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Abstract. We present a novel tracking system for patient head mo-
tion inside 3D medical scanners. Currently, the system is targeted at the
Siemens High Resolution Research Tomograph (HRRT) PET scanner.
Partial face surfaces are reconstructed using a miniaturized structured
light system. The reconstructed 3D point clouds are matched to a ref-
erence surface using a robust iterative closest point algorithm. A main
challenge is the narrow geometry requiring a compact structured light
system and an oblique angle of observation. The system is validated
using a mannequin head mounted on a rotary stage. We compare the
system to a standard optical motion tracker based on a rigid tracking
tool. Our system achieves an angular RMSE of 0.11° demonstrating its
relevance for motion compensated 3D scan image reconstructions as well
as its competitiveness against the standard optical system with an RMSE
of 0.08°. Finally, we demonstrate qualitative result on real face motion
estimation.

1 Introduction

The tomographic reconstruction of 3D and time varying 3D medical images from
a series of scanning modalities including X-Ray computed tomography (CT),
magnetic resonance imaging (MRI), and positron emission tomography (PET)
requires sequential data recording over time. Patient motion during this time will
result in a lower image quality or even render the examination useless, cf. [I] for
PET imaging. The probability of patient motion occurring grows with increas-
ing acquisition time. For structural or anatomical imagery, patient motion can
sometimes be estimated and compensated directly from the scan recordings, e.g.
in cardiac MRI [2] and lung CT [3]. For functional 3D scans such as PET and
fMRI lower contrast and more spatially sparse events hampers the direct esti-
mation of motion from the recordings themselves. Our focus is on the Siemens
High Resolution Research Tomograph (HRRT) PET brain scanner, which is a
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brain dedicated scanner with a spatial resolution down to 1.4 mm [4]. Movement
induced image degradation increases with increasing scanner resolution and thus
head motions end up counteracting the technological advances of high resolution
scanners. Due to the low count rate and resulting low contrast information the
patient motion is assumed known for most of the suggested motion correction
methods in PET imaging [5L6[7,8]. An optical real-time motion tracking system
has been preferred (Polaris System, Northern Digital Inc.) [9]. This system reg-
isters a rigid tracking tool with 3-6 infrared reflecting markers. The tracking tool
is fixed to the patient’s head using different types of band-aid, helmets, wet-caps,
or goggles. However, it has been reported that, using fixation, these methods can
cause artifacts on the PET images [10]. We have previously described a struc-
tured light (SL) based system for 3D face surface reconstruction that: (1) does
not need any markers; (2) fits to the narrow geometry of the Siemens HRRT
PET scanner; and (3) can potentially be built into future PET scanners [I1].

In this paper we will show how 3D point clouds captured using this system
by use of resistant and robust iterative closest point (ICP) registration to a tem-
plate surface can be used to estimate rigid body motion of the head inside the
scanner patient tunnel. In the method proposed, the pose estimation is based
on the rigid alignment of scans to either a pre-computed reference scan or the
previous scan. The alignment is a special case of the 3D point cloud registra-
tion. Point correspondence cannot be assumed and since the scanner output are
patches, there will only be partial overlap between reference/previous scans and
the current scan. Our method is based on the classical ICP algorithm [I2] that
aligns two point clouds with no prior correspondence. Several efficient variants of
the ICP algorithm have been published [13]. The possible enhancements of the
normal ICP includes matching based on differential properties of point sets and
rejection of invalid point matches. Due to the partial overlap of our scans, we
employ a point rejection approach, where points falling on the border of the tar-
get are rejected. It is therefore necessary to detect borders of the 3D scan. This
is non-trivial to do with raw points clouds. To overcome this, we represent our
target as a triangulated surface that has been computed using a state-of-the-art
surface reconstruction algorithm [14]. Compared, to the popular Poisson surface
reconstruction algorithm [I5], the Markov Random Field surface reconstruction
algorithm [I4] deals particularly well with human body scans. We provide a
quantitative evaluation of the performance of the structured light system for
pose estimation.

2 Experiments and Methods

The SL system consists of a DLP projector (DLP Pico Projector, Texas In-
struments) with HVGA resolution (480 x 320) and two grayscale CCD cameras
(Chameleon, Point Grey Research) with a resolution of 1280 x 960 as described
in [II]. The SL system was mounted on the gantry of the HRRT PET scanner
as shown on Fig. [Il just above the patient tunnel. The performance of the new
tracking approach is evaluated by a set of experiments on the HRRT PET scan-
ner with simultaneous tracking using the Polaris Vicra system. A mannequin
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head was placed inside the patient tunnel as a patient would be. It was mounted
onto a nano rotary motor stage from Thorlabs. The stage made it possible to
perform highly controllable rotation of the head. The stage was programmed
to rotate in steps of 5 degrees from -15 to 15 degrees and the movements were
repeated four times. At each stationary position a set of images were captured
with the SL system.

The Polaris tracking tool was fixed to the forehead of the mannequin head
using a band-aid as used for patients to track the head motions during the
PET acquisition. While the Thorlabs stage provides baseline rotation data, the
Polaris system recorded the motions of the head simultaneously with the image
capturing of the SL system. Fig.[Ilshows the set up of the experiments where the
SL system is seen in the front and the Polaris sensor is seen in the back behind
the patient tunnel. Fig.[I((a) shows the head in the reference position at 0 degrees
where the region of interest (ROI) is seen as the bright region around the bridge
of the nose. This ROI is chosen due to the limited facial movements of the bridge
of the nose. At each of the seven positions of the four runs of experiments 3D
point clouds are reconstructed using phase-shifting interferometry (PSI) [I6].
PSI is used to determine the correspondence between the two image planes;
the projector image plane and the image plane of one of the cameras. From
a series of three captured interferograms (2D images) the wavefront phase is
computed and converted to line positions on the projector image plane. Thus
a given phase of the cosine patterns on the captured images correspond to a
position on the projector image plane after phase unwrapping. Since the phase
is periodic, the phase has to be unwrapped to achieve a continuous phase image.
Several methods to perform phase unwrapping exist. Experiments showed that
the method described in [I7] perform well with our data.

The points on the image planes are converted into 3D coordinates using a
simple pinhole model for both the cameras and the projector and assuming

Fig. 1. Photographs of the mannequin head inside the HRRT PET scanner with the
SL system in the front mounted to the HRRT PET gantry. (a) The motor stage is seen
in the bottom and the Polaris sensor in the back. (b) Mannequin head rotated to the
right (the tracking tool can just be discerned above the forehead).
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the calibrations parameters for all three components are known. The details of
system calibration and 3D coordinate computations can be found in [IT].

We use the scan acquired at 0° as the reference and in the following, the
pose of the head is estimated relatively to this reference in the following. We
want to estimate the rigid body transformation from the current 3D scan to
the reference scan. The scans are unstructured point clouds where approximate
estimates of the point normals exist. We are using a specialised version of the
ICP [12] algorithm. Initially, a surface is created based on the reference scan.
Both cameras produce a point cloud representation of the part the head in its
field of view. These two point clouds are aligned and merged to create a reference
scan that covers the field of view of both cameras. The surface is created using the
novel Markov Random Field surface reconstruction algorithm [I4]. It is based
on an implicit description of the surface combined with a regularization step
that makes it well suited for human body scans. Since the surface reconstruction
algorithm by default computes surfaces that extend beyond the point cloud, a
post-processing step is needed where the surface is cropped to fit the point cloud.
This is done by removing parts of the surface that are not supported by reliable
input points. Support is defined as being within a distance, d, of an input point.
d is estimated as the average neighbour distance in the input point cloud. The
result is a polygonised surface patch, where the edge vertices are defined by
having only one adjacent triangle. For each point in the current scan, the closest
point on the triangulated surface is found using a kD-tree based approach. If
the point falls on an edge vertex, the point match is discarded. The remaining
point matches are used to compute the rigid body transformation using the
solution found in [I§]. Using this method the transformation bringing the current
scan into alignment with the reference surface is computed. The transformation
consists of an estimated 3 x 3 rotation matrix R and a translation vector t.

To be able to compare the rotation estimate from our method and the Polaris
system with the baseline rotation provided by the Thorlabs stage, the rotation
angle 6, direction of rotation axis v, and a point on the line c¢ is determined
as [I8]:

0 = arccos ((trace(R) — 1)/2)

v =1/(2*sin(6)) * [ Rs2 — Ra3z Ri3 — R31 Ro1 — Ruo
c=(I-R)'t

]T

3 Data and Results

Fig. Bl shows the 3D point clouds at the different positions for one of the four
experiment runs with the right (red) and left (blue) camera respectively. The
image to the left represent the position at -15 degrees and the image to the right
at a position of 15 degrees. These are aligned into the reference surface seen in
the center. As seen, the point clouds are highly detailed with little noise and
outliers, supporting a high spatial resolution of the system. Two results of the
ICP alignment are shown in Fig. Bl at £10 degrees from the right camera. The
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Fig. 2. 3D point clouds of the mannequin head at the seven positions. Left to right
from -15 degrees to 15 degrees. Blue images represent the left camera and red images
represent the right camera. The center images at 0 degrees are the reference surfaces.

right camera, -10 deg. ' right camera, 10 deg.

Fig. 3. Results of the ICP alignment of the right camera at two positions +10 degrees.
Alignments into the reference position are shown on top of the reference surfaces. The
colors represent the errors as the distance to target in mm.

errors between the target and the aligned points are in the order of 0-0.2mm
with the largest errors around the eyes. As previously mentioned, the motion
of the Thorlabs stage is considered the ground truth motion. The errors of the
estimated motion are plotted as a function of the ground truth motion in Fig.
@ The red and blue points represent the right and left camera respectively and
the black points are the results from the Polaris system. The errors of the SL
system are less than 0.2 degrees from the performed rotation when using the right
camera (red) for negative rotations and the left camera (blue) for the positive
rotation with a RMS error of 0.11 degrees. This is a similar result as the Polaris
system, which has a RMS error of 0.08 degrees. There are two main reasons
why the results are less accurate when the head is rotated toward the camera;
the overlap with the target around the bridge of the nose becomes less and the
overlap around the eye becomes larger. The eye is a non-robust region due to
edges and hair. This is an even larger problem on humans. In the future, this
region will be excluded prior to alignment.

The system has been tested on a human test subject in the HRRT setup.
The purpose is to demonstrate the clinical usability of the system. Currently,
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Fig. 4. Comparison of the SL system and the Polaris system; differences between the
estimated rotations and the performed ones as a function of the performed rotations.

we are only aiming for a quantitative evaluation and therefore no ground truth
data was recorded and no PET acquisition was done. The subject moved 1-3 cm
between each scan. The results can be seen in Fig. B, where the reference scan
is represented as a grey reconstructed surface. Two following scans are aligned
to the reference scans and the aligned point clouds are seen. It is clearly seen,
that the reference scans are less complete than for the mannequin. This is due
to problems with shadows around the nose. We are currently optimising the
hardware configuration of the system with respect to real humans in the clinical
setting. In Fig.[0l the colour coding of the aligned scans represents the individual

Fig. 5. Test with real human scannings. Point clouds aligned to the reconstructed
surface of the reference scan (grey surface) and the point errors are colourcoded. The
medians of the point errors are 0.13 and 0.17 mm.
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per-point alignment error. It is computed as the distance from the point to the
closest point on the reference scan. The median values of these point errors are
0.13 and 0.17 mm for the two scans in Fig. Bl These results are representative
for the experiments we have performed on human volunteers. While not optimal,
the magnitude of this error indicates that the system will be able to accurately
determine the pose changes for real humans in the clinical environment.

4 Summary and Conclusions

We have presented a structured light system adapted for motion compensation
in high-resolution PET scanners. While the systems accuracy is comparable with
the current state-of-the-art optical trackers, it is more flexible and easier to adapt
to the narrow patient tunnels of PET scanners. Furthermore, the system is fully
automatic and does not rely on markers that are notoriously difficult to use in
a clinical setting. The system was tested on a setup, where a mannequin head
mounted on a robot system created baseline data. The results show, that the
proposed framework was able to estimate the head rotation with an accuracy
better than 0.2° for a head movement between —15° and 15°. Furthermore,
preliminary experiments were performed on human test subjects. Quantitative
analysis shows that the system is able to robustly estimate the pose changes
for human subjects, strongly indicating that the method will be useable in the
clinical practise.
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