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Abstract
Objective Electromechanical devices enable increased
accuracy in surgical procedures, and the recent development
of MRI-compatible mechatronics permits the use of MRI for
real-time image guidance. Integrated imaging of resonant
micro-coil fiducials provides an accurate method of tracking
devices in a scanner with increased flexibility compared to
gradient tracking. Here we report on the ability of ten dif-
ferent image-processing algorithms to track micro-coil fidu-
cials with sub-pixel accuracy.
Materials and methods Five algorithms: maximum pixel,
barycentric weighting, linear interpolation, quadratic fitting
and Gaussian fitting were applied both directly to the pixel
intensity matrix and to the cross-correlation matrix obtained
by 2D convolution with a reference image.
Results Using images of a 3 mm fiducial marker and a pixel
size of 1.1 mm, intensity linear interpolation, which calcu-
lates the position of the fiducial centre by interpolating the
pixel data to find the fiducial edges, was found to give the
best performance for minimal computing power; a maximum
error of 0.22 mm was observed in fiducial localisation for dis-
placements up to 40 mm. The inherent standard deviation of
fiducial localisation was 0.04 mm.
Conclusion This work enables greater accuracy to be achie-
ved in passive fiducial tracking.
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Introduction

Localization of instruments in MRI scanners is an area of
current research which is closely linked to MRI-compatible
robotics. Intravascular interventional procedures have pre-
viously been the main driving force behind research into
device tracking, but there are many other emerging appli-
cations. One way to approach the problem is to use micro-coil
fiducial markers; positional information can be acquired
using either the magnetic gradient fields, or images contai-
ning the markers. The simplest methods rely on the visuali-
zation of passive markers made from susceptible materials
(i.e. containing gadolinium [1] or dysprosium [2]), as well as
biopsy needles filled with contrast material [3]. Such markers
do not always produce good contrast with the background
tissue, being dependent upon the imaging sequence and the
overall signal.

Resonant micro-coil fiducial markers were first used for
localization in the 1990’s, and are increasingly being used to
track devices within MRI scanners [4,5]. Most systems use
active markers, small coils connected into a receive chan-
nel on the scanner which record position dependent signals.
Connecting the fiducials directly to the scanner allows them
to be detuned during the RF excitation. This ensures that
they do not compromise images, but raises patient safety
issues with the cabling, particularly for coils placed inter-
nally. Still, good results have been obtained in animal and
phantom studies [6] with multiple applications of 1-D gra-
dients [7,8] and also with parallel imaging [9]. A related
method which does not raise the issues surrounding patient
safety is optical decoupling of fiducials using fibre-optic
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cable and a photoresistor [10]. While this method previously
required operator intervention, modern scanners may provide
programmable optical outputs.

Images received from the scanner allow the clinician to
guide the instrument to the desired location. The instrument
position may be drawn on the current image to help with this
guidance. Real-time processing of the images allows automa-
tic slice alignment through a feedback loop with the scanner
[9]. This has been shown using limited 1-D projections to
track devices in three dimensions [11].

Tracking of passive (unconnected) fiducials requires care-
ful selection of a pulse sequence to ensure marker contrast.
Previously, dual-flip angle gradient echo sequences have been
used with a low flip angle for fiducial imaging and a lar-
ger excitation for anatomical imaging [12]. In the fiducial
images, fiducials can be located simply by finding the maxi-
mum intensity pixel (MIPx), to an accuracy which is
dependent upon the pixel dimension and the size of the fidu-
cial. This is not sufficient for small, precise movements pos-
sible with electromechanical devices, and a suitable method
of processing the images is required in order to achieve grea-
ter precision of fiducial centring. This work evaluates the
accuracy of five suitable algorithms for tracking fiducials
when applied to both an intensity matrix, and a
cross-correlation matrix obtained by pre-processing with a
reference image.

Methods

A fiducial coil was constructed by hand-winding 6 turns of
0.46 mm diameter enamelled wire around a 2.3 mm diameter

cylindrical former. To allow fine-tuning, small gaps were left
between the turns. The coil, with an inductance of around
55 nH, was soldered to a small piece of stripboard, and a
non-magnetic capacitance of around 110 pF was connected
in series to produce a resonance in the region of 64 MHz. To
generate a signal, the coil was filled with a commercially-
available vinyl plastisol gel (Dermal Pads, Spenco Health-
care, UK), which was cut into a cube of side 2 mm, forced into
the coil and fixed with glue. The whole fiducial marker mea-
sured approximately 3×3×5 mm. A network analyzer was
then used to fine-tune the fiducial to 63.6 MHz by squeezing
the coil, which was then fixed using epoxy resin (Superglue).
The Q of the fiducial was around 60. The fiducial is shown
in Fig. 1.

The fiducial was mounted on an MRI-compatible three
degree of freedom (3-DOF) remote manipulator arm [13]
as shown in Fig. 1. This device was placed into a Siemens
Avanto 1.5T scanner, and the three axes were aligned with the
scanner co-ordinate system using the positioning laser. All
images were acquired with a fast low angle shot (FLASH)
sequence (TE = 4.8 ms, TR = 9.2 ms, slice thickness 5 mm,
matrix 2562, FOV 280 mm, pixel size 1.1 mm, flip angle 1◦,
bandwidth 390 Hz/pxl) and an axial slice located at the iso-
centre. The translation of the arm inside the scanner was
controlled by an independent control system using optical
encoders, with an accuracy of 0.08 mm along each axis [13].
Exported images in DICOM format were later processed on a
separate PC using MatLab (Mathworks, Natick, MA, USA).
To obtain a base image and assess repeatability, 30 images
were first acquired with the fiducial located at the isocentre of
the scanner. These 30 images were averaged to obtain a refe-
rence image for later processing (see Fig. 2). The manipulator

Fig. 1 Tuned micro-coil
fiducial markers. Left diagram
showing the dimensions of the
coil and the placement of
material. Middle an actual
fiducial. Right the 3-DOF
manipulator arm [13]

Fig. 2 Images of a single
fiducial. Left a typical low-flip
angle image. Middle an image of
the 7×7 pixel submatrix centred
on the MIPx. Right a reference
image obtained by averaging the
submatrices obtained from 30
measurements of the fiducial in
the same location
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was then translated various distances ranging from 0.1 to
40 mm in the x-direction. At each displacement five separate
images were taken.

The imaging data were analysed using ten sub-pixel detec-
tion algorithms adapted from digital photography [14]. These
algorithms were first combined into a MatLab program which
applied each in turn and wrote the results to a separate text
file.

The first five of the algorithms used only the image data
from a single slice for positioning, while the other five
required the reference image to calculate a cross-correlation
co-efficient which was then used to determine a relative dis-
placement. The cross correlation co-efficient is a measure of
the similarity of two images or functions. It can be used in
this context to transpose one image of a fiducial onto another.
For two-dimensional digital images it is defined as:

C(u, v) =
∑

i
∑

j [ f (x, y) − fm ] [g(x + u, y + v) − gm ]
√

∑
i j [ f (x, y) − fm ]2

√∑
i j [g(x + u, y + v) − gm ]2

(1)

where i and j are the submatrix pixel indices, fm and gm are
the mean values of the two image functions f and g, and u
and v are pixel offsets in the x, y(iand j) directions.

To map the variation in the correlation coefficient, the
sub-matrix of one image is passed across the other image in
two dimensions, and at each alignment the correlation co-
efficient of the pixels C, is determined. This produces a two
dimensional matrix of the variation in C, which we shall call
the C-matrix.

Before running the fiducial detection program, all of the
images were pre-processed to remove any artifacts. This was
done by recursively finding the MIPx and eliminating any
that were:

• within three standard deviations of the mean. In this case
it was assumed that the MIPx was noise, and there were
no more fiducials present within the image.

• near the edge of the matrix. The fiducial should remain
close to the centre of the image; if it was not, then the
sub-matrix could not be correctly selected.

• not adjacent to another pixel with one third of the MIPx
value. In this case it was assumed that the pixel was an
artifact caused by a DC offset error in the ADC.

After correctly locating the fiducial in each image a sub-
matrix of 7×7 pixels was taken for the sub-pixel processing.
A typical submatrix is shown in Fig. 2. The ten algorithms
are explained below.

Image processing algorithms

Intensity maximum pixel (IMP)—This algorithm simply
searches for the MIPx and checks surrounding pixels for the
same value. In the case of a single pixel, the fiducial centre
is positioned at the centre of the pixel. For multiple pixels
with the same value the position is placed midway between
the similar pixels.

Intensity barycentric weighting (IBC)—This algorithm
uses pixel intensity to weight each pixel in the submatrix
to obtain a centre-of-mass type calculation of the fiducial
position. The centre is given by:

xm = �i(xi pi)/�i(xi) ym = �i(yipi)/�i(yi) (2)

where (xm, ym) is the calculated centre position, and pi is the
pixel intensity at (xi, yi).

Intensity linear interpolation (ILI)—This algorithm calcu-
lates the position of the centre of the fiducial from the mean
position of the two edges. Intensity values passing through
the MIPx in either through the horizontal or the vertical direc-
tion are taken (see Fig. 3), then interpolated to find the edges
of the fiducial (taken as full width at half-maximum), and the
mean of the two readings is taken to be the fiducial centre
in that dimension. The method is then repeated for the other
direction.

Fig. 3 1-Dimensional application of three of the algorithms to a
vertical line drawn through the 7×7 submatrix in Fig. 2. The dots and
overlaid graph show the intensity, the arrow shows how the centre of
the fiducial is calculated. Left (ILI) the centre is found using the width
at half-maximum. Middle (IQF) a quadratic curve is fitted using only

the central pixels above the half-maximum threshold and the first pixels
on either side. The centre is taken at the peak of the curve. Right (IGF)
a Gaussian curve fitted to the data. The fiducial centre is taken at the
peak
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Intensity quadratic fitting (IQF)—the intensity quadratic
curve fitting algorithm fits a bi-quadratic curve to the pixels
in the submatrix around the MIPx. This second order fitting
uses a least squares estimation of the error, and produces
two sets of three coefficients that can be used to reconstruct
the curve and find the maximum. The fitting process was
greatly improved by using only the first pixels below the
half-maximum threshold, since this removed the influence of
pixels with only noise. The maximum of the reconstructed
curve is taken as the centre of the fiducial (see Fig. 3).

Intensity gaussian fitting (IGF)—this is similar to IQF, but
uses a 2D Gaussian curve to do the fit (see Fig. 3). The fit
was recursively improved to a tolerance of <10−5 which was
chosen as it gave a good fit in reasonable time.

Each of the five algorithms above was then applied to the
C-matrix in a similar manner:

Correlation-coefficient maximum pixel (CMP)

Correlation-coefficient barycentre weighting (CBC)

Correlation-coefficient linear interpolation (CLI)

Correlation-coefficient quadratic fitting (CQF)

Correlation-coefficient Gaussian fitting (CGF)

Results

The 30 images taken with the fiducial static at the isocentre
were first analysed with each of the ten algorithms to obtain a
standard deviation representing the inherent precision asso-
ciated with the imaging procedure and each of the ten algo-
rithms.

From the results shown in Table 1, it can be seen that the
IMP algorithm produced good results for large movements,
but as expected it could not produce a precision of less than

0.5 pixels. The IBC method was an improvement, but also
showed signs of instability particularly at small distances. ILI
was well-behaved even at small displacements. The quadratic
curve fitting algorithm (IQF) was generally poor performing
with an average error value well above those of the other
algorithms, indicating that the curve fitting is not robust. IGF
gave the smallest errors of all of the intensity matrix algo-
rithms, although requiring much longer calculation times.

Of the five algorithms that employed the C-matrix, only
CBC was found to give a large improvement over its counter-
part Intensity matrix algorithm. For all C-matrix algorithms
any gains in performance came at a cost of increased run-
times.

A summary of the results produced by application of all
ten of the algorithms in the simulation is given in Table 1.

Discussion

The values in Table 1 demonstrate that the much-used method
of IMP and its cross-correlation counterpart CMP are of little
use at resolving fiducial locations to sub-pixel distances. The
same can also be said for the fitting of quadratic curves (i.e.
IQF, CQF) to data. The graphs in Fig. 4 show that of the six
remaining algorithms, IBC is relatively unreliable and affec-
ted by image noise, yet there is little difference between the
five algorithms ILI, IGF, CBC, CLI, and CGF. Overall ILI is
a simple yet effective method of estimating the position of a
fiducial; producing good results for all displacements with an
inherent precision of 0.04 mm. This may be expected since
it models the physical situation well, i.e. a homogenous uni-
form sample with a linear boundary. The IGF algorithm pro-
vided a slight improvement over ILI, and although the longer

Table 1 The performance of the tracking algorithms when using a 7×7 pixel sub-matrix

Algorithm Std. dev. (mm) Mean abs. error (mm) RMS error (mm) Maximum error (mm) Approximate runtime (ms)

IMP 0 0.22 0.29 0.60 0.09

IBC 0.05 0.11 0.14 0.29 0.34

ILI 0.04 0.10 0.13 0.22 0.30

IQF 0.04 0.23 0.28 0.57 2.6

IGF 0.04 0.07 0.09 0.19 37.2

CMP 0.01 0.21 0.27 0.52 21.4

CBC 0.05 0.06 0.09 0.24 21.6

CLI 0.04 0.10 0.14 0.28 22.4

CQF 0.02 0.23 0.30 0.65 25.0

CGF 0.02 0.06 0.08 0.19 43.3

The first column shows the standard deviation of 30 repeated measurements with no translational movement. The mean absolute error, root mean
square error and maximum error indicate the calculated positions against the optical encoder measurements for the full range of movements, and
are shown with the. The approximate calculation times are also given per image slice
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Fig. 4 Bland-Altman plots
showing the performance of the
six best-performing algorithms
(IBC, ILI, IGF, CBC, CLI,
CGF). Each graph shows the
positional errors of the image
processing algorithm for
displacements of up to 40 mm
along the x-axis, with each
reading being referenced to the
position of the optical encoders
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computation times may limit its practicality, a compromise
may be found by reducing the fitting tolerance.

Where time is not a factor, using a Cross-correlation matrix
can provide even better results, although it is not known
how the quality of the reference image used affects the per-
formance. Interestingly, the calculation of the C-matrix has
recently been shown to be greatly simplified by performing
it in k-space, i.e. before FFT of the data [15]. This should
reduce the time necessary to apply the C-matrix algorithms.
However, use of the C-matrix introduces additional require-
ments such as obtaining the reference image and increasing
the number of programming steps.

The stated 0.08 mm inherent accuracy of the optical enco-
ders also meant that they were a significant source of error in
the experiment, and while sufficient for most purposes they
do not match the accuracy provided by sub-pixel fiducial tra-
cking. The general trend of points in these five plots depicts
a systematic error that may be attributed to readings taken
from the optical encoders, most likely non-linearity of the
printed reflective strips.

There are a number of additional factors which may affect
the accuracy of fiducial positioning, the most obvious being
non-linearity of the applied gradients which become more
apparent further from the isocentre. The chemical shift of the
Spenco material is less than 10 Hz at 1.5T which results in a
constant positional offset of less than 0.03 mm at a bandwidth
of 390 Hz/pixel. It was also found, when using such a high
Q fiducial micro-coil and a 1◦ flip angle that the SNR is
sufficient in all cases to easily resolve the marker against the
background noise.

Conclusion

We have shown that the ILI algorithm is both sufficient, and
computationally efficient for use in tracking passive micro-
coil fiducials by image processing. A maximum error of
0.22 mm was achieved using ILI positional reconstruction
with 3 mm coils and a matrix size of 1.1 mm. Further gains in
accuracy may be obtained using more complex methods, but
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at the cost of longer computation times and additional image
requirements. This work provides a basis for real-time 3D
tracking of electromechanical devices inside MRI scanners.
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