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Abstract. Involuntary patient motion is an ongoing problem in mag-
netic resonance imaging (MRI) as motion impairs the diagnostic quality
of the affected images. As a result, it is estimated that hospitals spend
more than $300,000 per scanner per year on anesthesia and on repeated
MRI examinations to obtain images with sufficient diagnostic quality.
This note goes through some of the proposed methods to monitor head
motion during an MRI scan. A state-of-the-art markerless motion track-
ing system is described in more detail, afterward. The note includes a
short section about MRI image acquisition to better understand the con-
cepts behind motion correction. Finally, this note goes through different
motion correction methods, both Prospective and Retrospective correc-
tion.
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1 Learning Objectives

– Explain why patient motion is a major problem in MRI
– Give an overview of the existing motion mitigation and correction strategies.
– Give an overview of the existing motion tracking strategies.
– In brief describe the main concepts of k-space sampling and image recon-

struction.
– Describe the concepts of markerless motion tracking
– Describe the concepts of retrospective motion correction.

2 Introduction

Magnetic resonance imaging (MRI) is an important imaging modality for patient
diagnosis and research. MRI non-invasively provides 3D images with high soft-
tissue contrast without using ionizing radiation, which is especially important
for examinations of children. Therefore, MRI is a very popular imaging modality
with more than 35000 scanners installed in hospitals around the world. However,
MRI requires long acquisition times compared to computed tomography (CT),
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and patients need to lie still in a narrow and often loud scanner bore. A typical
brain examination includes 4 to 6 imaging sequences4, each taking 2 to 6 minutes,
requiring the patient to lie in the scanner for more than 20 minutes. Such long
examinations can make MRI an uncomfortable and stressful experience for the
patients. Due to the long acquisition times and uncomfortable environment,
patient head motion is a major concern in brain MRI, as motion impairs the
diagnostic quality of the images. This effect is seen in Fig. 1 for different levels of
motion. Low-quality images make the interpretation more difficult and increase
the risk that the radiologist may overlook key diagnostic features. In the clinic,
repeating one or more sequences is often necessary to obtain useful images.
However, this strategy prolongs the examination time, causing reduced patient
comfort and patient throughput. Andre et al. [1] estimated that the annual
extra cost of repeating motion degraded sequences is approximately $115,000 per
scanner. In pediatric MRI examinations, sedation or anesthesia are commonly
used to mitigate motion, but these methods are associated with increased health
risk and cost [2,3]. The added cost of anesthesia in MRI was in a recent study
estimated to $319,000 per scanner per year [4].

It is not only in the clinic, involuntary patient motion is a major problem,
but also in research scans of cooperative volunteers. As an example, ultra-high-
resolution research scans are so sensitive that the image quality is reduced by
respiratory motion. This is illustrated in Fig. 2, where the left image is corrupted
by respiratory motion, while the right image is motion free.

Fig. 1: Sagittal slices from MPRAGE sequences corrupted by minimal (left),
moderate (middle), and large (right) motion. The left image is optimal for diag-
nostic use, while the middle image can be used for diagnostic, but is not optimal.
The image to the right is not usable and needs to be repeated [4].

To reduce the negative impact of head motion, several motion mitigation
techniques have been proposed [6,7]. The most straightforward approach is to
use fast or accelerated imaging sequences [8,9] to reduce patient discomfort and

4 An MRI sequence is a particular list of radio waves and gradient pulses used in the
scanner to acquire an image.
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Fig. 2: Sagittal slices from a MP2RAGE sequence with a 0.5mm isotropic reso-
lution. Left. image corrupted by motion. Right. motion free image [5]. The effect
of respiratory motion is clearly seen when comparing the cerebellum in both
images.

the risk of motion during the scan. Other approaches are head fixation using pads
and motion robust sequences [10] utilizing (non-Cartesian) sampling strategies
that are less sensitive to motion. Frequently, these motion mitigation methods
are not sufficient to provide the image quality needed. Therefore, more advanced
motion correction (MoCo) techniques have been developed. These methods are
introduced in Section 5.

3 Estimation of Head Motion

Several of the introduced MoCo methods in Section 5 depend on accurate es-
timates of the patient’s head motion in order to perform the correction. A va-
riety of motion tracking approaches have been proposed. The different motion
tracking approaches can be divided into internal and external tracking systems.
Internal tracking systems such as navigators [11,12,13,14] estimate motion using
the scanner itself with no need for additional hardware. In general, navigators
are ultra short MRI sequences there can acquire images in the millisecond range.
These special sequences are executed when there are available time in the host
sequence (sequence acquiring the high resolution image). Patient motion is de-
termined by comparing the current acquired navigator image with the previous
using e.g. image registration. External tracking systems use additional hardware
in form of e.g. cameras, light sources, and markers to estimate motion, making
external tracking systems scanner independent [15,16,17,18,19]. Both types of
tracking methods come with their own benefits and trade-offs. Internal systems
add complexity to the acquisition, may add additional scan time, and have a



4 J.M. Slipsager

lower temporal and spatial resolution compared to external systems, meaning
that motion estimates are less frequently available for MoCo compared to exter-
nal tracking systems. Due to scanner independence, external tracking systems
are able to provide motion estimates with a high temporal resolution to every
MRI sequence. However, since these systems are independent add-on devices
they must be temporal and spatial calibrated (Cross-calibration) to match the
coordinate system of the scanner.

3.1 Markerless Motion Tracking

The high temporal resolution of external tracking system can results in notable
higher image quality of MoCo compared to MoCo using internal tracking. How-
ever, the majority of the external systems measure motion by tracking markers
attached to the patient’s head. It is paramount that the markers cannot move
relative to the head, otherwise, it is the movement of the markers that are esti-
mated. Therefore, the marker attachment is a slow process, which makes these
external tracking systems less suitable for clinical applications.

Markerless motion tracking records head motion without any markers at-
tached to the patient and the setup procedure therefore is faster than the marker
based system. This lecture note describes the Tracoline (TCL) markerless motion
tracking system introduced in [20]. The TCL system is an external device with
its electronics placed behind the scanner in a radio frequency shielded box (see
Fig. 3a). The system optics (vision probe) is mounted to the scanner table and
has visibility of the patient’s face through the openings in the head coil (Fig. 3b).
Optical fibers transfer light between the vision probe and system electronics. The
TCL system projects near-infrared structured light on the face of the patient to
reconstruct 3D point clouds of the face at a rate of 30 point clouds per second.
Each point in the point cloud acts like a marker attached to the face and the
head motion is estimated by finding the motion between corresponding markers
in a current and in a reference point cloud. This is achieved by continuously
performing rigid-body registrations using the iterative closest point (ICP) algo-
rithm, between the currently generated and the initially acquired point cloud.
This is illustrated in Fig. 4, where the point cloud in blue is the reference. The
lines illustrate 10 random selected point correspondences estimated with ICP.
The head motion is encoded in the 4x4 transformation matrix T(t) determined
in the registration that aligns the two point clouds. An example of acquired head
motion is shown in Fig. 5.

3.2 Cross-Calibration

In external tracking systems, the recorded motion is defined in the tracking de-
vice’s coordinate system (tcs). It is necessary to transform the tracking data
into the scanner’s coordinate system (scs) before it can be used for MoCo. This
procedure is known as the cross-calibration and it consists of a temporal and a
geometric calibration between tracking device and scanner. The cross-calibration
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(a) System electronics (b) Vision probe

Fig. 3: The setup of the TCL system on the MRI scanner. The arrow is pointing
on the TCL system’s optics (vision probe). The vision probe is mounted to
the scanner table to have sufficient visibility of the patient’s face through the
openings in the head coil.

Fig. 4: Alignment of a surface scan (Right) to the reference surface (Left) us-
ing iterative closest point (ICP). The lines represent 10 random selected point
correspondences between the two surfaces.
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Fig. 5: Head motion acquired during a 5 minute long clinical MRI sequence.

is carried out differently among the external tracking systems. In the TCL sys-
tem, the geometric calibration is performed by extracting a point cloud of the
patient’s head, from a special calibration scan on the scanner. This point cloud
is defined in the scs, since it is extracted from an MRI image. The geometric
transformation scsAtcs that map between tcs and scs is determined by align-
ing a point cloud from the tracking device to the point cloud from the scanner.
The ICP algorithm is used to perform the alignment. The motion defined in tcs

tcsTtcs(t) are transformed to scs by

scsTscs(t) =scs Atcs tcsTtcs(t) scsA
−1
tcs (1)

The temporal calibration is performed by a network time synchronization be-
tween the scanner and tracking computer.

4 MRI Image Acquisition

An MRI scanner uses a powerful magnet to create a static magnetic field B0

with a strength of several Tesla. When a patient is placed inside the scanner,
the magnetic hydrogen nuclei in the body will start to point in the same di-
rection as B0 and precess around the field at a certain frequency f0 (Larmor
frequency). Radio waves with a frequency equal to f0 and perpendicular to B0

are used to push the hydrogen nuclei away from their precession around B0. In
the seconds after the radio waves have been turned off, the nuclei will emit weak
radio waves. These radio waves are measured with coils around the patients and
the measured signals are what eventually become the MRI image. To determine
spatial localization of the emitted radio waves, the scanner uses imaging gra-
dients Gx, Gy, and Gz to create linear variations in B0. The scanner does not
spatial encode the entire image at once as a regular camera, instead, it measures
the spatial frequency components of the image one line of frequencies at a time.
The frequency representation of an image is within the MRI community called
the K-space and it is equivalent to the Fourier-space. In practice, the k-space
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representation of an image is a similar sized array of complex numbers. Each
pixel value at a given spatial frequency k = [kx, ky, kz]

T contains information
about the frequency and phase of every pixel in the corresponding image. As
an example, a pixel near the k-space center (k = [0, 0, 0]T ) contains information
about the low-frequency components of the image, which could e.g. be large ob-
jects with homogeneous intensities. The majority of the scanned objects consist
mostly of large homogeneous objects (e.g. white brain matter) and this is why
the center of k-space often is the brightest area (see Fig. 6b).

An MRI sequence is a particular combination of radio wave pulses and imag-
ing gradients. One of the major workhorses in brain MRI is a Magnetization
Prepared - RApid Gradient Echo (MPRAGE) sequence. The sequence diagram
in Fig. 6a illustrates how an MPRAGE sequence manipulates the static B0-field
in order to sample k-space. The first row in the diagram shows the applied radio
wave pulses to create the desired MRI signal and contrast. The remaining rows
show the activation-time and amplitude of the imaging gradients. The MPRAGE
sequence populates the 3D K-space through an inner and an outer loop. The in-
ner loop, samples frequency components in the k-space plane spanned by the kz,
and the ky axes as illustrated in Fig. 6b. The first line is sampled by applying a
positive y-gradient in combination with a negative z-gradient to move from the
origin to the top left corner in k-space (Dashed line). Then a readout is performed
by applying a positive z-gradient while data are measured. This procedure is re-
peated with a gradual lower Gy until the entire k-space plan is sampled. The
amplitude of Gx is varied in the outer loop in order to go through all planes.
The k-space sampling process takes several minutes to complete, depending on
the resolution. Patient motion during this period may result in artifacts in the
final image due to inconsistency between various portions of the sampled k-space
data [6].

The final image is reconstructed by an inverse Fourier transformation of the
sampled k-Space. In the majority of the clinical sequences, k-space is sampled
on a Cartesian grid as in Fig. 6b to simplify the reconstruction, by using the
inverse fast Fourier transformation.

5 Motion Correction

As mentioned in the introduction, many different motion correction solutions
have been proposed. Overall, these methods can be divided into Prospective
MoCo and Retrospective MoCo. However, methods combining concepts from
both Prospective and Retrospective MoCo have been suggested too.

5.1 Prospective Motion Correction

Prospective motion correction (ProMoCo) is a group of methods, where the cor-
rection is performed in real-time during the scan. ProMoCo is performed by
continuously updating the scanners field of view (FOV) to follow a moving ob-
ject (e.g. a patient’s head), as illustrated in Fig. 7. Special ProMoCo sequences
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Fig. 6: (a) Diagram of an MPRAGE sequence. The first row shows the radio
frequency (RF) pules, while the remaining shows the amplitude of x, y and, z
imaging gradients (Gx, Gy, and Gz). (b) Illustration of how K-space is sampled.

are designed to receive motion estimates and then update the FOV by adjusting
the imaging gradients before doing a readout. The methods mentioned in Sec-
tion 3 can be used to estimate the motion of the scanned object and send this
information to the ProMoCo sequence.

5.2 Retrospective Motion Correction

Retrospective motion correction (RetroMoCo) takes place after the scan when
all the data have been acquired. Many different methods within the field of
RetroMoCo exist and they can be divided into 2 groups based on where the
correction takes place.

Correction in Image Domain In the first group, the correction takes place
in the image domain after the image has been reconstructed. These methods can
e.g. utilize intensity-based image registration to realign images to their correct
positions. This type of RetroMoCo is often applied on a time series of images as
in functional MRI. The intensity-based image registrations can also be replaced
by transformations estimated using motion tracking systems as done in [21].

In recent years, several MoCo approaches within the field of deep learning
have been proposed. The common strategy is to pass the motion corrupted MRI
image through a trained encoder-decoder network to perform the MoCo. The
MoCo network is often trained on motion corrupted images synthetic generated
based on motion-free images. The training process is conducted by updating the
network parameters based on a calculated loss between the motion free image
and the corrected image (network output).
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Fig. 7: Illustration of how prospective motion correction adjusts the imaging
gradients (Gx, Gy, and Gz) in order to change the Field of View (FOV) to follow
a moving head. The left column illustrates the situation before head motion,
while the right column shows how the scanner responses to head motion.
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Correction in K-Space Domain In retrospective correction of K-space, the
goal is to reposition individual k-space sub-regions according to the occurred
motion when the sub-regions were sampled. These sub-regions are e.g. lines or
entire planes of the acquired k-space and contain multiple data points. The k-
space reposition can be driven by the data itself or by external knowledge about
the motion. The data-driven methods work by iteratively correcting the acquired
sub-regions to optimize quality measures (e.g. entropy or gradient entropy)[22].

This note describes the pipeline introduced in [23] to correct K-space using
prior knowledge about the motion. The first step in the pipeline is to transform
the recorded motion into the coordinate system of the scanner by

scsTscs(t) =scs Atcs tcsTtcs(t) scsA
−1
tcs (2)

, where scsAtcs is the cross calibration between the motion tracking system and
the scanner. The second step is to assign the nearest recorded motion estimate in
time to each sub-region as illustrated in Fig. 8a. Then every k-space sub-region r
is assigned a matrix scsTscs(r) that encodes the patient’s head position relative
to a reference position when the sub-region was sampled. Each assigned matrix

scsTscs(r) is a 4x4 transformation matrix with the form

scsTscs(r) =

[
Rr tr
0 0 0 1

]
, (3)

where Rr is a 3x3 rotation matrix and tr is a vector containing the three transla-
tions. In the third step, sub-regions are transformed by the assigned translation
parameters. This is done by adding additional phase shifts to the acquired k-
space values Iksp(ki,r) by

Îksp(ki,r) = Iksp(ki,r)e
−iπ(ki,rtr) (4)

, where Îksp is the phase shifted value and ki,r is the i’th k-space position within
the r’th k-space sub-region. In the fourth step, every k-space position ki,r in all
the sub-regions are transformed by the assigned rotations by

k̂i,r = ki,rRr (5)

,where k̂i,r is the the rotated k-space position. The rotated k-space sub-regions
is illustrated in Fig. 8b. After the reposition of the sub-regions, the k-space
is no longer uniformly sampled and thus the inverse non-uniform fast Fourier
transformation is used to reconstruct the corrected image (see Fig. 8d).

The main advantage with RetroMoCo compared to ProMoCo is illustrated in
Fig. 8c. Namely that the uncorrected image can be preserved by reconstructing
the image before the k-space is corrected. This is not possible in ProMoCo since
the data is corrected while it is acquired.

In Fig. 9, the explained RetroMoCo method was used to correct the motion
corrupted MPRAGE scan in (A). The results of the correction is shown in (B).
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Fig. 8: Illustration of the retrospective motion correction (RetroMoCo) pipeline.
(a) Each K-space readout r is assigned with the nearest motion estimate T(r).
(b) K-Space is updated according to the assigned motion estimates by rota-
tions and phase shifts. (c) The uncorrected image is reconstructed by an inverse
fast Fourier transformation (IFFT) of the original k-space. (d) The RetroMoCo
image is reconstructed by an inverse non-uniform fast Fourier transformation
(INUFFT) of the corrected k-space.
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(A)

(B)

Fig. 9: Axial slices of an MPRAGE scan reconstructed with and without retro-
spective motion correction. (A) Uncorrected slices. (B) corrected slices
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