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Outline / Highlights: 

 Optical motion tracking is an established technology 

 MRI environment is challenging for many existing systems 

 Miniaturization of both cameras and markers is desirable 

 Viable solution: single-camera systems with 3D structured markers 

 Open problem: coupling between the marker and the organ 

 

Motion during MR image encoding produces inconsistencies in the acquired k-space data, 

which results in well-known motion artifacts. In clinical settings patient motion during MRI 

examinations renders a significant fraction of scans non-diagnostic. Additionally, many patients 

e.g. elderly people, Parkinson patients, young children, who may have benefited from an MRI-

based diagnosis, are merely treated as unacceptable for MRI for their inability to maintain 

positions of their body parts over prolonged periods of time. Recently, due to the increased 

availability of ultra-high filed imagers of 7T and above capable of sub-millimeter resolution in 

vivo, it became apparent that even in normal subjects involuntarily motion of about a millimeter 

may limit significantly the achievable image quality. 

Motion artifacts can be suppressed effectively if the underlying motion in known with a sufficient 

precision and accuracy [1-3]. Optical tracking is an established technology capable of providing 

motion information on position and orientation of rigid bodies in six degrees-of-freedom (6 DOF) 

with a minimal latency (typically well below 100ms). A range of different motion tracking 

approaches can in principle be applied in MRI settings to provide position information. 

Laser tracking is indeed an industry standard for position accuracy [4]. Laser trackers achieve 

micrometer-scale position accuracy under typical conditions. For rotations, 3 or more landmarks 

need to be placed on a tracking marker. The laser tracker operates as a single unit, so no inter-

unit calibration is required. However, high costs, eye-safety and magnetic field compatibility of 

the beam deflection mechanics are prevent widespread of this technology in MRI applications. 

Stereoscopic motion tracking mimics the visual 3D world perception of the living beings. It is 

typically involves two or more cameras delivering independent views of the scene and is termed 

convergent photogrammetry. The use of on-axis lighting and retro-reflecting spheres enables 

fast automated detection of landmarks and assignment of correspondence between images. 3D 

positions of every retro-reflective sphere are determined independently by determining the 

intersection of rays from multiple viewpoints. To track orientation, the positions of three or more 

landmarks on a rigid body are combined and fitted to a corresponding model. The ART motion 

tracking system has been adapted for tracking subject motion in an MR scanner about a decade 

ago [2]. 3D tracking by convergent photogrammetry depends on two calibration sets: relative 

positions and orientations between the cameras and relative positions between the markers. 



The former is required for position tracking of every marker, while the later aids the orientation 

measurement of the body. Instability of these parameters or inadequate separation along either 

set affects tracking accuracy.   

3D tracking with a single camera is also feasible if the marker 3D geometry is precisely known 

and provides sufficient information based on the detectable landmarks. When a landmark is 

located in a camera image it provides two pieces of data: its X and Y coordinates. The pose of a 

rigid marker comprising several landmarks has 6 DOF, so if the marker has 3 or more 

landmarks, the 6 DOF pose of the marker relative to the camera may in principle be determined. 

The accuracy of the determination depends on the imaging geometry, with low accuracy arising 

when large rotations produce only a small apparent shift of the landmarks in the image. The 

sensitivity of the method is improved when marker is located close to the camera and the 

camera uses wide angle optics. Planar markers [5] like a checker board [6], or more advanced 

V-Stars exterior orientation target are often used for tracking or camera calibration. Extended 

3D-structured markers containing multiple planar checker board segments [7] have been 

successfully employed in MRI settings to address a sub-optimal marker orientation and limited 

optical FOV problems.  

MRI environment poses numerous challenges to the optical tracking technology. In addition to 

the magnetic field safety, eddy currents and vibrations due to the gradient switching and RF 

interferences, also mechanical and optical constraints of the magnet bore and used coils render 

most of the off-shelf technologies unusable. For stereoscopic systems it is difficult to achieve a 

sufficient separation both between the cameras and within the target, furthermore multiple 

optical paths need to be maintained constantly. An interesting adaptation of a multi-camera 

technology to the tight constraints of the MR scanner has been presented recently, where three 

cameras observe three separate retro-reflective markers mounted on a rigid frame, where each 

camera can only view a single marker [8]. This system however shares disadvantages with the 

more typical convergent photogrammetry methods and critically depends on both the rigidity of 

the camera mount and the marker frame. Planar markers like checker boards are known to 

have sub-optimal orientations where tracking accuracy drops down significantly especially for 

rotations. It is therefore desirable to reduce sizes of both cameras and markers and reduce the 

number of optical paths and minimize requirements on the cross-sections of such optical paths 

in order to fit into the tight spatial constraints within the MR device itself and RF coils in 

particular. 

The matter of the fact, that the optical markers have to be mounted externally (e.g. on the 

subject’s face) and therefore remotely to the MRI target organ (e.g. brain) brings in another 

important requirement on the tracking technology. Due to a substantial distance between the 

tracking marker and the target organ the errors of rotation determinations manifest themselves 

as an apparent decrease of the position accuracy. Therefore the rotation accuracy is particular 

important for the tracking technology of choice. Actually, similar concerns are applicable to the 

marker mounting method. 

One possible tracking technology able to comply with the above requirements is based on the 

Moiré Phase Tracking (MPT) principle, which uses a single camera to track a single marker also 

previously known as a Retro-Grate Reflector (RGR) [9]. The MPT principle consists in an 

independent measurement of rotations using the 3D structured marker capable of encoding 

these rotations into the interference patterns between the gratings printed on both sides of a 



glass substrate. Due to a small marker dimensions and independent measurements of rotations 

MPT compares very favorably to stereoscopic tracking if considered within the geometric 

constraints of an MRI scanner [10]. The efficacy of the in-bore MPT system for prospective 

motion correction in MRI has been demonstrated recently for a range of applications and field 

strengths [11].   

Despite of the major advances in the field of real-time motion tracking correction significant 

challenges remain. Handling of non-rigid motion and inadequate marker fixation is one of the yet 

unsolved problems. For the technology to break into the clinical field issues with subject 

preparation and handling, and especially attachment of the tracking devices, need to be 

resolved. Generally speaking, limited robustness and handling difficulties remain the main 

obstacles preventing the technology from a wider acceptance in the clinical and research fields. 
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