ORIGINAL RESEARCH
published: 25 March 2015
doi: 10.3389/fnins.2015.00097

An evaluation of prospective motion
correction (PMC) for high resolution
quantitative MRI
Martina F. Callaghan 1*, Oliver Josephs 1 , Michael Herbst 2, 3 , Maxim Zaitsev 2 , Nick Todd 1
and Nikolaus Weiskopf 1
1

Wellcome Trust Centre for Neuroimaging, UCL Institute of Neurology, University College London, London, UK, 2 Department
of Radiology, University Medical Centre Freiburg, Freiburg, Germany, 3 Department of Medicine, John A. Burns School of
Medicine, Hawaii, HI, USA

Edited by:
Satrajit S. Ghosh,
Massachusetts Institute of
Technology, USA
Reviewed by:
Alexis Roche,
Siemens Research - CIBM,
Switzerland
Andre Van Der Kouwe,
Massachusetts General Hospital, USA
*Correspondence:
Martina F. Callaghan,
Wellcome Trust Centre for
Neuroimaging, UCL Institute of
Neurology, University College London,
12 Queen Square, London, WC1N
3BG, UK
m.callaghan@ucl.ac.uk
Specialty section:
This article was submitted to Brain
Imaging Methods, a section of the
journal Frontiers in Neuroscience
Received: 15 January 2015
Accepted: 06 March 2015
Published: 25 March 2015
Citation:
Callaghan MF, Josephs O, Herbst M,
Zaitsev M, Todd N and Weiskopf N
(2015) An evaluation of prospective
motion correction (PMC) for high
resolution quantitative MRI.
Front. Neurosci. 9:97.
doi: 10.3389/fnins.2015.00097

Quantitative imaging aims to provide in vivo neuroimaging biomarkers with high research
and diagnostic value that are sensitive to underlying tissue microstructure. In order to
use these data to examine intra-cortical differences or to define boundaries between
different myelo-architectural areas, high resolution data are required. The quality of
such measurements is degraded in the presence of motion hindering insight into
brain microstructure. Correction schemes are therefore vital for high resolution, whole
brain coverage approaches that have long acquisition times and greater sensitivity to
motion. Here we evaluate the use of prospective motion correction (PMC) via an optical
tracking system to counter intra-scan motion in a high resolution (800 µm isotropic)
multi-parameter mapping (MPM) protocol. Data were acquired on six volunteers using
a 2 × 2 factorial design permuting the following conditions: PMC on/off and motion/no
motion. In the presence of head motion, PMC-based motion correction considerably
improved the quality of the maps as reflected by fewer visible artifacts and improved
consistency. The precision of the maps, parameterized through the coefficient of variation
in cortical sub-regions, showed improvements of 11–25% in the presence of deliberate
head motion. Importantly, in the absence of motion the PMC system did not introduce
extraneous artifacts into the quantitative maps. The PMC system based on optical
tracking offers a robust approach to minimizing motion artifacts in quantitative anatomical
imaging without extending scan times. Such a robust motion correction scheme is crucial
in order to achieve the ultra-high resolution required of quantitative imaging for cutting
edge in vivo histology applications.
Keywords: prospective motion correction (PMC), relaxometry, quantitative, multi-parameter mapping, MPM

Introduction
Currently, biologically relevant measures of the myelo- and cyto-architecture of the human brain
are only available post mortem via histological analysis. As part of the push toward in vivo histology, quantitative imaging techniques aim to derive such measures directly from in vivo MRI data.
A key requirement for such endeavors is ultra-high resolution on the order of hundreds of microns
and higher. Recently, the multi-parameter mapping (MPM) approach (Weiskopf et al., 2013) has
facilitated in vivo mapping with 800 µm isotropic resolution and whole brain coverage allowing
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for in vivo parcellation of the cortex and assessment of structurefunction relationships using maps of the longitudinal magnetization relaxation rate (R1 = 1/T1 ) as a surrogate myelin marker
(Dick et al., 2012; Lutti et al., 2013; Sereno et al., 2013). Even
with the use of accelerating techniques such as parallel imaging,
high resolution data sets such as the ones used in these studies
inevitably result in long acquisition times and increased sensitivity to motion, particularly as cohorts are extended beyond highly
compliant volunteers and into clinical populations. When clinical
populations are examined, there is the additional risk that motion
artifact can hinder clinical diagnosis by masking or mimicking
pathology in the quantitative data (Nöth et al., 2014).
Although inter-volume motion can be compensated to a considerable degree using retrospective rigid body realignment (Friston et al., 1995; Kochunov et al., 2006) the issue of intra-volume
motion is far more problematic for 3D acquisitions typical of
quantitative anatomical imaging and can render valuable data
unusable. A number of approaches have been developed to
address intra-volume motion and can be split into two broad categories: retrospective motion correction (RMC) techniques that
are applied via post-processing of the acquired data and prospective motion correction (PMC) techniques that monitor and correct for motion at the time of acquisition. RMC approaches based
on auto-focusing (Atkinson et al., 1997a,b, 1999; Batchelor et al.,
2005; Cheng et al., 2012) have the potential to greatly improve
image quality but they also have a number of drawbacks. Estimating the motion trajectory from large raw k-space data sets
requires significant computational effort. In addition, they do not
compensate for spin history effects nor do they provide an indication of final image quality at the time of data acquisition. Therefore, if residual artifact remains after processing, most notably
due to violation of the Nyquist sampling condition when large
head rotations occur, rescanning is no longer a possibility. If additional information is used to facilitate RMC, e.g., navigator data
or additional scans, there will be an associated acquisition time
penalty (Fu and Wang, 1995; Welch et al., 2002; Magerkurth
et al., 2011; Cheng et al., 2012; Nöth et al., 2014). This time
penalty is also a drawback for PMC approaches that estimate volunteer motion via the MR signal (Welch et al., 2002; Van der
Kouwe et al., 2006; White et al., 2010). This time penalty is particularly problematic for rapid imaging sequences, such as Fast
Low Angle Shot (FLASH, Haase et al., 1986), that have little or
no dead time. An alternative is to use external optical tracking to estimate volunteer motion. This approach to PMC has
great promise for flexible and effective motion correction without increasing scan durations (Zaitsev et al., 2006; Maclaren et al.,
2012, 2013).
In this study, we assess the performance of such a PMC system (KinetiCor, HI, USA) for use with high resolution quantitative relaxometry mapping. The assessment of PMC techniques
is challenging since, unlike their retrospective counterparts,
prospective techniques do not produce images with and without motion artifact from the same underlying data. In an
effort to gather sufficient baseline data for this study, we used
a two factor design. Each constituent volume used to create
the quantitative maps was acquired under the four possible
conditions permuting motion or no motion and PMC on or
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PMC off. This study assesses the ability of the PMC system
to counter both deliberate, bulk head motion, and minimal
motion in the range of cardio-respiratory driven physiological
motion.

Materials and Methods
Prospective Motion Correction
The PMC system employed consists of an optical camera
mounted inside the bore of the scanner which tracks the motion
of a passive Moire phase marker at a frame rate of 80 Hz.
Gratings and patterns on the marker allow the three translational and three rotational degrees of freedom to be measured
with precision on the order of tens of microns for the translations and fractions of degrees for the rotations (Maclaren
et al., 2012). The tracking information that is logged by the
PMC system gives the three translation and three rotation
measurements of the marker relative to its center. The rotational precision can have varying impact depending on lighting conditions. In the worst case, assuming a rotational radius
of 300 mm (the distance between the marker and the farthest
brain location), the precision of 0.01 degrees that has been
reported for this system (Maclaren et al., 2012) would produce a translation of order 50 µm at the periphery of the
brain.
Information detailing the position and orientation of the
marker is sent to the scanner host computer, without any
smoothing or filtering. These data are then transformed from
camera to scanner coordinates using a pre-calibrated transformation matrix and used to dynamically update the imaging fieldof-view (FOV) such that it tracks the movement of the marker,
which is assumed to be directly coupled to the movement of the
brain (Zaitsev et al., 2006). The imaging gradients, RF frequency
and phase are updated in this manner each TR. Motion traces
describing the translations and rotations of the marker in scanner
coordinates relative to its center are logged for each acquisition.
Since the movement of the marker needs to be as closely coupled to the movement of the brain as possible, bespoke mouth
pieces were made for each participant prior to the first scanning session. The mouth pieces consisted of mini bite-bars that
were molded to the participant’s upper front teeth using a medical grade hydroplastic (TAK Systems, MA, USA). Once securely
molded, the mouth pieces remained in place without the participant needing to bite down on them. The marker was then
attached to the mouth piece via a lightweight mounting system
made from plastic Meccano (www.meccano.com). This mounting system was designed with two pivot points to facilitate flexible
positioning of the marker within the field of view of the tracking
camera.

Participants and Data Acquisition Strategy
Six healthy volunteers (5 male; aged 34±7 years) were scanned
on a 3T whole body MR system (Magnetom TIM Trio, Siemens
Healthcare, Erlangen, Germany) equipped with a standard 32
channel head coil for receive and radiofrequency (RF) body coil
for transmission. The study was approved by the local ethics
committee and informed written consent was obtained prior to
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Evaluation of PMC Impact

scanning. Data were acquired following a 2 × 2-factorial design
permuting the following factors: motion and no motion; PMC on
and PMC off. This led to lengthy exam durations per volunteer
and so the data acquisition was split across two scanning sessions:
one for the motion condition, the other for the no motion condition. Each session lasted approximately 1 h. During the no motion
session, participants were asked to remain as still as possible. During the motion session participants were allowed to move freely
within the confines of the tight-fitting local receive coil during
the FLASH acquisitions. In all cases the volunteers were blind to
whether or not the PMC was on or off, the order of which was
randomized.

To assess the overall impact of the PMC system, histograms of
quantitative values across brain voxels were calculated for each
quantitative map and each condition. For more detailed intracortical analysis, the automated anatomical labeling (AAL) atlas
(Tzourio-Mazoyer et al., 2002) was used to define regions-ofinterest (ROIs). The unified segmentation approach (Ashburner
and Friston, 2005) as implemented in SPM12 was used to create
constituent tissue class probabilities and an inverse deformation
field from the MT maps for each volunteer and each condition.
The MT maps were used for segmentation because of their superior contrast within deep gray matter (GM) structures (Helms
et al., 2009). The AAL labels (116 in total) were then transformed from MNI space to the individual’s native space using
the subject-specific inverse deformation fields. To reduce partial
volume effects with cerebrospinal fluid (CSF) and white matter
(WM), a liberal threshold of 80% applied to the GM probability determined which voxels were included in the analysis. For
each ROI in the atlas, a coefficient of variation (CoV) was calculated separately for each of the quantitative parameters (R1 ,
R∗2 , MT, PD∗ ) as the standard deviation of the constituent voxels divided by their mean. Note that this noise measure assumed
that the quantitative measures do not vary within a specific brain
area. As a global measure, the median CoV across these ROIs
was also calculated for each volunteer and each quantitative map.
Given the small cohort (six participants) used in this study and
the fact that the global CoV measures may not be normally distributed, non-parametric Wilcoxon signed rank tests were used
to test for significant pair-wise differences related to motion and
the use of PMC at the between-subject level. One-tailed tests were
used to determine (a) if motion significantly increased the CoV
in the absence of the PMC system and (b) if the PMC system
reduced the CoV in the presence of deliberate head motion. A
two-tailed test was used to assess the impact of the PMC system
in the case of no deliberate head motion. The threshold for statistical significance was set to 0.05/3 = 0.0167 to correct for multiple
comparisons. These tests were carried out on each quantitative
map independently.

Quantitative Multi-Parameter Mapping
Rapid calibration data were acquired at the outset of each session to correct for inhomogeneities in the RF transmit field
(Lutti et al., 2010, 2012). These were followed by acquisition of
spoiled multi-echo 3D fast low angle shot (FLASH) acquisitions
with predominantly proton density (PD), T1 or MT weighting
according to the MPM protocol (Weiskopf et al., 2013). The
flip angle was 60 for the PD- and MT-weighted volumes and
210 for the T1 weighted acquisition. MT-weighting was achieved
through the application of a Gaussian RF pulse 2 kHz off resonance with 4 ms duration and a nominal flip angle of 220◦ . The
data were acquired with whole-brain coverage at an isotropic resolution of 800 µm using a FoV of 256 mm head-foot, 224 mm
anterior-posterior (AP), and 166 mm right-left (RL). Gradient
echoes were acquired with alternating readout gradient polarity
at eight equidistant echo times ranging from 2.34 to 18.44 ms
in steps of 2.30 ms using a readout bandwidth of 488 Hz/pixel.
Only six echoes were acquired for the MT-weighted acquisition in order to maintain a repetition time (TR) of 25 ms for
all FLASH volumes. To accelerate the data acquisition, partially
parallel imaging using the GRAPPA algorithm was employed in
each phase-encoded direction (AP and RL) with forty reference
lines and a speed up factor of two. Each FLASH volume was
acquired twice with the factor of PMC on and PMC off randomly
ordered.
Quantitative maps were calculated for each condition using
bespoke Matlab tools (The Mathworks Inc., Natick, MA, USA)
within the SPM12 framework (Ashburner, 2012; Wellcome Trust
Centre for Neuroimaging, London). All data were co-registered
to address inter-scan motion. Maps of R∗2 were estimated from the
gradient echoes from all contrasts using the ordinary least squares
ESTATICS approach (Weiskopf et al., 2014). The image data for
each acquired weighting (PDw, T1w, MTw) were then averaged
over the first six echoes to increase the signal-to-noise ratio (SNR)
(Helms and Dechent, 2009). The three resulting volumes were
used to calculate MT, R1 and effective proton density (PD∗ ) maps
as previously described (Helms et al., 2008a; Weiskopf et al.,
2013). The MT map depicts the percentage loss of signal (MT saturation) that results from the application of the off-resonance MT
pre-pulse and the dynamics of the magnetization transfer (Helms
et al., 2008b). The PD∗ maps were calculated from the averaged
multi-echo FLASH data, which has an effective TE of 8.1 ms and
are referred to as effective proton density because there was no
correction for T2∗ signal decay.
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Results
Figure 1 shows exemplar quantitative maps across the four
experimental conditions, zoomed in to highlight the effects of
motion on the quantitative maps. To provide a comprehensive
illustration, each set of a given parameter map was derived from
a different volunteer. Figure 2 shows histograms of the quantitative parameters. The shaded area of each curve demarks one
standard deviation across volunteers. In the presence of motion,
the width of the histograms broadened and the gray and white
matter peaks converged (red). Under comparable motion conditions, the PMC system sharpened the histogram peaks (yellow),
such that they approached the level of the no motion, PMC Off
case (black). The histograms were further sharpened when PMC
was used with no deliberate motion (green). These characteristics
were common to all maps and volunteers.
Figure 3 shows spatial maps of the CoV of R1 from three
volunteers in AAL-defined regions of interest. Motion greatly
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FIGURE 1 | Quantitative maps across conditions focussing on
spatial regions in which features are obscured due to volunteer
motion during the acquisition of the constituent weighted volumes.
The manifestation of the motion in the maps was dependent on the

coherence of the artifact in the component volumes. Each set of a
particular parameter map was acquired from a different volunteer within
the cohort (Volunteers 1, 3, 4, and 6 are shown, respectively in
descending rows).

three) reflecting the fact that movement of the head was restricted
posteriorly with volunteers in the supine position. Within the
condition of motion, PMC on the CoV was higher inferiorly (column 4, e.g., in the cerebellum) where the assumption of rigid

increased the CoV (columns three and four), but to a lesser extent
when the PMC system was on (column four). The impact of
the motion and PMC factors varied spatially. Within the condition of motion, PMC off the CoV was higher anteriorly (column
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FIGURE 2 | Histograms of quantitative MR parameters across
brain voxels, namely longitudinal relaxation rate (R1 ), effective
proton density (PD* ), effective transverse relaxation rate (R*2 ),
and MT saturation. The shaded area of each curve depicts one

standard deviation across all six volunteers. Motion leads to
broadening of the peaks, which is considerably reduced by use of
the PMC system, recovering the distinct gray and white matter
peaks.

off case, the CoV remained higher than the no motion, PMC off
case (Figure 4C).
When there was no intentional motion, the effect of the PMC
system did not reach significance. The CoV was reduced in all
maps for five out of the six volunteers. The net changes between
no motion, PMC off and no motion, PMC on across the group
were −0.008 ± 0.008 for PD∗ , −0.006 ± 0.008 for MT, −0.013 ±
0.010 for R1 and −0.013 ± 0.021 for R∗2 . This corresponds to a
median reduction in CoV with respect to the no motion, PMC off
condition of 8.8, 3.1, 8.8, and 4.4%, respectively for PD∗ , MT, R1
and R∗2 (Figure 4A).

body motion is less valid (Greitz et al., 1992; Soellinger et al.,
2009). Figure 4 summarizes the group differences in the global
CoV measure relative to the no motion, PMC off condition for
each map. In the motion, PMC off case the CoV was significantly
increased (Figure 4B, p = 0.0156 for each map). The increases
were 0.042 ± 0.012 (median ± inter-quartile range) for PD∗ ,
0.039 ± 0.012 for MT, 0.076 ± 0.039 for R1 and 0.125 ± 0.039
for R∗2 . These changes corresponded to a median CoV increase
with respect to the no motion, PMC off condition of 52.6, 21.3,
52.7, and 39.1% for PD∗ , MT, R1 and R∗2 , respectively (Figure 4B)
showing that motion had the greatest impact on variance levels
in the PD∗ and R1 maps.
Within the motion condition, i.e., comparing motion, PMC off
and motion, PMC on, the CoV was significantly decreased with
the PMC system on (p = 0.0156 for each map). The decreases
were 0.028 ± 0.007 for PD∗ , 0.025 ± 0.018 for MT, 0.052 ± 0.019
for R1, and 0.059 ± 0.033 for R∗2 . These changes corresponded
to relative reductions in median CoV with respect to the motion,
PMC off condition of 21.8, 11.3, 25.0, and 12.6% for PD∗ , MT, R1
and R∗2 , respectively. Although the CoV of the motion, PMC on
case was significantly reduced with respect to the motion, PMC
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Discussion
Motion artifact can significantly degrade the quality and precision of quantitative parameter maps. The results of the analyses
on the cohort of six volunteers that participated in this study
show that using a PMC system significantly improves the quality
of quantitative MRI parameter maps in most cases, particularly
in the presence of motion, where median CoV reductions for the
group ranged from 11 to 25% depending on the parameter map,
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FIGURE 3 | Spatial maps of the coefficient of variation of R1 for three
volunteers. Motion increased the CoV, but to a lesser extent when using the
PMC system. In the absence of intentional motion, the CoV was increased
by the PMC system for volunteer 1 (top row) but reduced for all other

volunteers, e.g., volunteer 3 (middle row) and volunteer 4. Volunteer 4
(bottom row) moved very rapidly in the motion condition limiting the
improvement gained by the PMC system. The rapid motion resulted in poor
segmentation for the motion, PMC off condition.

FIGURE 4 | Median change in the global CoV measure relative to the standard condition of no motion, PMC off across all volunteers for each of the
other conditions investigated and for all quantitative maps. The error bars denote the inter-quartile range across all volunteers.

could be investigated. In order to assess the general feasibility of the approach volunteers were not restricted to particular trajectories but rather told that they could move freely. In
an additional effort to minimize bias between conditions, the

but also under the condition of no deliberate volunteer motion
where the CoV can also be reduced.
There are an infinite number of head motion trajectories
for which the performance of any motion correction approach
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6

March 2015 | Volume 9 | Article 97

Callaghan et al.

PMC for high resolution qMRI

not vary across the region. To provide a more global view of the
data quality and assess the differentiation between gray and white
matter, histograms of the whole brain parameter distribution
were used.
Considering the cases when PMC was not used (i.e., motion,
PMC off vs. no motion, PMC off ), volunteer motion significantly increased the global coefficient of variation metric within
all quantitative maps indicating that this metric captures the
effect of motion and is appropriate for assessing the impact of
the PMC system. Under the condition of deliberate volunteer
motion (i.e., motion, PMC on vs. motion, PMC off ) the global
CoV was significantly reduced in all quantitative maps when the
PMC system was used. This confirms the PMC system as a robust
means of addressing volunteer motion and improving the quality
of quantitative MR parameter maps. Uncorrected rapid motion
was also seen to introduce artifact that degraded the performance
of the segmentation in the motion, PMC off condition but was
improved by using the PMC system (compare motion conditions in row 3 of Figure 3). The CoV for the motion, PMC on
case remains higher (see Figure 4, 7–16% for the group) than the
no motion cases indicating that the PMC system cannot account
for all effects of volunteer motion. This is to be expected since
the PMC system only corrects for rigid body motion. It cannot correct for additional non-rigid body motion and positiondependent effects, such as the rapidly varying sensitivity profile
of the 32 channel receive coil, shim changes and spatially varying gradient performance (for a full review see Maclaren et al.,
2013).
Another important criterion for adopting a PMC system is
that it does not in itself degrade the quality of the acquired
imaging data. We assessed this via the data from the no motion
factor, since it would most likely show any additional noise introduced by a PMC system. In this case, the peaks of the group
histograms are sharpened when the PMC system is used. Five
out of six volunteers showed reduced global CoV in all quantitative maps. Thus, the PMC system may also be used to reduce
artifacts even in high quality datasets affected only by minimal
motion, suggesting that the correction of artifacts introduced by
physiological motion, e.g., due to breathing or the cardiac cycle,
may be possible. Figure 5 shows a 1 minute long segment of the
y-translation (posterior-anterior direction) motion trace for volunteer 6. The corresponding power spectrum (Figure 5B) identifies peaks in the spectrum at 0.34 Hz, consistent with breathing,
and at 0.94 Hz, consistent with the cardiac cycle.
The remaining volunteer showed increased CoV in the no
motion, PMC on case relative to the no motion, PMC off case. This
is likely due to inadequate marker fixation. Secure marker fixation is crucial in order to satisfy the assumption of direct coupling
between the marker and the brain. Imperfect coupling may not
detect genuine brain movement, or worse, may introduce erroneous corrections and therefore inadvertently cause motion artifact. This is particularly problematic for the no motion case since
the PMC system will only be beneficial if it improves alignment
between the scanner and the true volunteer position (Herbst
et al., 2014). This is more likely to be the case in the presence
of deliberate motion, even with only moderately good coupling.

order of the PMC on vs. PMC off conditions were randomized and volunteers were blinded to this condition. Volunteers
reported adopting strategies of looking around, moving their
legs, mimicking patients they had previously scanned or making movements associated with falling asleep and waking up.
Clearly it is important that the range of motion be representative of what might be expected during routine scanning, particularly of more difficult cohorts. Summary statistics from the
tracking data generated in this study that describe the Euclidean
displacement of the marker are presented in Table 1. The metrics for the no motion case are on a par with those previously
reported for patient groups (Kochunov et al., 2006; Versluis et al.,
2010) while the motion metrics are far higher. This indicates
that the findings of the present study will have broad and general applicability, since they most likely address a worst case
scenario.
Motion-related artifacts can manifest in quantitative maps as
the striations typical of motion artifact in conventional weighted
volumes. This is most notable in the PD∗ maps in Figure 1
when PMC is off, both in the motion and no motion cases. Some
robustness to this form of motion artifact is inherent in the creation of the quantitative maps when the motion is not coherent
across the constituent weighted volumes. However, the underlying signal intensity remains erroneous leading to focal hypoand hyper-intense values in the derived maps. This effect is particularly evident in the R1 and MT maps in Figure 1. We have
used the coefficient of variation over sub-regions of the cortex
as an assessment metric in order to be sensitive to these irregular values, assuming that the sub-region’s tissue composition does

TABLE 1 | Motion across the FLASH volumes are summarized as mean,
standard deviation (SD), and maximum Euclidean displacement of the
marker for each volunteer and experimental condition.
Volunteer

No Motion
Mean ± SD

1

2

3

4

5

6

Motion
Max

Mean ± SD

Max

1.05 ± 0.60

6.86

2.76 ± 1.69

13.80

1.08 ± 1.05

4.35

3.05 ± 2.25

11.48

1.74 ± 0.84

3.43

6.37 ± 5.35

20.87

1.47 ± 0.42

2.36

6.07 ± 3.45

17.59

0.62 ± 0.41

5.80

2.88 ± 2.74

16.45

0.72 ± 0.42

3.92

2.11 ± 1.80

11.39

2.18 ± 1.05

4.84

4.07 ± 2.32

12.47

1.69 ± 0.98

3.99

3.73 ± 2.03

25.04

1.05 ± 0.69

2.97

4.08 ± 3.77

14.55

0.87 ± 0.49

2.35

3.78 ± 2.81

25.04

0.62 ± 0.48

2.29

3.61 ± 2.38

15.28

0.66 ± 0.45

2.04

3.50 ± 2.18

14.93

The upper row for each volunteer corresponds to the PMC Off condition, while the lower
row corresponds to the PMC On condition. All metrics are in millimeter units.
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the extracted power spectrum. Peaks can be seen in the power
spectrum at 0.34 and 0.94 Hz consistent with breathing and cardiac cycles,
respectively.

FIGURE 5 | A 1 min segment of the motion trace depicting (A)
translation in the y-direction (posterior–anterior) from volunteer 6
under the no motion condition after linear detrending, along with (B)

Conclusions

This is evidenced by the fact that there was a clear benefit in using
the PMC system for this volunteer in the presence of motion
(see MT saturation maps in Figure 1 and CoV in top row of
Figure 3). In the planning stage of this study a number of simpler
alternatives to the bespoke bite-bar solution were investigated,
e.g., affixing the marker to the nasal bone or to MR-compatible
glasses. However, these solutions showed higher variability in the
tracking data that was not correlated with brain motion. While
the mini-bite-bars produce lowest noise in the tracking data, they
also have certain drawbacks. Such a device may not be welltolerated by all volunteers and patient groups and requires significant time, since an extended or additional visit is required, and
effort to construct. It is also difficult to evaluate prior to scanning
whether or not the coupling efficiency will be sufficient.
The correction performance also depends on the temporal resolution and latency of the PMC system with respect to updating
the imaging gradients. In this study, updates were applied every
TR, i.e., 25 ms, assuming no motion within the TR. An alternative
would be to update every gradient event (e.g., readout, spoilers).
However, this would require an order of magnitude increase in
the temporal resolution of the system rather than the factor of two
that would be available. The latency of the system from tracking
a position to updating the scanner is approximately 30 ms. This
limits the movement velocities that can be corrected. No filtering
or outlier correction was applied to the tracking data. A predictive filtering approach, e.g., using a Kalman filter, might increase
robustness both to the latency of the system and to the issue of
marker fixation. This will be a focus of future work.

Frontiers in Neuroscience | www.frontiersin.org

Intra-scan motion is a significant problem for MRI in general
and for high resolution quantitative imaging in particular. PMC
provides an effective means of addressing this source of artifact.
We have demonstrated considerably improved precision, in the
region of 11–24%, in measuring relaxometry, effective proton
density and magnetization transfer saturation maps in the presence of motion using this approach. Importantly, we have also
shown that, provided there is good coupling between the marker
and the brain, the system does not introduce extraneous artifacts
in cases where there is no deliberate motion and may additionally
correct for microscopic involuntary motion. We anticipate that
the use of robust PMC will be key for achieving the ultra-high
resolution required of quantitative imaging for in vivo histology
applications.

Acknowledgments
Funding for the optical tracking system was provided by a
SLMS Captial Equipment Award (UCL). The research leading to these results has received funding from the European Research Council under the European Union’s Seventh
Framework Programme (FP7/2007-2013) / ERC grant agreement n◦ 616905. MH is supported by the Alexander von Humboldt Foundation. The Wellcome Trust Centre for Neuroimaging is supported by core funding from the Wellcome Trust
091593/Z/10/Z.

8

March 2015 | Volume 9 | Article 97

Callaghan et al.

PMC for high resolution qMRI

References

Lutti, A., Stadler, J., Josephs, O., Windischberger, C., Speck, O., Bernarding, J., et al.
(2012). Robust and fast whole brain mapping of the RF transmit field B1 at 7T.
PLoS ONE 7:e32379. doi: 10.1371/journal.pone.0032379
Maclaren, J., Armstrong, B. S., Barrows, R. T., Danishad, K. A., Ernst, T., Foster,
C. L., et al. (2012). Measurement and correction of microscopic head motion
during magnetic resonance imaging of the brain. PLoS ONE 7:e48088. doi:
10.1371/journal.pone.0048088
Maclaren, J., Herbst, M., Speck, O., and Zaitsev, M. (2013). Prospective motion
correction in brain imaging: a review. Magn. Reson. Med. 69, 621–636. doi:
10.1002/mrm.24314
Magerkurth, J., Volz, S., Wagner, M., Jurcoane, A., Anti, S., Seiler, A., et al. (2011).
Quantitative T*2-mapping based on multi-slice multiple gradient echo flash
imaging: retrospective correction for subject motion effects. Magn. Reson. Med.
66, 989–997. doi: 10.1002/mrm.22878
Nöth, U., Volz, S., Hattingen, E., and Deichmann, R. (2014). An improved method
for retrospective motion correction in quantitative T2* mapping. Neuroimage
92, 106–119. doi: 10.1016/j.neuroimage.2014.01.050
Sereno, M. I., Lutti, A., Weiskopf, N., and Dick, F. (2013). Mapping the human
cortical surface by combining quantitative T(1) with retinotopy. Cereb. Cortex
23, 2261–2268. doi: 10.1093/cercor/bhs213
Soellinger, M., Rutz, A. K., Kozerke, S., and Boesiger, P. (2009). 3D cine
displacement-encoded MRI of pulsatile brain motion. Magn. Reson. Med. 61,
153–162. doi: 10.1002/mrm.21802
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard,
O., Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI
MRI single-subject brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.
2001.0978
Van der Kouwe, A. J. W., Benner, T., and Dale, A. M. (2006). Real-time rigid body
motion correction and shimming using cloverleaf navigators. Magn. Reson.
Med. 56, 1019–1032. doi: 10.1002/mrm.21038
Versluis, M. J., Peeters, J. M., van Rooden, S., van der Grond, J., van Buchem,
M. A., Webb, A. G., et al. (2010). Origin and reduction of motion and
f0 artifacts in high resolution T2*-weighted magnetic resonance imaging:
application in Alzheimer’s disease patients. Neuroimage 51, 1082–1088. doi:
10.1016/j.neuroimage.2010.03.048
Weiskopf, N., Callaghan, M. F., Josephs, O., Lutti, A., and Mohammadi, S. (2014).
Estimating the apparent transverse relaxation time (R2*) from images with different contrasts (ESTATICS) reduces motion artifacts. Front. Neurosci. 8, 1–10.
doi: 10.3389/fnins.2014.00278
Weiskopf, N., Suckling, J., Williams, G., Correia, M. M., Inkster, B., Tait, R., et al.
(2013). Quantitative multi-parameter mapping of R1, PD*, MT, and R2* at 3T: a
multi-center validation. Front. Neurosci. 7, 1–11. doi: 10.3389/fnins.2013.00095
Welch, E. B., Manduca, A., Grimm, R. C., Ward, H. A., and Jack, C. R. (2002).
Spherical navigator echoes for full 3D rigid body motion measurement in MRI.
Magn. Reson. Med. 47, 32–41. doi: 10.1002/mrm.10012
White, N., Roddey, C., Shankaranarayanan, A., Han, E., Rettmann, D., Santos, J.,
et al. (2010). PROMO: Real-time prospective motion correction in MRI using
image-based tracking. Magn. Reson. Med. 63, 91–105. doi: 10.1002/mrm.22176
Zaitsev, M., Dold, C., Sakas, G., Hennig, J., and Speck, O. (2006). Magnetic resonance imaging of freely moving objects: prospective real-time motion correction using an external optical motion tracking system. Neuroimage 31,
1038–1050. doi: 10.1016/j.neuroimage.2006.01.039

Ashburner, J. (2012). SPM: a history. Neuroimage 62, 791–800. doi:
10.1016/j.neuroimage.2011.10.025
Ashburner, J., and Friston, K. J. (2005). Unified segmentation. Neuroimage 26,
839–851. doi: 10.1016/j.neuroimage.2005.02.018
Atkinson, D., Hill, D., and Stoyle, P. (1997a). An autofocus algorithm for the
automatic correction of motion artifacts in MR images. Med. Imaging 1230,
341–354. doi: 10.1007/3-540-63046-5_26
Atkinson, D., Hill, D. L., Stoyle, P. N., Summers, P. E., Clare, S., Bowtell, R., et al.
(1999). Automatic compensation of motion artifacts in MRI. Magn. Reson.
Med. 41, 163–170.
Atkinson, D., Hill, D. L., Stoyle, P. N., Summers, P. E., and Keevil, S. F. (1997b).
Automatic correction of motion artifacts in magnetic resonance images using
an entropy focus criterion. IEEE Trans. Med. Imaging 16, 903–910. doi:
10.1109/42.650886
Batchelor, P. G., Atkinson, D., Irarrazaval, P., Hill, D. L. G., Hajnal, J., and Larkman, D. (2005). Matrix description of general motion correction applied to
multishot images. Magn. Reson. Med. 54, 1273–1280. doi: 10.1002/mrm.20656
Cheng, J. Y., Alley, M. T., Cunningham, C. H., Vasanawala, S. S., Pauly, J. M.,
and Lustig, M. (2012). Nonrigid motion correction in 3D using autofocusing with localized linear translations. Magn. Reson. Med. 68, 1785–1797. doi:
10.1002/mrm.24189
Dick, F., Tierney, A. T., Lutti, A., Josephs, O., Sereno, M. I., and Weiskopf, N.
(2012). In vivo functional and myeloarchitectonic mapping of human primary
auditory areas. J. Neurosci. 32, 16095–16105. doi: 10.1523/JNEUROSCI.171212.2012
Friston, K., Ashburner, J., and Frith, C. (1995). Spatial registration and normalization of images. Hum. Brain 2, 165–189. doi: 10.1002/hbm.460030303
Fu, Z., and Wang, Y. (1995). Orbital navigator echoes for motion measurements in
magnetic resonance imaging. Magn. Reson. Med. 746–753.
Greitz, D., Wirestam, R., Franck, A., Nordell, B., Thomsen, C., and Stahlberg,
N. (1992). Pulsatile brain movement and associated hydrodynamics studied
by magnetic resonance phase imaging. The Monoro-Kellie doctrine revisited.
Neuroradiology 34, 370–380. doi: 10.1007/BF00596493
Haase, A., Frahm, J., Matthaei, D., Hanicke, W., and Merboldt, K.-D. (1986).
FLASH imaging. Rapid NMR imaging using low flip-angle pulses. J. Magn.
Reson. 67, 258–266.
Helms, G., Dathe, H., and Dechent, P. (2008a). Quantitative FLASH MRI at 3T
using a rational approximation of the Ernst equation. Magn. Reson. Med. 59,
667–672. doi: 10.1002/mrm.21542
Helms, G., Dathe, H., Kallenberg, K., and Dechent, P. (2008b). High-resolution
maps of magnetization transfer with inherent correction for RF inhomogeneity and T1 relaxation obtained from 3D FLASH MRI. Magn. Reson. Med. 60,
1396–1407. doi: 10.1002/mrm.21732
Helms, G., and Dechent, P. (2009). Increased SNR and reduced distortions by averaging multiple gradient echo signals in 3D FLASH imaging of the human brain
at 3T. J. Magn. Reson. Imaging 29, 198–204. doi: 10.1002/jmri.21629
Helms, G., Draganski, B., Frackowiak, R., Ashburner, J., and Weiskopf, N.
(2009). Improved segmentation of deep brain grey matter structures using
magnetization transfer (MT) parameter maps. Neuroimage 47, 194–198. doi:
10.1016/j.neuroimage.2009.03.053
Herbst, M., Maclaren, J., Lovell-Smith, C., Sostheim, R., Egger, K., Harloff, A.,
et al. (2014). Reproduction of motion artifacts for performance analysis of
prospective motion correction in MRI. Magn. Reson. Med. 71, 182–190. doi:
10.1002/mrm.24645
Kochunov, P., Lancaster, J. L., Glahn, D. C., Purdy, D., Laird, A. R., Gao, F.,
et al. (2006). Retrospective motion correction protocol for high-resolution
anatomical MRI. Hum. Brain Mapp. 27, 957–962. doi: 10.1002/hbm.20235
Lutti, A., Dick, F., Sereno, M. I., and Weiskopf, N. (2013). Using high-resolution
quantitative mapping of R1 as an index of cortical myelination. Neuroimage 93,
176–188. doi: 10.1016/j.neuroimage.2013.06.005
Lutti, A., Hutton, C., Finsterbusch, J., Helms, G., and Weiskopf, N. (2010).
Optimization and validation of methods for mapping of the radiofrequency
transmit field at 3T. Magn. Reson. Med. 64, 229–238. doi: 10.1002/mrm.22421

Frontiers in Neuroscience | www.frontiersin.org

Conflict of Interest Statement: The Wellcome Trust Centre for Neuroimaging
has an institutional research agreement with and receives support by Siemens. The
authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2015 Callaghan, Josephs, Herbst, Zaitsev, Todd and Weiskopf. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

9

March 2015 | Volume 9 | Article 97

