system (the experimental method is described
in Sec. 2.C.1). For all tested needle shapes, the average differ-
ence between the FBG-based measurement and the gold stan-
dard values (known shapes given by the mold) was 0.27 mm.
A characteristic example (path 1 of the mold) is presented in
Fig. 3(b): the average(minimum, maximum) absolute differ-
ence between the FBG-based measurement and the known
shape was 0.42 mm(0.01, 0.62 mm). For the second experi-
ment with four needles in agar phantom, the mean Euclidean
distance between MR and FBG-based paired points along
the needle was 0.42 mm on average over the four tested
needles. A typical example is presented in Figs. 4(c) and
4(d): the average(minimum, maximum) Euclidean distance
between MR and FBG-based paired points along the needle
was 0.42 mm(0.08, 0.74 mm).

3.B. Assessment of the proposed FBG-based needle
tracking system

This section presents the results of the experiment which
consists of validating the complete needle tracking system.
The experimental method is described in Sec. 2.C.2. Over all
tested scenarios, the average(standard deviation) Euclidean
distance between MR and FBG-based paired points along the
needle was 0.79 mm(0.37 mm). In particular, for the paired
points at the tip of the needle, the average(standard deviation)
Euclidean distance was 1.10 mm(0.45 mm). The update rate
and the latency of the needle position measurement were
around 100 ms and 300 ms, respectively. The latency and
update rate include the integration time of the light received by
the monochromator (90 ms) and the computation time of the
needle deflection (order of magnitude of a few milliseconds).
A typical example is presented in Figs. 5(c) and 5(d): the
average(minimum, maximum) Euclidean distance between
MR and FBG-based needle position measurements along the
needle configurations 2, 3, and 5 (which corresponds to the
configurations used to assess the needle tracking system)
was 0.76 mm(0.72, 0.93 mm), 0.94 mm(0.87, 1.11 mm),
and 0.79 mm(0.63, 0.93 mm), respectively. The
average(minimum, maximum) Euclidean distance of the nee-
dle tip measurements was 0.84 mm(0.63, 1.11 mm). The
largest deviations between the FBG and MR-based measure-
ments were situated close to the outer borders of the phantom.

4. DISCUSSION

This paper presents a FBG-based sensing device which is
able to track and reconstruct a needle (including catheter or
tube) during a medical procedure. This device can track a
needle deflection with a high accuracy (0.27 mm on average)
in an MR environment. In addition, this report shows that
the average Euclidean distance between MR and FBG-based
measurements of the needle position after registration was
comparable to the uncertainty of MR-based measurements
(corresponding to the uncertainty of the manual segmentation)
estimated at half the voxel size in the MR image. This indi-
cates that the FBG-based sensing device is not significantly

influenced by the MR environment. Finally, the FBG-based
needle tracking device can measure the needle position with an
accuracy of 0.79 mm and a precision (standard deviation) of
0.37 mm on average in comparison to the MR-based measure-
ment. In particular, the accuracy and precision of the needle tip
is 1.10 and 0.45 mm, respectively. Moreover, the update rate
of the needle position measurement is 100 ms and its latency
300 ms.

The inaccuracy related to MR-based measurement can have
two origins: inaccuracy in the manual needle segmentation
and distortion of the MR-images. Regarding the inaccuracy
in the manual needle segmentation, the error was estimated
to half the voxel size of the MR images (voxel size = 1.2
×1.45×1 mm3). Regarding the distortion of the MR-image,
a quality assessment of the MR was performed prior to the
measurements using an ACR phantom with a length of 148 mm
and a diameter of 190 mm. Based on this quality assessment,
the maximum error found at the border of the ACR phantom
was less than 1 mm. Since all MR-images of the experiments
presented in this paper were within 100 mm from the MR
isocenter, negligible errors are expected to be related to MR-
image distortion. The accuracy of the MR-based measurement
was therefore estimated to half the voxel size of the MR
images.

Since the FBG-based sensing stylet is composed of MR-
compatible materials, this device is eligible to be used in a MR
environment. Another method eligible in a MR environment
is described by Wang et al.18 In this study, a real-time active
MR tracking method has been proposed. Multiple microcoils
are integrated into metallic stylets. These stylets are used to
insert the needles into the tissue. The catheter trajectory is
reconstructed by pulling out the stylet from the catheter while
the microcoils are tracked using a dedicated MR sequence. In
comparison to this active MR tracking method, the accuracy
of FBG-based sensing is higher (1.5 mm on average with
the active MR tracking method vs 0.8 mm on average with
FBG-based tracking). Also the update rate of the FBG-based
needle tracking is higher and latency is lower (around 10 s
acquisition time per catheter with the MR tracking method
vs 100 ms update rate and 300 ms latency with FBG-based
sensing). Besides, de Oliveira et al.17 proposed a needle track-
ing method using MR in the case of endorectal biopsy device.
This tracking method has also a lower update rate and higher
latency (the total duration of the tracking sequence is about
10 min).

Finally, although MRI presents a lot of advantage such as
high contrasts of soft tissues which is useful for organs/tumor
delineation, FBG-based needle tracking can also a priori be
done under a different imaging modality such as ultrasound,
computed tomography, or x-ray. In that scenario, other needle
tracking methods (which are not MR-compatible) have been
recently developed. Kaya et al.22 proposed a method to deter-
mine automatically the tip of a needle using 2D ultrasound
imaging: the needle tip is estimated with the Gabor filter-
based image processing algorithm, and the estimation noise
is reduced with the Kalman filter. In that study, the tip location
was measured and compared with optical tracking system.
The Euclidean distance of the tip position was found to be
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1.17 mm. Additionally, a 3D electromagnetic needle tracking
system was recently developed:23–26 a stylet, composed of
miniature sensor coils, is immersed in alternating magnetic
fields. The resulting electric signal of the sensor coils is then
converted to detect the position of the stylet (and therefore
the needle when the stylet is inserted in the needle’s lumen).
The tracking accuracy experiments showed that positional er-
rors were higher (typically 1 mm) compared with FBG-based
needle tracking. In addition, the accuracy was dependent on
disturbing equipment around.

The benefit of MRI was twofold in the scope of our study:
(1) it allowed determining the position and the orientation of
the base and (2) it provided a gold standard of the needle shape.
This allowed reaching the following endpoints of our paper:
(1) to demonstrate the potential of FBG-based needle tracking
for the determination of the needle position with high frame
rate and low latency and (2) to demonstrate the potential of
the latter under on-line MRI. Regarding the determination the
position and the orientation of the stylet base, we proposed a
simple protocol involving the fixation of the stylet base and
the determination of its position and orientation using a MR-
based calibration. In the proposed MR calibration, several
(at least 2) needle shapes [see (1) in Sec. 2.B] are used to
determine the stylet position and orientation at the reference
point. This way, the determination of the stylet’s position and
orientation at the reference point is more accurate: if only
one needle shape is used for the registration, the determi-
nation of the orientation about the longitudinal axis of the
stylet may not be accurate (especially if the needle shape is
straight).

A limitation of the proposed tracking protocol arises from
the fact that our system is now implemented with the stylet
in a fixed support. Although this condition was fulfilled in
our experiments, this may not be the case under clinical
practice. In a clinical workflow, to know the position and
orientation of the stylet base, it should be mounted in a
flexible and tracked support that is fixed to the table. This
special support could be a robot that supports the insertion
of the needle such as those currently developed in several
institutes.27 In particular, at our institution (the UMCU), a
MR-compatible single needle robotic device which is fixed to
the MR couch is currently under development.28 Knowing the
needle mounting position of the robot in the MR coordinate
space means that we can determine the complete shape of
the needle in the MR coordinate system. In our view, the
current promising results provide justification to continue
investing in further improvements of the clinical implemen-
tation of the FBG tracking technology within an MR-guided
workflow.

Furthermore, the clinical benefits of such a system would
be twofold:

1. For real-time tracking of needle during insertion. The
fast and accurate feedback of the needle position will
help the steering of the needle and warn the user in case
of deviations from the planned needle track: better dose
coverage and less toxicity would then be expected due
to less needle positioning errors.

2. For fast and automatic reconstruction of the needle after
insertion. The authors expect that with FBG tracking,
less time will be spent compared to manual segmenta-
tion of a needle with possibly a better accuracy. This
would allow a shorter overall procedure time and enable
update of the dose plan with feedback on the needle
positioning error.

Future works will involve preclinical and clinical evalua-
tions of the setup.

5. CONCLUSION

The proposed FBG-based needle tracking method is able to
determine the position of the whole needle with an accuracy
of 0.79 mm, a precision (standard deviation) of 0.37 mm,
an update rate of 100 ms, and a latency of 300 ms. The
proposed approach is a good candidate for the measurement
and the compensation of needle positioning errors during the
procedure. This would allow an improved needle guidance
and reconstruction. Moreover, the dose plan may be updated
accordingly using a suited feedback strategy based on the
residual needle deviations.
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APPENDIX: OPTIMIZATION STRATEGY
TO PERFORM THE RIGID REGISTRATION
OF THE MR AND FBG-BASED NEEDLE
POSITION MEASUREMENT

This section details the method employed to find the trans-
formation between the FBG and the segmented MR-based
measurement of a needle. Six transformation parameters are
determined: three parameters of translations, noted tx, ty, and
tz, along XMR, YMR, and ZMR (the axis of the MR image) and
three angles of rotation, noted θx, θy, and θz, about XMR, YMR,
and ZMR. A way to determine the value of tx, ty, tz, θx, θy,
and θz is as follows: first, to determine paired MR and FBG-
based measurement points at regular intervals along the needle
and then to minimize the distance between the paired MR and
FBG-based measurement points after transformation.
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1. Determination of the paired MR and FBG-based
measurement points at regular intervals
along the needle

It is noticeable that the FBG-based measurement gives the
needle’s shape at regularly sampled position (every 1 mm)
along the stylet. Consequently, to determine the corresponding
MR points, the MR based needle shape needs to be analytically
modeled: a 3D parametric polynomial fitting of the MR-based
points is chosen with the following general form:



x(t)= antn+an−1t
n−1+ · ··+a0

y(t)= bntn+bn−1t
n−1+ · ··+b0

z(t)= t

. (A1)

The polynomial order n is optimized exhaustively by follow-
ing two conditions: (1) the order must be as small as possible
to avoid over-fitting and (2) the maximum fitting error must be
lower than the typical uncertainties of the manually segmented
points (estimated at half the voxel size in the MR image).

With this model, the corresponding points of the MR-based
measurement can easily be determined by sampling the model
at same positions along the stylet compared to the FBG-based
measurement points.

2. Determination of the transformations parameters

The next step is to determine the value of tx, ty, tz, θx, θy,
and θz using a minimization of the distance between the MR
and FBG-based paired points after transformation (rotations
and translations). For this purpose, we employed a gradient
driven optimization method.

Let n be the total number of paired points, and for all
i ∈ [1;n], (xMR

i
,yMR

i
,zMR

i
) and (xFBG

i
,yFBG

i
,zFBG

i
) are their cor-

responding coordinates of the MR and FBG-based measure-
ment points. To minimize the distance between the paired
points, the following cost function C(tx,ty,tz,θx,θy,θz) [corre-
sponding to the squared average distance between the paired
points after transformation (rotations and translations)] is
minimized:

C(tx,ty,tz,θx,θy,θz)

= ‖PMR
− AFBG→MR(tx,ty,tz,θx,θy,θz)P

FBG‖2
2, (A2)

where PMR and PFBG are the MR and FBG-based measurement
point matrices,

PMR=

*.....
,

xMR
1 · ·· xMR

n

yMR
1 · ·· yMR

n

zMR
1 · ·· zMR

n

1 · ·· 1

+/////
-
, PFBG=

*.....
,

xFBG
1 · ·· xFBG

n

yFBG
1 · ·· yFBG

n

zFBG
1 · ·· zFBG

n

1 · ·· 1

+/////
-
,

(A3)

and AFBG→MR(tx,ty,tz,θx,θy,θz) is the transformation matrix,

AFBG→MR(tx,ty,tz,θx,θy,θz)

=Tx(tx)Ty(ty)Tz(tz)Rx(θx)Ry(θy)Rz(θz), (A4)

where Tx(tx), Ty(ty), and Tz(tz) are the matrices of translation
along the XMR, YMR, and ZMR axis and Rx(θx), Ry(θy), and

Rz(θz) are the matrices of rotation about the XMR, YMR, and
ZMR axis.

Since AFBG→MR(tx,ty,tz,θx,θy,θz) is not linear along θx, θy,
and θz, the minimization of C(tx,ty,tz,θx,θy,θz) is therefore
performed using a gradient driven method.
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