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Abstract

Subject motion in MRI is a relevant problem in the daily clinical routine as well as in scientific 

studies. Since the beginning of clinical use of MRI, many research groups have developed 

methods to suppress or correct motion artefacts. This review focuses on rigid body motion 

correction of head and brain MRI and its application in diagnosis and research. It explains the 

sources and types of motion and related artefacts, classifies and describes existing techniques for 

motion detection, compensation and correction and lists established and experimental approaches. 

Retrospective motion correction modifies the MR image data during the reconstruction, while 

prospective motion correction performs an adaptive update of the data acquisition. Differences, 

benefits and drawbacks of different motion correction methods are discussed.
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 1. Introduction

Magnetic resonance imaging (MRI) is an indispensable tool for medical diagnosis offering 

detailed visualization of the inner structure of the human body, the extremities as well as the 

brain. In particular, high field MRI became an important modality for research in 

neuroscience due to its non-invasiveness. The wide variety of MR imaging methods enables 

high spatial resolution imaging and allows encoding of various contrast mechanisms. This 

enables to distinguish many types of human soft tissue such as brain, abdominal organs, 

muscle fibres, ligament and sinew, blood vessels etc. and renders MRI superior to many 

other imaging modalities in the detection and characterization of soft tissue pathologies. 

Despite these obvious advantages of MRI, many difficulties in clinical and research 
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applications of MRI arise from relatively long data acquisition times. Other issues, such as 

the high complexity of MRI and required expertise, contraindications due to implants, costs 

and others are not considered in this review that focuses on the motion-related challenges 

and solutions.

Imaging with MR is time consuming due to the sequential acquisition of the 1D MR-signal. 

Consequently MRI is sensitive to motion. Patient or subject motion during the acquisition 

can induce artefacts and reduce image quality and diagnostic or scientific relevance. Such 

motion artefacts manifest as ghosting, blurring, geometric distortion or decreased signal-to-

noise ratio (SNR). For diagnosis, their clinical relevance depends on the reader’s ability to 

identify and separate such artefacts from the structure of interest and the obstruction or 

mimicking of pathologies. Automated quantitative data analysis may be corrupted even more 

severely. Image quality degradation may result in non-diagnostic data and require repetition 

of a single scan or the entire session leading to a delay of treatment and rising costs. If 

unnoticed, potential false positive or negative findings may occur (Andre et al 2015).

For more than 30 years and since the beginning of clinical use of MRI, many research 

groups have developed methods to prevent, suppress or correct motion artefacts. An obvious 

method is the reduction of image acquisition time. Fast imaging methods have been and are 

still the focus of research and imaging times have come down from dozens of minutes for 

single volume acquisitions to only a few minutes or seconds. Further reduction of imaging 

time, however, often leads to compromises in resolution, contrast or signal-to-noise ratio.

Active methods for the correction of motion are required and may be categorized according 

to different criteria (see figure 1). The type of motion can be rigid (translation, rotation) or 

deformable (non-rigid). The motion can occur between volumes (inter-image), within a 

volume between excitation pulses (inter-scan) or between excitation and signal acquisition 

(intra-scan). Commonly, the amount of motion during a certain acquisition time period (e.g. 

total scan time, single slice, single k-space line) in relation to the spatial resolution is 

relevant. The motion pattern can be periodic, quasi-periodic, continuous or sporadic/random. 

In 2D-imaging, motion within the excited slice plane is termed in-plane motion, whereas 

motion perpendicular to the slice is termed through-plane motion (Boussel et al 2006). In 

non-selective 3D imaging the differentiation between in-plane and through-plane motion is 

not required.

The prevention or correction of motion-induced artefacts in brain MRI is an important 

objective. Other fields of motion artefact correction are cardiac, liver and thorax MRI, 

however, with only limited overlap in methodological approaches with head motion 

correction due to the nature of the periodic motion of the heart and chest. This review aims 

at an overview of state-of-the-art techniques for the correction of motion induced artefacts. 

The main focus is the motion correction of MRI of the brain, where many methods have 

been developed. In section 2 the sources and types of motion and related MRI artefacts are 

described. Section 3 presents a description of techniques to detect and classify motion. The 

following two sections 4 and 5, discuss retrospective and prospective motion correction 

approaches. The correction of residual artefacts after the correction of rigid body motion is 

shown in section 6.
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 2. Relevant motion and related artefacts in MRI

Sources of motion in human subjects are of physiological nature. We can categorize such 

physiological sources as (i) periodic involuntary motion, such as cardiac, respiratory, and 

peristaltic motion including related flow of blood and cerebrospinal fluid (CSF), (ii) sudden 

involuntary movements caused by sneezing, coughing, yawning, and semi-regular 

movements such as swallowing and blinking, or (iii) conscious motion of body parts, e.g. 

due to discomfort or carelessness of the subjects. Patients affected by neurodegenerative 

diseases, such as Parkinson’s, can present with tremor. Non-compliant subjects, e.g. 

children, tend to move more.

While motion artefacts are the most prevalent cause for MRI image quality degradation, 

other artefacts may also corrupt MRI acquisitions. A classification of the artefact sources in 

MRI may refer to these 3 categories (Heiland 2008):

i. Hardware-related artefacts: e.g. spikes, data clipping, zippers, and other 

artefacts due to external RF sources;

ii. Sequence-related artefacts: aliasing, partial volume effects, crosstalk between 

slices, saturation artefacts, chemical shift artefacts, truncation artefacts (Gibbs 

ringing), echo planar imaging (EPI) ghosting;

iii. Patient-related artefacts: motion artefacts, susceptibility artefacts;

For a better understanding of the effects of motion on MR images, it is helpful to consider 

the image formation process (for physical artefact description see also (Zaitsev et al 2015)).

The signals acquired in MRI are spatially encoded by the application of imaging gradients. 

These raw data are stored in the so-called k-space domain and the corresponding k-space 

coordinate of each measurement point is given by the gradient moment (Paschal and Morris 

2004):

(1)

Applying an inverse Fourier transformation to the acquired k-space data S(kx, ky, kz) results 

in the final image I(x,y,z)

(2)

By nature of the Fourier transform, each pixel in the MR image is the weighted sum of all 

points in k-space. The coordinates of the raw data points in k-space and the order of their 

sequential acquisition are termed sampling scheme or trajectory. Most commonly, Cartesian 

coordinates are sampled but other trajectories, such as spiral or radial may be applied 

(Hennig 1999) (see also section 3.1). Changes of the raw data phase or amplitude as well as 

the k-space position due to motion can affect the entire image, depending on the motion 

pattern, the contrast encoding, and the sampling scheme. The relation between pose changes 
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in the spatial domain and resulting changes of k-space data acquired during this pose is 

important in this context. According to the Fourier shift theorem, object translation causes a 

linear phase ramp in the k-space data in the direction of motion. Object rotation, however, 

results in identical rotation of the k-space data (Hennig 1999, Bernstein et al 2004, Paschal 

and Morris 2004, Heiland 2008). In addition, motion can cause further signal changes such 

as signal amplitude variation due to spin history effects (saturation), signal phase variation 

due to position dependent Larmor frequency differences, and phase accumulation when the 

displacement occurs during and in the direction of a magnetic field gradient.

As a consequence of inter-scan motion k-space data from different positions are combined 

and signal intensities may change due to spin history effects leading to inconsistent k-space 

data. In addition, intra-scan motion can further affect the signal phase. Position is encoded in 

the signal phase and thus, false positions and again inconsistent data arise. For Cartesian 

sampling schemes with fast acquisition in the read encoding direction, these inconsistencies 

appear mainly along the phase encoding direction. As a result motion related artefacts 

spread along this phase encoding direction, independent of the direction of motion (see 

figure 2).

Depending on the motion pattern and sequence, ghosting, blurring or local signal variation 

occurs in the reconstructed image. Ghosting effects, where object structures are repeatedly 

appearing in the image, are usually caused by (quasi-) periodic motion. This can also be 

understood as a result of Fourier transform properties. The Fourier transform of a periodic 

signal modulation contains extra peaks besides the DC peak, which represents the signal 

integral. According to the Fourier convolution theorem, a signal modulation (multiplication) 

is equivalent to a convolution of the Fourier transforms of the original object and the signal 

modulation. A (quasi-) periodically moving structure will therefore be represented multiple 

times in the reconstructed image (see figure 3(a)). Less structured signal modulation in k-

space, i.e. random motion patterns typically leads to blurring of sharp edges in the image 

(see figure 3(b)) and motion induced phase changes can result in destructive interference and 

signal loss. If unsaturated magnetization enters the measurement volume due to through-

plane motion, the signal intensity will change similarly to the inflow effect in time-of-flight 

angiography (see figure 3(d)).

Another approach to understand motion induced imaging effects has been proposed by 

Shechter and McVeigh (2003) who presented a 3D affine motion model for deformable 

object motion. This model considers 12 degrees of freedom, including translation and 

rotation as well as shearing and scaling. Lauzon and Rutt (1993) proposed a k–t-space 

formalism based on the Fourier projection slice theorem in order to predict how motion 

artefacts arise. Batchelor et al (2005) introduced a matrix description for general motion 

correction in multi-shot imaging.

 3. Motion detection techniques

Independent of the correction techniques the object or subject movement needs to be known 

or estimated in order to correct for it. In the following sections we will focus on the 

detection and correction of rigid body motion. With that assumption only a small number of 
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parameters are required to fully describe the object pose. In general these are six parameters 

to describe position and orientation of an object from which the translational and rotational 

motion between time points can be determined. If motion is restricted or assumed to be only 

1D, this reduces to one position parameter and if motion is assumed to be 2D, two position 

and one orientation parameters are needed.

The methods for rigid body pose or motion detection are classified in MR-based, RF-based, 

and optical motion tracking categories and described in more detail in the following 

sections.

 3.1. MR-based motion tracking

The MR-based methods are historically the first to track motion. These methods acquire at 

least two MR data sets at different time points and compare these data to determine motion 

without the need for additional hardware. The pose changes can be calculated by registration 

algorithms or by comparison to training data sets on the basis of 3D volumes, slices or 1D, 

2D or 3D navigators.

 3.1.1. Navigators—In the following sections we describe three navigator principles: 

self-navigation, navigator echoes, and coil sensitivities.

 3.1.1.1. Self-navigation: Self-navigation techniques estimate the motion directly from the 

acquired imaging data using k-space trajectories that sample parts of k-space repeatedly (see 

figure 4). The most popular self-navigation technique is PROPELLER (Pipe 1999), which 

can measure in-plane translation as well as rotation and can reject data indicating through-

plane motion. Concentrically rotating rectangular blocks of k-space are sampled, consisting 

of distinct parallel linear trajectories. Thus, a central circle around the k-space origin is re-

sampled with each block or blade and the data from the overlapping region are used for 

motion determination. This redundant central data portion represents a low resolution image 

of the slice, which is updated with every block and saved for registration. The motion 

information between blocks is used to correct each block during reconstruction. The main 

drawbacks of PROPELLER are reduced efficiency compared to Cartesian sampling due to 

the need for more sampling points and its sensitivity to gradient timing delays and field 

inhomogeneities that can lead to inconsistencies in the blocks with changing orientation 

even without object motion. Furthermore, the method assumes minimal motion during the 

acquisition of each block and only corrects for motion between blocks. PROPELLER has 

been one of the few methods that have been adopted by all major vendors into their products 

as motion-robust acquisition methods.

Another self-navigation technique proposed by Bookwalter et al (2010) is the multiple 

overlapping k-space junctions for investigating translating objects (MOJITO). Through the 

use of intersecting k-space trajectories (BOWTIE trajectory) and the phase differences 

occurring at the intersection points, in-plane translation can be detected. It requires uniform 

coil sensitivity and motion-free acquisition of reference lines.

Instead of using self-navigating 2D k-space sub-trajectories, Gai et al (1996), 

Shankaranarayanan et al (2001) and Vaillant et al (2014) applied radial 1D trajectories (also 
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called projection reconstruction) which result in more variability regarding temporal 

resolution and overlap region. They determined in-plane translation using a certain 

consistency condition (e.g. Ludwig–Helgason condition). The algorithm of Welch et al 
(2004) is also using a radial MR trajectory. For the additional determination of the in-plane 

rotational motion of an imaged object they used the 2nd moments of the spatial domain 

projections. In the proposed view angle acquisition order, the acquisition is self-navigating 

with respect to both in-plane translation and rotation. Anderson et al (2011) further advanced 

the radial trajectory technique for translational and rotational motion detection by ordering 

the views correspondingly. They are using subsets of motion affected and motion free data to 

estimate the motion with the registration scheme from (Jenkinson and Smith 2001).

Liu et al (2004) explored the self-navigated interleaved spiral (SNAILS) trajectories for 

diffusion tensor imaging. The k-space is recorded with interleaved variable-density (VD) 

spiral readout trajectories oversampling the centre of k-space to determine the motion 

between spirals. After each VD spiral interleave, a phase error is estimated from the low-

resolution images allowing estimation of in-plane translational motion similar to 

PROPELLER.

 3.1.1.2. Navigator echoes: Instead of changing the sampling scheme, motion information 

can be determined using additional data collection (navigator echoes), typically at the 

beginning or at the end of the repetition loop. The extra data acquisition requires additional 

time, prolonging the minimal repetition time (TR) and leading to reduction in efficiency (Fu 

et al 1995, Robson et al 1997, McGee et al 2000b, Bookwalter et al 2010).

The first navigator echo sequence, measuring translational in-plane motion, was proposed by 

Ehman and Felmlee (1989). The navigator (NAV) echo is a phase-encoding free image 

projection along the x-axis or/and y-axis inserted between two consecutive refocusing RF 

pulses (see figure 5). If motion exists, the linear NAV echo will vary. However, it assumes a 

single moving object within the FoV and it cannot measure rotation as well as translation in 

z-direction (Fu et al 1995). Hu et al (1994) used a single data point in a gradient echo 

sequence instead of a full NAV echo to detect signal fluctuations in functional imaging. The 

linear NAV echo technique was further extended to measure small head motions in DTI 

assuming translation and rotation along the readout direction. This technique is called single 

shot navigation (Anderson and Gore 1994, Ordidge et al 1994, de Crespigny et al 1995). 

However, motion along the phase-encoding direction is not detectable by single shot 

navigation. Therefore, Butts et al (1996) introduced the time-efficient orthogonal NAV 

echoes for multi-shot diffusion-weighted echo planar sequences.

The navigator echo technique was further expanded to orbital navigators being centred at the 

origin of k-space by Fu et al (1995) and improved by Ward et al (2000). They estimated 

inter-scan in-plane 2D translational and rotational motion from the raw data of an orbital 

navigator echo. Rotations shift the magnitude profile along the echo, which is circular in k-

space, whereas translations cause phase differences between the first and current navigator 

echo. Similar approaches with different trajectories in k-space are octant navigators 

proposed by van der Kouwe et al (2001) and spherical navigators by Welch et al (2002).
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A further improvement of the previously mentioned navigators is the cloverleaf navigator 

from van der Kouwe et al (2006). They minimized the through-plane motion artefacts of the 

previous approaches using a preparation map of 378 navigators in different directions from 

which they estimate the nearest representative.

Another approach by Lin et al (2010) is called floating navigator echoes. They introduced a 

combination of navigator echoes with generalized auto-calibrating partially parallel 

acquisition (GRAPPA) to measure in-plane and through-plane translational and rotational 

motion.

 3.1.1.3. Coil sensitivities: The use of multiple receiver coils in MR has led to an 

improvement in image signal-to-noise and allowed the reduction of measurement time 

through parallel imaging methods. Bydder et al (2002) first proposed a technique using 

Cartesian sensitivity encoding (SENSE) to measure in-plane translational motion between 

subsets of the data. The acquired k-space data are split into odd and even lines. Using 

SENSE, full k-space data sets are reconstructed, which results in multiple copies of k-space. 

The data sets are iteratively compared to each other to detect motion induced 

inconsistencies. The obvious penalty is noise amplification in the parallel imaging 

reconstruction process.

Aksoy et al (2006) and Bammer et al (2007) presented a combination of spiral navigator 

images with SENSE reconstruction for in-plane translation and rotation detection. All 

navigator images are co-registered to a reference navigator image to obtain the amount of 

translation and rotation through optimizing a corresponding cost function.

Kober et al (2011) used free induction decay signals without any additional gradient 

encoding (FID Navigator) to detect motion of the brain. By using a high number of receiver 

coils and applying ultra-short (<100 μs) FID signals, the variation of the FID signals of 

every coil provides a sensitive measure of motion which can be used to reject motion 

corrupted data (Loktyushin et al 2013). Including the FID navigator into the sequence results 

in a minor time penalty of less than 1 ms.

 3.1.2. Image-based motion tracking—If multiple consecutive volumes are acquired 

in a single study they can be corrected against each other. This is the case, e.g. in functional 

MRI, perfusion MRI, diffusion weighted MRI or when multiple averages are needed. The 

motion between such volumes can be determined through registration methods. In functional 

MRI usually a full 3D estimation of head movement is calculated for every volume with 

respect to a reference volume, e.g. the first time point or a time-averaged volume. The basic 

principle of registration is the process of finding a rigid body transformation between two 

images or volumes through an optimization algorithm by minimizing a global image 

similarity metric (e.g. mutual information, signal differences, etc). This purely image-based 

motion detection assumes that significant motion occurs only between volume acquisitions 

(Kim et al 2010). Complete volumes instead of single k-space lines can be retrospectively 

corrected by image interpolation. If the motion information is calculated quickly enough 

each following volume acquisition can be adapted to let the acquisition volume follow the 

motion as proposed by Thesen et al (2000).
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Refined approaches for image-based motion tracking use multi-slice axial MRI data sets 

(figure 6) (Jiang et al 1995, Mangin et al 2002, Kochunov et al 2006, Bertelsen et al 2009). 

A stack of images (stack-to-volume) or individual slices (slice-to-volume) are selected from 

the data set. Using image registration software, e.g. FLIRT (Jenkinson et al 2002) or SPM 

(Kochunov et al 2006) a 6D transformation relative to a reference volume (e.g. previously 

acquired high-resolution volume (Kim et al 1999)) is determined via a registration 

algorithm. The disadvantage of these techniques is the quality dependency on the reference 

image. This could be improved by a group-wise approach taking the intensity distributions 

of all images simultaneously into account (Huizinga et al 2014). A group-wise registration 

can be performed using various algorithms such as voxel-wise variance (Metz et al 2011), 

minimum description length (Marsland et al 2008), multivariate similarity measure 

(Wachinger and Navab 2013), stack entropy cost function (Miller et al 2000) or dissimilarity 

measure (Huizinga et al 2014). Due to the fact that only multiple stacks in a single 

orientation are considered, through-plane motion cannot be detected (Kim et al 2010).

An approach for the acquisition of motion corrected high resolution MRI volumes of fetal 

brains was proposed by Rousseau et al (2005). Motion is estimated by iterative registration 

of multiple orthogonal sets of fast 2D MRI slices, which are fairly robust to motion. A 

refined approach for 3D reconstruction using the slice intersection method was proposed by 

Kim et al (2010) (see also the review for mapping fast fetal brain imaging by Studholme 

(2011)).

The slice intersection method considers multiple motion corrupted 2D MR images in three 

approximately orthogonal directions. The motion is detected within a conventional 

optimization problem using the intersecting intensity profiles of orthogonally located slice 

pairs. Failures during the registration process can arise from inhomogeneous bias fields, 

noise or partial volume effects (Cheng et al 2012). Full image navigators have been proposed 

by White et al (2010) who applied three orthogonal fast spiral navigator images to estimate 

motion between navigators through image registration of following images. Tisdall et al 
(2012) used EPI as a volume navigator in order to obtain the head motion information 

during MP-RAGE acquisitions. Since these navigator acquisitions are time consuming and 

affect the magnetization state, they can only be inserted in sequences that contain sufficient 

unused time, such as 3D TSE or MP-RAGE.

 3.2. RF-based tracking systems

RF-based tracking or field detection methods have a long history in MRI. While the methods 

described above all rely on the standard MRI system without the need for additional 

hardware, these methods employ additional small pickup coils with very local sensitivity 

that are recorded in additional RF receivers. The position of such small coils can be encoded 

in the signal frequency when received in the presence of a gradient. For 3D position 

encoding, three separate gradients need to be applied. Therefore, similar to navigator 

methods, additional time is needed in the sequence. As only the position and not the 

orientation of a single coil can be encoded, three such coils need to be attached to the object 

to determine its rigid body pose and motion.
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The RF-based technique was first introduced 1986 for tracking of devices in interventional 

MRI by Ackerman et al (1986). A real-time approach was developed by Dumoulin et al 
(1993). The first application to motion tracking in MRI was published by Derbyshire et al 
(1998).

More recently, Krueger et al (2006) and Ooi et al (2009) used two or more tracking coils 

termed active markers. They estimated object movement from comparison of periodic 

updates of the marker positions (Umeyama 1991). The additional RF excitation, encoding 

gradients, and spoiler for background suppression required approximately 15 ms for each 

update. These were the first approaches to real-time correction of intra-scan motion.

Improvements of the active markers were presented by Ooi et al (2011, 2013b) and Sengupta 

et al (2013) including wireless instead of wired pickup coils resulting in more convenient 

handling and improved safety but added challenge to assign marker signals to each coil.

van der Kouwe et al (2009) proposed the EndoScout gradient-based tracking system with 

small pickup coils placed on each face of a small cubic sensor for motion detection. This 

sensor does not directly employ the resonance signal but the change in magnetic field that 

induces a voltage in the coils during gradient switching from which the position and 

orientation of the sensor inside the scanner bore is determined.

A variant has been proposed by Qin et al (2013) and was applied to calculate 3D motion 

with intracavity imaging coils. Here four tracking coils were distributed in a tetrahedral 

configuration to provide isotropic resolution of translation and rotation.

 3.3. Optical tracking systems

Optical tracking systems use cameras for motion tracking of known markers inside the MRI 

system. A well-known optical motion tracking system is based on multiple cameras and 

stereoscopic reconstruction. A number of such systems are used in the motion picture 

industry or in surgery to track devices or patient position. In 2005 Tremblay et al (2005) 

applied an infrared tracking system within the MR environment. Two cameras placed at 

known positions outside the scanner bore detected three or four reflective markers. Using 

parallax calculations position and orientation in 6 degrees of freedom was determined 

entirely independent of the MRI system.

A similar approach was published by Zaitsev et al (2006). They use a stereoscopic infrared 

tracking system positioned outside the MR scanner and reflective markers. The main 

limitations of these methods are the large distance of the cameras from the tracking target 

and the small angle between the views of less than 20°. These reduce the possible accuracy 

of the tracking data. In addition, at least three markers are required to obtain 3D motion 

information.

To improve tracking accuracy Qin et al (2009) mounted two cameras inside the scanner bore 

to the head coil and thus much closer to the marker and with larger view angle. Because of 

the limited space the cameras and lenses were miniaturized but still a rigid target with 

multiple markers was required. Schulz et al (2012) extended this approach using three 

cameras mounted at close distance to the head, each viewing only one marker.
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More recently, single camera systems have gained more interest due to their smaller 

footprint and simpler handling. With only one camera the requirements for a line of sight are 

reduced and calibration is simplified since the geometry between multiple cameras does 

need extra consideration. With a single camera, however, additional information needs to be 

encoded through the marker. A checkerboard, for example, contains many feature points 

with known geometry and was proposed by Aksoy (2010) together with a single camera 

mounted to the head coil. The large self-encoded marker is visible to the camera for a large 

range of motion even at close distance. To resolve ambiguities in the regular pattern, each 

square of the checkerboard contains a binary code to encode position information of each 

square on the marker (see Forman et al (2011)). The authors quote a tracking precision of 

~0.1 mm in translation and ~0.1° in rotation.

Maclaren et al (2012) introduced another single camera tracking system mounted inside the 

scanner bore tracking a single small 15 mm marker. The moiré phase tracking (MPT) is 

based on moiré patterns generated by gratings on both sides of a transparent substrate. The 

phase of these patterns is generated by interference between the gratings and very sensitive 

to rotations. The accuracy reported by the authors is ~0.01 mm in translation and ~0.01° in 

rotation.

 3.3.1. Cross calibration—All methods described at the beginning of this chapter 

(navigators, RF-tracking) use gradients to encode position and thus intrinsically report 

positions in MR scanner coordinates. In contrast, optical tracking systems obtain pose 

information in their own coordinate system. These coordinates need to be transformed to the 

MR scanner’s coordinate system. The process to determine the corresponding 

transformation matrix is referred to as cross calibration. It is an important and critical 

process regarding the accuracy of motion tracking.

Several methods for the determination of this transformation matrix have been presented. In 

robotics, this is termed the hand-eye coordination problem. One approach is to acquire 3D 

data of a phantom with internal structure by MRI with simultaneous pose tracking of a 

marker attached to this phantom by the external tracking system. If the spatial relation 

between the phantom and the marker is known, a cross calibration matrix can be calculated 

(Aksoy et al 2012). If the relation is unknown, an iterative approach can be used, where the 

object is imaged at multiple positions with MRI and the tracking system. Image based co-

registration delivers pose changes. The difference between the image based pose changes 

and the pose data of the external tracking system is then minimized iteratively (Zaitsev et al 
2006) or in a non-iterative process (Kadashevich et al 2011) leading to an estimate of the 

coordinate transformation matrix. Instead of using image based registration, the position and 

orientation changes of a phantom can also be calculated directly from two MR images at 

different phantom poses provided that the phantom contains sufficiently unique features 

(Zahneisen et al 2014).

Important criteria for any tracking technique are precision, accuracy, and latency as analyzed 

by Maclaren et al (2013). The authors define precision as the level of jitter or noise 

(reproducibility of the measurement), accuracy as the discrepancy of the measured and the 

true pose and latency as the delay between motion occurrence and availability of the 
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tracking data or MR pose update. The methods described above have advantages and 

shortcomings regarding these tracking quality criteria that depend not only on the 

measurement principle but also largely on the specific implementation. For any practical 

application, the convenience of operation also needs to be considered. MR navigator-based 

methods generally do not require the attachment of markers (optical or RF-coils) to the 

subject and are thus more convenient. If markers are required, the quality of the tracking 

data is often limited by the rigidity of the marker attachment. With optical tracking the range 

of trackable motion can be limited by line-of-sight requirements. A redundant multi-camera 

or multi-marker approach can increase the possible range of motion (Singh et al 2015).

 4. Retrospective motion correction

Retrospective motion correction refers to a group of correction methods that modify the MR 

k-space or image data after acquisition, i.e. during reconstruction. The acquisition itself is 

performed independent of potential motion. Object motion is either known through 

additional detection techniques as described above or estimated from the data itself.

 4.1. Prior information-based motion correction

If motion is known through any of the tracking methods described above, some of the effects 

of motion can be ‘undone’ during reconstruction. These mainly include correction of the 

effects of translation and rotation on k-space data.

The basic approach of retrospective motion correction relies on the Fourier properties. We 

will describe the correction for Cartesian k-space sampling but generalization to other 

sampling schemes is possible. As described above rigid body translational motion causes a 

linearly increasing phase shift in k-space. Knowing the translation in each direction Δx, Δy, 

and Δz, a phase correction Δϕcor for each point in k-space can be applied to calculate the 

motion corrected k-space S(kx, ky, kz)cor (Bookwalter et al 2010):

(3)

Since motion data are usually available per k-space line or set of k-space lines, the same 

phase correction is applied for a corresponding set of k-space points. This process is 

repeated for each k-space line in phase encoding direction (Ehman and Felmlee 1989, Hu 

and Kim 1994, Robson et al 1997, Mendes et al 2009, Bookwalter et al 2010, Vaillant et al 
2014). For 2D imaging only in-plane translation can be corrected through this principle.

Rotation correction makes use of the Fourier rotation theorem (see figure 7). If I(x,y,z) 

describes the image space and S(kx,ky,kz) is its Fourier transform (k-space), a rotation α in 

image space will result in the same rotation α in k-space with the rotation axis through the 

origin. Assuming a rotation around the z-axis in image space, the Fourier rotation theorem 

can be described as follows (Korin et al 1995):

Godenschweger et al. Page 11

Phys Med Biol. Author manuscript; available in PMC 2017 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(4)

A few practical issues have to be considered for rotational motion correction. First, an 

appropriate phase correction must be applied to ensure that the centre of rotation is at the 

centre of k-space (Korin et al 1995, Pipe 1999). Second, the correction scheme can produce 

‘pie-slice’ regions of lower data point density in k-space where the Nyquist criterion may be 

violated. Data points in these regions may be estimated through, e.g. Partial Parallel Imaging 

(PPI) approaches (Aksoy et al 2006). The last major step is gridding of the data. The 

corrected k-space data do not necessarily lie on a rectilinear grid, which is necessary for fast 

Fourier transformation. Korin et al (1995) for instance used bilinear interpolation of the real 

and imaginary k-space data to solve this problem. However, an interpolation of non-

Cartesian data to the Cartesian grid potentially results in blurred images (Forman et al 2011). 

Additional signal variations, e.g. due to spin history effects from through-plane motion, 

object parts that leave the field of view or deformable object motion cannot be considered in 

the described retrospective motion correction and cause residual artefacts. These may be 

minimized by reduced weighting of the affected k-space data during image reconstruction 

(Pipe 1999, Lin et al 2010).

 4.2. Autofocusing

An entirely different class of correction methods is termed autofocusing and does not rely on 

motion information. These techniques therefore do not require specific data sampling, 

sequence design or hardware. The described approaches assume a rigid body or deformable 

object motion model and estimate the (few) motion model parameters by iterative 

optimization of an image quality metric when parts of the raw data are modified according 

to the motion model (Atkinson et al 1997).

Autofocusing methods apply estimated motion to lines or groups of lines in k-space until a 

cost function that represents image artefacts reaches its minimum. The correction is 

performed by iteratively applying the Fourier shift (equation (3)) and rotation theorem 

(equation (4)) to the k-space lines (Atkinson et al 1999). After inverse FFT, the resulting 

image quality is assessed using a cost function such as the image entropy (Atkinson et al 
1997, Manduca et al 2000, Lin and Song 2006), the Gerchberg-Saxton algorithm (Hedley et 
al 1991) or the gradient entropy (Loktyushin et al 2013). It is assumed that once motion is 

estimated optimally, the cost function will be minimized resulting in a motion corrected 

image. These autofocusing techniques are computationally intensive and can potentially 

induce artefacts if motion is falsely estimated (McGee et al 2000a). More time-efficient 

approaches use additional motion information from navigator echoes (McGee et al 2000b), 

references images (Atkinson and Hill 2001) or self-navigation ‘Butterfly’ sequences (Cheng 

et al 2012) in a hybrid approach.
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Retrospective motion correction techniques have the unique potential to compensate for 

deformable object motion (van Heeswijk et al 2012). The correction of this type of motion, 

however, requires an alternative approach resulting in a complex k-space model of 

translation, rotation, shearing, scaling or even more local types of motion. Batchelor et al 
(2005) presented one of the first methods to correct for deformable object motion. The 

corrected image is calculated by inversion of a general complex matrix equation expressing 

the motion corrupted image through the estimated motion model. The resulting image is 

evaluated by an image quality cost function. With higher complexity of the motion model, 

the estimation of more motion parameters is required and further increases the 

computational time (Cheng et al 2012). Atkinson et al (2006) and Liu et al (2005) expanded 

this method to diffusion imaging using additional navigator data reducing the number of 

unknown motion parameters in this hybrid approach.

 5. Prospective motion correction

Prospective correction techniques perform a real-time update of the image acquisition. The 

goal of prospective motion correction (PMC) is to keep the acquisition field of view (FoV) 

constant relative to the moving object. This implies that the FoV can be adapted to the object 

pose by changing the gradient encoding and system RF settings. It is usually restricted to the 

correction of rigid body motion, e.g. of the head. An early approach to PMC was proposed 

by Haacke and Patrick (1986) where navigators monitored breathing motion and the phase 

encoding gradient was adapted to reduce artefacts from periodic 1D chest movement. In 

general, PMC applies motion detection techniques as discussed in chapter 3 and adapts the 

MRI pulse sequence during its run-time (often referred to as real-time). Obviously, motion 

tracking techniques for prospective motion correction need to deliver pose information 

frequently and fast enough. Accordingly PMC has employed 1D navigators (Lee et al 1996, 

Firmin and Keegan 2001, Norris and Driesel 2001, Weih et al 2004), orbital navigators (Fu 

et al 1995, Lee et al 1998, Ward et al 2000), spherical navigators (Welch et al 2002), 

cloverleaf navigators (van der Kouwe et al 2006), image based navigators (White et al 2010, 

Tisdall et al 2012), pickup-coils (‘active markers’) (Ooi et al 2009, 2011) or optical tracking 

systems (Speck et al 2006, Qin et al 2009, Andrews-Shigaki et al 2011). The application of 

motion information for prospective motion correction is shown in figure 8 and explained in 

the following sections.

 5.1. Field of view positioning

To keep the FoV constant relative to a moving object, rotations can be corrected by adjusting 

the gradients such that the encoding field is kept constant for every point of the moving 

volume. This would also be possible for global object scaling and shearing by gradient 

amplitude scaling. However, the tracking device is usually limited to measure rigid body 

motion with 6 degrees of freedom (rotation and translation). To correct for translational 

motion, the centre frequency of the RF-pulses and of the receiver can be changed to shift the 

image in slice and read-out direction. To correct for translation in phase encoding direction, 

the receiver phase can be modulated during acquisition or shifted during reconstruction. A 

more detailed description of the required calculations is given, e.g. in Nehrke and Börnert 

(2005) or Zaitsev et al (2006).
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 5.2. Data delivery and sequence update

In PMC the acquisition process has to be informed about changes in pose or motion to allow 

and maintain the same FoV relative to the object via real-time updates. The transfer of 

motion data is strongly vendor specific and also depends on the method of pose detection. 

For example, the pose information can either come from the MR-system’s image 

reconstruction and system internal real-time feedback mechanisms or from an external 

tracking system, e.g. via a network connection.

The initial position and orientation (pose) of the imaging volume is known and serves as the 

reference pose. During the scan only the differences between the current pose and its initial 

pose are required. The position and orientation of the imaging volume is then modified 

corresponding to these differences. The new imaging volume parameters are handed over to 

the scanner, which calculates the gradients and frequencies accordingly. The calculation 

requires time (typically milliseconds) and the updated gradient waveforms need to be 

transferred to the executing digital signal processor (DSP) before they can be applied. The 

procedure is soft- and hardware dependent but usually requires the identification of suitable 

periods within the sequence to insert the update mechanism.

Adjustments of the MR scanner’s gradients and frequencies require the motion data in 

scanner coordinates. As described above, this may require the knowledge of a 

transformation matrix (which must be obtained via cross-calibration as described in section 

3.3) to transform pose information from the external tracking device’s into the scanner’s 

coordinate system. For computational efficiency, motion correction implementations may 

use a quaternion representation (Zaitsev et al 2006) or homogeneous coordinates (Zahneisen 

and Ernst 2016) for coordinate and orientation calculations instead of an Euler angle 

description.

 5.3. Latency and velocity of tracking systems

Commonly pose updates are performed per ‘excitation’ or ‘per k-space line’. Depending on 

tracking frequency and sequence limitations, it can be necessary to reduce the update 

frequency to ‘per slice’ or ‘per volume’. Intra-scan correction was proposed by Nehrke and 

Börnert (2005) if motion between excitation and readout becomes relevant. Herbst et al 
(2012, 2015) introduced prospective position updates between excitations and during the 

diffusion weighting period of a diffusion-weighted double spin echo segmented EPI 

sequence. Alternatively, to adapt the acquisition to the motion, the affected k-space line can 

be rejected and re-acquired if the motion is above a predefined threshold. However, this 

leads to increased scan time and is not always an option, e.g. in fMRI, where the time of the 

sequence is synchronized to other aspects of the experiment.

The latency of the entire system including pose detection, data transfer, gradient 

recalculation, and DSP update results in residual differences in the object to FoV relation. In 

addition, the time between sequence update and data acquisition determines further errors. 

According to Maclaren et al (2010) the accuracy of the tracking system should be five to ten 

times higher than the resolution of the data being acquired. The best implementations using 

external tracking systems such as described in (Andrews-Shigaki et al 2011, Maclaren et al 
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2012) have a latency of about 20–30 ms. Thus, for a resolution of 1.0 mm, velocities of 

about 3.0–10.0 mm s−1 would be acceptable.

For implementations using navigators, which are normally played out once per TR, the 

sequence timing and post processing should be designed carefully to minimize latency. One 

way to reduce latency effects is the use of predictive filtering. A Kalman filter (Maclaren et 
al 2009, 2011, White et al 2010) and predictor (Kalman 1960) were proposed for pose 

prediction. Data transfer and processing, however, might increase latency. Further correction 

for residual errors between prediction and true pose can be applied retrospectively when the 

pose data is fully available, e.g. by using a Kalman smoother (Maclaren et al 2009).

 5.4. Advantages and limitations

Prospective motion correction proved to be a flexible tool that can be implemented into all 

MR sequences provided the MR system is capable of dynamic updates during the sequence 

run-time. In figure 9, two examples of motion-corrupted and motion-corrected brain images 

using an optical motion detection system are presented. They exemplify two main use cases, 

i.e. improvement of ‘good’ data to even better quality (mainly for research applications) and 

retrieval of otherwise non-diagnostic images. Most modern MR systems provide the 

required real-time feedback capabilities or interfaces to communicate with external devices. 

PMC has been demonstrated to be efficient in the prevention of motion artefacts originating 

from displacements between acquisition steps as well as sequence specific motion effects 

such as signal dropouts due to dephasing or misalignment of the encoding direction for 

diffusion or flow measurements. PMC also accounts for spin-history effects when through-

plane motion otherwise causes the magnetization to enter or exit the excited imaging 

volume. Without PMC, this can lead to signal differences due to different saturation and 

relaxation. In addition, the intended k-space acquisition scheme is maintained and thus no 

unintended k-space density variations occur. Many of these disadvantageous effects, i.e. spin 

history, k-space sampling density, and dephasing effects cannot be corrected retrospectively.

As prospective motion correction adapts the sequence during runtime and ensures consistent 

k-space data, no additional calculation time is needed for the reconstruction making PMC 

attractive for real time MR applications. A prerequisite for successful PMC is the acquisition 

of reliable tracking data with high accuracy and precision. Noisy or inaccurate pose data can 

corrupt the image data and lead to artefacts. Reverting to uncorrected data is not possible. 

However, the corrected data may be ‘de-corrected’ by reverse retrospective reconstruction 

(Zahneisen et al 2015). Higher order effects such as changing B0 inhomogeneities and 

gradient imperfections cannot be corrected by PMC. They lead to a violation of the rigid 

body assumption. Combination with retrospective correction is possible and can address 

these issues partially (Boegle et al 2010, Maclaren et al 2011, Aksoy et al 2012).

 6. Further considerations for motion correction

Inherent tracking precision and accuracy (Maclaren et al 2011) as well as delay between 

pose detection and sequence update can lead to residual artefacts that degrade correction 

data, in particular for large motion (Maclaren et al 2013). These artefacts cannot be 
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compensated if the rigid body assumption fails. These challenges include transmit and 

receive radiofrequency field inhomogeneity, gradient nonlinearity and B0 inhomogeneity.

 6.1. Transmit field heterogeneity

The RF transmit field (B1+) is largely uniform at low field strength up to 1.5 T where a body 

coil is used for excitation. At higher field strengths the RF frequency for proton MRI 

increases leading to shorter wave length and inhomogeneous B1+ within tissue (Yang et al 
2002). Local flip angle variations due to motion can result in inconsistent data with intensity 

variations between poses. The excitation field can be more homogeneous using parallel 

transmission technology (Katscher et al 2003, Setsompop et al 2006). However, dynamic 

measurements of B1+ field changes and adaptation of the respective parallel transmission 

settings is an ongoing challenge. Recently, the impact of motion on parallel transmission in 

finite difference time domain (FDTD) simulations for 7T was studied by Bammer et al 
(2011). The result showed that the transmit B1+ field strongly depends on the object pose 

within the coil. In addition, Bloch-simulated RF excitation patterns appeared less uniform 

for higher reduction factors (R = 2, 3, and 4) and stronger motion. This effect remains a 

challenge for prospective and retrospective motion correction.

 6.2. Receive field heterogeneity

Multiple receiver coil arrays are commonly applied to yield higher signal-to-noise ratio 

(SNR) and allow accelerated image acquisition. When motion occurs in measurements with 

stationary multi-coil receive arrays, the coil sensitivities will change relative to the moving 

object. With PMC, the coil sensitivities effectively move relative to a stationary object. This 

results in variation of signal amplitude and phase, leading to shading artefacts after coil 

combination (Atkinson et al 2004, Banerjee et al 2013). Such artefacts appear more 

prominently in parallel imaging with high reduction factors and for arrays of small receiver 

coils with strong sensitivity profile variations in space. Bammer et al (2007) introduced a 

retrospective correction method to mitigate such artefacts and termed it augmented 

sensitivity encoding (augmented SENSE) reconstruction. The explicit determination of coil 

sensitivities for each motion pose, however, is still impractical and time consuming. 

Banerjee et al (2013) showed that the coil sensitivities for different poses can be generated 

by regridding the initial dataset followed by non-iterative reconstruction. Nevertheless, this 

may be inapplicable in iterative SENSE which is sensitive to errors in the model estimation, 

especially when the object moves outside the area of the initial sensitivity maps estimation. 

A fast pre-scan for generating the sensitivity maps prior to imaging may be a solution 

(Bammer et al 2007). Yarach et al (2015b) showed that varying coil sensitivities can be 

determined from repeated central k-space sampling.

 6.3. Gradient nonlinearity

In stationary MR imaging, gradient nonlinearity (GNL) effects are seen as warping 

(geometric distortions) of the object particularly at the edges of large FoVs, which can be 

corrected since the gradient field distribution is known. Unlike in static imaging, motion 

during the acquisition with GNL leads to blurring in addition to spatial distortion because 

imaging data acquired at multiple object locations within the non-linear gradient fields have 

different geometry. Thus, the k-space data of the object become inconsistent between phase 
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encoding steps. This effect is again strongest in peripheral regions (Polzin et al 2004, Hu et 
al 2005). For head imaging Yarach et al (2015a) showed that this effect is less relevant than 

coil sensitivity variations. This effect depends strongly on the object size and gradient type 

(Wang et al 2004, Doran et al 2005, Baldwin et al 2007). However, it is relevant for larger 

motion and can also be corrected using an extension of the iterative augmented SENSE 

reconstruction. Since the gradient nonlinearity is known for a given gradient coil no 

additional measurements or estimations are necessary. GNL leads to three types of distortion 

in 2D image acquisitions (Sumanaweera et al 1994) which include barrel, potato chip, and 

bow-tie effects, each named after the shape of slice distortion. Only the barrel effect occurs 

in 3D acquisitions where a weak or no slice selection gradient is applied (Walton et al 1997). 

The barrel effect is deterministic, so it can be mathematically corrected for 3D datasets 

(Sumanaweera et al 1994, Yarach et al 2015a). Variations of the 2D slice selection distortion 

due to motion cause inconsistencies in single slice k-space data which require a different 

approach for correction and still remain a challenge.

 6.4. B0 inhomogeneity

Even if real-time pose correction of the imaging volume is performed very accurately, 

motion-induced magnetic field changes may occur due to the main magnetic field 

inhomogeneity and object induced field changes. These local magnetic field changes are 

frequently considered as the main source of residual artefacts. They are most prominent in 

EPI, which is very sensitive to field inhomogeneity due to the low effective phase-encoding 

bandwidth (Jezzard and Balaban 1995, Jezzard and Clare 1999). Recently, the size and 

location of B0 field shifts within the brain at 7T for different types of head movement were 

studied by Sulikowska et al (2014). Their results showed that for pitch rotation, the B0 field 

variation was (-1.32 ± 0.2) Hz/ degree and (-1.00 ± 0.09) Hz/degree in the centre of the 

frontal and occipital lobes, respectively. Other authors have reported maximum B0 field 

differences caused by head movement of 160 Hz at 2.89 T (Zhou et al 1998) and 50 Hz at 

3T (Jezzard and Clare 1999). Field changes cause two effects: geometric distortions and 

signal dropouts. If known, these static geometric distortions can be considered in the 

reconstruction using the pixel shift method (Jezzard and Balaban 1995) and can be corrected 

in the presence of motion as described above. Several techniques for dynamic B0 field 

mapping have been proposed including dual echo-time field mapping (Reber et al 1998, 

Hutton et al 2002), reference maps calculated using Fourier methods (Chen and Wyrwicz 

1999, 2001), point spread function mapping (Zeng and Constable 2002), and reversed 

gradient polarities (Andersson et al 2003). However, they require additional scan time and 

assume that the subject remains still for each measurement step. For faster motion, the 

distortion caused by B0 field inhomogeneity has been tackled for single-shot EPI time series 

where each acquisition provides a field map (Sutton et al 2004, Splitthoff and Zaitsev 2009, 

Boegle et al 2010, Ooi et al 2013a). Extension to multi-short EPI and other spin-warp 

sequences is not obvious. In fact, even if the field maps can be determined for each motion 

pose, local signal variation due to changing field homogeneity (T2* variation) cannot be 

recovered retrospectively. Figure 10 demonstrates that the motion-induced field 

inhomogeneities lead to severe signal dropouts, particularly at the air-tissue interfaces.
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A prospective solution may be dynamic shimming during imaging. Typically, modern 

scanners have a set of room temperature shim coils consisting of the three linear gradients 

and five second order shims (Clare et al 2006). These coils produce magnetic fields based on 

the spherical harmonic series to correct low order spatial perturbations. The current in these 

coils may be updated concurrently with object movement. Again, dynamic field information 

is required. Ward et al (2002) introduced real-time auto shimming using a navigator pulse 

sequence (shim NAV) to acquire field information for updating the first order shim-

compensated EPI acquisition in the presence of subject motion. A 3D EPI navigator (Hess et 
al 2011) was also employed to achieve simultaneous motion and shim correction in single 

voxel MR Spectroscopy. Keating et al (2012) showed that fast B0 mapping for an MRS 

voxel (20 mm × 20 mm × 11.7 mm) can be performed in approximately 120 ms. In addition, 

knowing the higher than first order dynamic field fluctuations around the head may be 

helpful. These fluctuations may be monitored by field cameras (Barmet et al 2008) 

concurrently with image acquisition. Information about these global field changes and 

appropriate updates of the higher order shim currents (Duerst et al 2014) may allow 

minimizing the field fluctuation-induced artefacts in motion correction. The combination of 

these methods with prospective motion correction has not been reported but is generally 

feasible.

 7. Conclusion

Motion in MRI is a relevant problem. Without motion correction techniques the sensitivity 

to motion during conventional image acquisition results in unavoidable artefacts, which can 

reduce the image quality, diagnostic, and scientific information content. Motion artefacts can 

appear as ghosting, blurring, and geometric distortion or apparently decreased SNR. 

Variations in the magnetization caused by material or tissue susceptibilities lead to 

displacement and blurring. Consequently, the full nominal resolution of MRI is often not 

realized leading to loss of potential information in research studies even if the imaging data 

are not visually corrupted. The application of prospective motion correction methods to 

highest resolution in vivo MR brain imaging at 7T has demonstrated the possibility to 

acquire imaging data with resolution down to 120 micrometer in human subjects (Stucht et 
al 2015). In clinical diagnostic applications of MRI, subject motion frequently leads to 

imaging data of such low quality that they can become non-diagnostic in up to 30% of all 

patients and require repeated examinations that increase imaging costs (Andre et al 2015).

Motion artefacts strongly depend on the type of motion and the acquisition strategy. This led 

to a large variety of techniques for the reduction or correction of motion artefacts which can 

be classified in retrospective and prospective approaches. However, many correction 

methods are only applicable for specific motion patterns or imaging sequences. Until now, 

no single technique was demonstrated to fully correct any motion-induced artefact, in 

particular for fast and irregular motion of large amplitude. Using the appropriate motion 

correction technique, however, can improve the MR image quality dramatically. For 

diagnostic purposes, the images do not necessarily need to be artefact-free but non-

diagnostic imaging data has to be improved to reliably diagnose relevant disease. In research 

applications that aim at higher image resolution, e.g. in an UHF environment, best image 
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quality requires correction of even very small and unavoidable motion such as motion 

caused by heart beat or breathing.

In order to apply an appropriate motion correction the object motion has to be known or 

estimated. Several detection techniques exist which can determine motion of up to 6 degrees 

of freedom assuming rigid body motion and up to 12 degrees of freedom for deformable 

object motion. A suitable detection strategy has to be chosen depending on the required 

precision, latency, and accuracy of the motion correction together with the timing constraints 

of the acquisition method. For example, prospective correction techniques require a system 

with low latency whereas in retrospective correction the latency is of minor importance as 

long as it is known. Furthermore, novel techniques aim to remove the residual artefacts and 

distortions due to gradient field nonlinearity as well as B0 field inhomogeneities that occur 

even in perfectly motion corrected data. A generic motion correction solution that can be 

applied to any MR acquisition method without changes in sequence timing or 

reconstruction, such as external tracking with prospective correction, requires additional 

hardware and system integration efforts. Many of these correction techniques have shown to 

be very effective in reducing motion artefacts but most methods did not leave the research 

laboratories yet and are thus not available on clinical MRI systems. Other methods that can 

be well integrated into existing MRI systems by sequence modifications without requiring 

additional hardware, such as PROPELLER or PROMO, are commercially available but can 

correct motion in only very few specific imaging methods and assume little intra-scan 

motion. It is not yet clear which of the concepts will be broadly applied in future generations 

of MRI systems. As of today, only few motion correction techniques found their way into 

the clinical routine and motion prevention is still most commonly used to reduce motion 

artefacts. External motion tracking hardware adds costs and technical complexity in system 

integration and operation and may be an obstacle for broader market introduction.

Only few studies have addressed the prevalence and clinical or financial consequences of 

subject motion in MRI (Andre et al 2015). In addition, no large systematic studies have 

proven the effectiveness, clinical or financial benefits of motion correction in MRI. As 

motion correction methods are becoming available, such studies are indicated to pave the 

way towards wider distribution and acceptance for the benefit of the patient and the health 

care system.
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Figure 1. 
Categories of motion correction.
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Figure 2. 
In Cartesian MRI, motion artefacts mainly occur in phase direction. Eye movement with (a) 

horizontal and (b) vertical phase direction.
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Figure 3. 
Motion artefacts depending on motion pattern and direction with (a) periodic respiratory 

motion, (b) peristaltic motion, and random motion patterns with (c) in-plane head motion, 

and (d) through-plane flow motion.
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Figure 4. 
K-space trajectories used in the different self-navigation techniques.
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Figure 5. 
Spin-echo sequence with additional linear NAV echo acquisition (between dotted lines) as 

proposed in (Ehman and Felmlee 1989).
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Figure 6. 
Motion tracking using image registration. Acquiring multi-slice axial MRI data sets, the 

motion can be measured as (a) slice-to-volume, (b) stack-to-volume, and (c) group-wise 

approach. The slice intersection technique can be applied, when multi-slice multi-view 

(coronal, transversal, sagittal) acquisition is used.
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Figure 7. 
Effect of rotation around the z-axis in image space on a 2D Cartesian k-space.
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Figure 8. 
Prospective motion correction pipeline: motion data has to be delivered in scanner 

coordinates, or at least the sequence needs the means, to convert the pose to scanner 

coordinates, e.g. via a transformation matrix. Therefore, cross calibration is necessary for 

external tracking devices. During the scan, the motion data is acquired and the latest motion 

pose is used to apply the required translation and rotation by adjusting the gradients and 

frequencies. In contrast to retrospective motion, the correction is performed during the scan 

which results in an instant delivery of a consistent k-space data and thus a corrected image 

with standard reconstruction. Optionally, an additional retrospective correction of residual 

artefacts can be performed after the scan.
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Figure 9. 
Motion-corrupted and motion-corrected brain images. In high resolution images even small 

motion (a) can cause blurring and introduce artificial edges (see arrows) that are removed in 

the corrected image (b). With stronger motion (c) the image becomes largely ‘non-

diagnostic’ with unrecognizable details that are also recovered in the corrected image (d). 

The images have a resolution of 0.25 mm × 0.25 mm × 2.00 mm (a), (b) and 0.28 mm × 0.28 

mm × 1.00 mm (c), (d) with very similar motion within each pair.
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Figure 10. 
The 3D SPGR images from 7T MRI show the residual artefacts after applying prospective 

Mo–Co under three different types of motion. The artefacts in the frontal lobes (red ovals) 

and temporal lobes (red circles) appear more visible with increasing motion amplitudes. 

Below the images are their corresponding motion patterns including 3 parameters of 

translation (x, y, z) and 3 parameters of rotation (Rx, Ry, Rz).
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