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Abstract

High field MRI systems, such as 7 Tesla (T) scanners, can deliver higher signal to noise
ratio (SNR) than lower field scanners and thus allow for the acquisition of data with higher
spatial resolution, which is often demanded by users in the fields of clinical and neuroscien-
tific imaging. However, high resolution scans may require long acquisition times, which in
turn increase the discomfort for the subject and the risk of subject motion. Even with a coop-
erative and trained subject, involuntary motion due to heartbeat, swallowing, respiration and
changes in muscle tone can cause image artifacts that reduce the effective resolution. In
addition, scanning with higher resolution leads to increased sensitivity to even very small
movements. Prospective motion correction (PMC) at 3T and 7T has proven to increase
image quality in case of subject motion. Although the application of prospective motion cor-
rection is becoming more popular, previous articles focused on proof of concept studies and
technical descriptions, whereas this paper briefly describes the technical aspects of the
optical tracking system, marker fixation and cross calibration and focuses on the application
of PMC to very high resolution imaging without intentional motion. In this study we acquired
in vivo MR images at 7T using prospective motion correction during long acquisitions. As a
result, we present images among the highest, if not the highest resolution of in vivo human
brain MRI ever acquired.

Introduction
High resolution MRl

Ultra High Field (UHF) MRI has become increasingly available for fields such as biology, neu-
roscience or diagnostic imaging. Its benefits are an increased SNR and the potentially higher
resolution showing a high level of anatomical detail. As MRI is non-invasive, the new develop-
ments for high-resolution imaging could be used for non-invasive in vivo brain MRI histology,
impossible to obtain with traditional histology.
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High resolution imaging of the living human body faces many challenges: resolution, scan
time, and SNR describe the limiting factors of an MRI scan. Usually, a compromise in this triangle
has to be found, often in favor of one of its corners. Aiming for high resolution and good SNR
both increase scan time: The SNR of the MR data and of the resulting image is proportional to the
voxel volume. Hence, SNR is decreasing for higher resolutions. In addition more voxels are
needed to cover the same volume of interest (VoI) which increases the encoding time. If the SNR
is to be kept at the same value, multiple averages will become necessary, which easily brings the
scan time into the range of several hours and raises new problems as discussed in the next section.

High resolution Imaging on UHF whole body systems and the need for
motion correction

Improvements in MR hardware such as more efficient RF-coils with higher numbers of receive
channels and stronger or faster gradients can help to increase SNR. Commonly it is assumed,
that in sample-noise dominated acquisitions SNR scales linearly with magnetic field strength.
According to [1], however, SNR scales more than linearly, hence the use of ultra-high field sys-
tems is an increasingly popular approach to gain SNR and thus to allow for very high resolu-
tion imaging.

Studies have shown that a higher resolution can have a strong impact, e.g. when measuring
the cortical thickness from MRI scans [2]. The possibility to improve the spatial resolution at
UHEF for high resolution human brain imaging has already been shown in post mortem studies
on a 7 T whole body scanner [3, 4] with an isotropic resolution of 140 pm and full coverage of
a formalin-fixed human brain. Many publications in the field of high resolution in vivo imag-
ing of the human brain describe imaging at ultra high field strengths of 7T or above but other-
wise conventional hardware. Especially the possibility to visualize alterations caused by aging
or neurodegenerative diseases at a high level of detail has evoked attention. Higher detail
would allow for the identification of smaller pathological changes at an earlier stage. High reso-
lution 7T gradient echo data of microvascular abnormalities, e.g. in multiple sclerosis lesions
[5], in gliomas [6] or changes in the dentate granule cell layer of schizophrenia patients [7]
were presented with resolutions between 0.196 x 0.196 x 2.0 mm and 0.232 x 0.232 x 1.5 mm.
7T time-of-flight (ToF) data of healthy subjects and patients with aneurysms or arterial-venal
malformations were presented in [8-10] with resolutions between 0.22 x 0.22 x 0.41 mm and
0.43 x 0.43 x 1.2 mm. These studies also show the superior quality of UHF ToF data compared
to 3T. In an ultra-high resolution 7T MRI data repository [11], Forstmann et al. make
MP-RAGE data of 0.6mm and 0.7mm isotropic resolution available to the public. Lenglet et al.
presented 7T MP-RAGE images of the basal ganglia with resolutions of 0.4 x 0.4 x 1.0 mm.
Keuken et al. [12] report that in their high resolution study using 0.7 mm isotropic MP-RAGE
data and 0.5 x 0.5 x 0.6 mm gradient echo data, the data set of one subject could not be used
because of severe motion artifacts. To the best of our knowledge, the highest resolution in vivo
images from the human brain before our current study are acquisition-weighted data presented
in [13]. They were acquired at 9.4T with a resolution of 0.13 x 0.13 x 0.8 mm and no motion
correction was applied. Even though no distinct motion artifacts are visible, the authors assume
that applying some motion correction would further improve image quality.

For in vivo imaging, a substantial limiting factor for very high resolution imaging is set by
the subjects’ ability to stay motionless in the same position and orientation during the entire
examination. Conventional MR-imaging is carried out under the assumption that the patient
does not move during the scan. Patient motion results in image artifacts [14] and thus limits the
effective resolution and influences the results of analyses and calculations, such as segmentation
[15] or gray matter volume and thickness estimates [16]. During the scan time, subject motion
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has to be below a threshold determined by the image resolution and the motion pattern [17].
Restraints such as cushions and pads can help to decrease motion, but cannot entirely prevent it
and are often uncomfortable for longer scans. Nevertheless, even for shorter scan times in clini-
cal routine at 1.5 T and 3 T, artifacts such as ringing, ghosting and blurring caused by data
inconsistencies due to motion during the image acquisition are well-known problems.

The main sources of subject motion are muscle relaxation (leading to “long term motion” i.e.
a slow drift of several millimeters during long acquisitions(minutes), heartbeat and breathing
(leading to periodic motion below 1 millimeter) and single motion events such as coughing,
sneezing and swallowing (often leading to brief large-scale motion). Depending on the quality
and the periodic nature of the motion, the intensity, frequency and the temporal occurrence
during the scan (which k-space lines are affected), these motions cause artifacts such as blurring
and ghosting of different strength along the phase-encoding direction of the image [14, 18, 19].

Longer scan times for very high resolution imaging at ultra-high field increase the incidence
of motion artifacts, even with cooperative subjects, which presents a new “biological resolution
limit”. This barrier originates from involuntary subject motion, i.e. breathing, heartbeat or
muscle relaxation leading to motion artifacts as was shown by Herbst and colleagues [20]. Such
artifacts diminish the high resolution capabilities of ultra-high-field systems for imaging of
human subjects. Therefore effective motion correction techniques need to be applied for very
high resolution imaging.

Motion Correction techniques

Aside from motion correction techniques such as holding the breath for short acquisition
times or ECG synchronization [21, 22], more sophisticated procedures such as the use of navi-
gators [23-27], optimized encoding schemes and self navigated sequences (e.g. PROPELLER
[28]) can be used. Information about the subject pose can be used to correct for motion either
in real time (prospectively) or offline after the data has been collected (retrospectively). Spin
history effects caused by through-plane motion are not corrected by retrospective correction.
As the scan itself is not adjusted, the motion may cause parts of the volume of interest to move
out of the field of view.

In contrast to retrospective techniques, PMC ensures that the k-space sampling density
stays approximately homogeneous. The motion data can be obtained in various ways, e.g., by
navigator techniques ([29, 30]), by MR imaging and registration algorithms, by using micro
RF-coils [31, 32] or by an external tracking device. A variety of optical tracking systems exists.
Stereoscopic tracking systems, e.g. infrared based tracking, often track retro reflective markers
[33]. Single camera systems can use retrograde markers [34], or track object features such as
facial structures or 2D patterns [35] to calculate pose information. Most techniques assume a
rigid body transformation with 6 degrees of freedom (DoF), namely three rotations and three
translations along the MRI coordinate system. If an external tracking system is used, no extra
imaging time is required to obtain head pose information. A detailed review of PMC in human
brain imaging is given by Maclaren et al. [36].

This work evaluates the applicability and efficacy of a PMC system consisting of a single
camera and a moiré phase tracking (MPT) marker [37, 38] for very high resolution in vivo
human brain MRI at 7 T to overcome the “biological resolution limit” described above.

Materials and Methods
Tracking system

PMC was used in the acquisition of the images presented in this work. The subjects’ motion
was optically tracked using a moiré phase tracking (MPT) system [37, 39]. This technology
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Fig 1. Dental brace and MPT marker. An individually manufactured dental brace (A) was worn by the
subject during the measurement. A passive marker similar to the one shown in (B) was mounted on the
brace’s extension reaching out of the helmet-design head coil. Planar grating patterns were printed on both
sites of a transparent substrate forming moiré patterns. The retro reflective background of the marker ensured
visibility to the camera and lighting unit (CLU) at low light exposure levels.

doi:10.1371/journal.pone.0133921.g001

allows for high precision tracking of out-of-plane rotations, by deriving pose information from
changes in a moiré pattern visible on a 15mm marker (Fig 1). Moreover, through photogram-
metric techniques and image processing, the marker position could be tracked along six
degrees of freedom. In previous studies [39] this system was described in detail and was used
successfully to acquire motion corrected MRI images, particularly of intentionally moving sub-
jects, at different field strengths with resolutions of up to 0.3 x 0.3 x 3 mm. In brief, the camera
and lighting unit (CLU) of the MPT system consisted of a customized fixed focus, fixed aper-
ture VGA camera (656 x 492 pixels) and LED flash illumination compatible with the high-field
environment. The camera is mounted over the subject’s head inside the magnet bore using
adhesive tape (Fig 2). Proper care was taken to make this mounting stable and vibration free.
The photogrammetrically pre-calibrated camera [40] tracked the subject with 60 frames per
second (fps) (maximum sampling rate is 85Hz).

camera and
lighting unit
—>

=
Y= marker

32 channel TG on dental

head coil —» z<z_/ retainer

Fig 2. Experimental setup for motion tracking during the MRl measurements. The tracking systems
CLU was mounted on the inner cover inside the magnet bore. The MPT marker was presented at a distance
of ~ 11-14 cm from the camera on the extension of the dental brace reaching out of the 32-channel helmet-
design head coil.

doi:10.1371/journal.pone.0133921.9002
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Cross calibration

Cross-calibration was performed between the tracking system and the scanner coordinates as
described in [41]. In this method, a rigid body motion model is assumed for the cross-calibra-
tion. Test object motion detected with the MPT system and with MRI allows for the determina-
tion of a coordinate transformation between the camera and scanner coordinates [33].

Marker fixation

The marker must be attached rigidly to the subject’s head to accurately represent the motion of
the human brain. Any deviation of the marker motion from the head motion will reduce the
accuracy of the applied correction. Fixing the marker onto the forehead or between the eyes of
the subject is very convenient but the detected motion may differ from the true motion of the
head due to the flexibility of the skin. Herbst et al. showed that marker fixation on the skin
using tape or modeling clay is not suitable for high resolution scanning and motion artifacts
can be seen [42]. They demonstrated the superiority of a mouthpiece for best stability. There-
fore, a removable dental brace was custom-made for each subject to fix the marker (Fig 1). An
extension of the brace reaches out of the helmet-design head coil and allows a line of sight
from the camera to the marker. The distance between the camera and the marker attached to
the extension was approximately 11-14 cm (Fig 2). The brace was attached to the teeth of the
upper jaw without contact to the gum, to avoid motion caused by soft tissue. The MPT marker
attached to this dental brace was tracked by the camera at 60 frames per second. No filtering/
smoothing or other post processing was applied to the tracking data.

In vivo scans

All experiments on human volunteers were performed with the approval of the ethics commit-
tee of the Otto-von-Guericke University Magdeburg, Germany. Written informed consent was
obtained from all subjects prior to the scans. Four healthy and co-operative volunteers (includ-
ing two from the list of authors) with prior experience in motion correction experiments and
in possession of individually created dental braces were recruited.

All scans were carried out on a 7 T whole body MRI (Siemens Medical Solutions, Erlangen,
Germany) equipped with a 32-channel head coil (Nova Medical, Wilmington, MA, USA). The
volunteers were instructed to remain as stationary as possible during the measurement. The
marker was attached to the mouth piece and the 6-degrees-of-freedom motion data was logged
for analysis and comparison.

Sequences were modified to include the functionality of online gradient and frequency
changes to update the imaging volume during scan execution using the real time tracking data
from the MPT system [33]. The FoV was adjusted for every k-space line (once per TR) using
the most current motion information. Except for the integration of PMC, the vendor’s original
sequences were used. If necessary the limit for the matrix size was expanded.

We acquired high resolution data with PMC using a T2*-weighted 2D gradient echo
sequence, a T1-weighted 3D MPRAGE and a 3D ToF sequence (throughout this paper, these
scans are referred to as “highest resolution scans”). Because of the very long acquisition times,
it was not possible to repeat all scans under different conditions, i.e. without motion correction.
Thus no comparison images were acquired for the highest resolution images. Scans with lower
resolutions, and / or less averages and thus shorter acquisition times were acquired with PMC
enabled and disabled (referred to as “comparison scans”). For 3D-ToF GRAPPA acceleration
factor 2 was used to fit a single average into the reconstruction memory. We chose the band-
width to balance between SNR and ADC duration-related PSF broadening. ADC duration was
kept smaller than the T2* relaxation times of brain tissues leading to minimal additional
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Table 1. In vivo MRI scans: scan parameters.

comparison scans

highest resolution scans

Sequence 3D MPRAGE T2* 2D GRE T2* 2D GRE 3D MPRAGE 3D ToF
motion correction on / off on / off on on on
resolution (mm) 0.44 iso 0.25x 0.25 % 2.0 0.12x0.12x 0.6 0.44 iso 0.2 iso
Matrix size (voxel) 464 x 464 756 x 896 1690 x 1744 464 x 464 744 x 992
voxel volume (mm?) 0.0852 0.125 0.0087 0.0852 0.008
slices 384 28 21 384 140
averages 1 2 2 2 2

TR (ms) 2600 900 900 2600 24

TE (ms) 2.3 18 17.7 2.3 6.52

TI (ms) 1250 1250

flip angle (deg) 5 45 35 5 19
bandwidth (Hz/px) 251 60 49 251 120

total ADC duration (ms) 3.98 16.7 20.4 3.98 8.3

TA (min:sec, per Avg.) 20:12 11:22 25:26 20:12 28:15

TA (min:sec, all Avg.) 20:12 22:45 50:52 40:24 56:30
parallel imaging - - - - GRAPPA 2

Scan parameters for the GRE and MPRAGE comparison scans with and without motion correction and for the highest resolution GRE, MPRAGE and ToF
scans with motion correction.

doi:10.1371/journal.pone.0133921.t1001

blurring in the readout direction. No resulting artifacts were visible. The scan parameters for
the comparison scans and for the highest resolution scans, as well as all scan times of the indi-
vidual scans are depicted in Table 1. All the images were processed with online gradient distor-
tion correction but no further post processing steps were applied to these images.

Results
Comparison study

Slice by slice comparison of the corrected and uncorrected MPRAGE images of 0.44mm isotro-
pic resolution (Fig 3) and the corrected and uncorrected 0.25 x 0.25 x 2 mm gradient echo
images (Fig 4) reveals the superior quality of the data acquired with motion correction. The
images acquired without motion correction show significant motion artifacts and blurring. An
intensity plot on the frontal area of the MPRAGE data reveals motion artifacts in the image
acquired without PMC (red lines and plots in Fig 3). These artifacts include doubled or blurred
edges creating bogus structures, flattened signal intensity gradients and plateaus, reduced
intensity peaks and increased noise. The motion plots for the GRE scans (Fig 5) show a similar
amount of motion for both scans with slightly more motion in the corrected scan as depicted
in Table 2. The motion corrected GRE images show small details such as very small vessels and
cortical layers; the motion corrected MPRAGE images show well defined borders between grey
and white matter or single folia in the cerebellum, only hardly visible in the uncorrected images
(see magnification in Figs 3 and 4).

Highest resolution images

The highest resolution GRE (Fig 6 and S1 Video), 3D MPRAGE (Fig 7 and S2 Video) and TOF
(Fig 8 and S3 Video) images also show small structures like tissue borders or vessels with high
degree of detail. In the GRE image, structures of 1-2 pixels (0.12-0.24 mm) in width are clearly
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» >

Fig 3. MPRAGE comparison scans. 0.44 mm isotropic 3D MPRAGE with motion correction off (A) and on (B) and magnifications of the marked regions.
The plot shows the signal intensity profile of the line marked in the magnifications. Image-degrading effects caused by motion artifacts include noise
amplification and creation of bogus structures e.g. doubled borders (a), blurring of structures such as flattening of signal intensity gradients (b) and plateaus

(c).

doi:10.1371/journal.pone.0133921.9003

Fig 4. GRE comparison scans. 0.25 x 0.25 x 2 mm gradient echo with motion correction off (A) and on (B) and magnifications of the marked regions.
doi:10.1371/journal.pone.0133921.g004
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rotation (deg)

translation (mm)

translation along / rotation about the scanner’s

\ X-axis \ y-axis \ z-axis

Fig 5. Motion plots for the GRE comparison scans. The plots show the translations and rotations recorded during the GRE scans (Fig 4) without (A) and
with (B) motion correction. For this plot, the data delivered by the MPT tracking system were converted to scanner coordinates.

doi:10.1371/journal.pone.0133921.g005

visible. The amount (absolute range and standard deviation) of translational and rotational
motion during the scans is given in Table 2. The complete motion data delivered by the track-
ing system during the GRE measurements and converted to scanner co-ordinates are shown in
Fig 9. The data show that the MPT tracking system is sensitive and accurate enough to detect
microscopic physiological motion from breathing and heartbeat.

Multiple averages ensured higher SNR in the images but resulted in very long scan times.
The SNR was calculated by dividing the mean of a relatively small region (24-3222 pixels) in
the specific tissue with visually homogeneous signal intensities by the standard deviation of a
relatively large (8206-357654 pixels) region in the background outside the object without visi-
ble artifacts. For each tissue, this calculation was performed for three different locations in
three slices. The mean values of the three calculations for each tissue are given in Table 3.

Discussion

In this study we showed that the increased SNR at 7 T can be used to increase image-resolution
and visualize very small and fine structures such as cortical layers and very small vessels of the
brain. Despite the higher field strength, multiple averages are necessary to obtain images of suf-
ficiently high quality. Especially the GRE images shown may benefit from even more averages
to further reduce image noise. We present in vivo data with effective resolutions which are very
difficult if not impossible to acquire without motion correction during very long scans. PMC
was used with an external optical tracking system to compensate for involuntary and inevitable
motion of the head caused by breathing, heartbeat and muscle relaxation. Thereby ultra high-
resolution brain images on well trained volunteers were acquired. The actual resolution of the
images shown in this study depends on the sequence (see Table 1) and is mainly limited by sub-
ject discomfort caused by the long scan times. If larger image matrices are acquired, off-line
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Table 2. In vivo MRI scans: amount of motion during the scans.

std.dev.
X-Trans.
Y-Trans.
Z-Trans.
X-Rot.
Y-Rot.
Z-Rot.
abs.range
X-Trans.
Y-Trans.
Z-Trans.
X-Rot.
Y-Rot.
Z-Rot.

comparison scans
3D MPRAGE
MoCo off

0.94
1.4

0.93
0.56
0.28
0.07

5.6
18.1
17.6

7.9

1.2

1.5

highest resolution scans

T2* 2D GRE T2* 2D GRE 3D MPRAGE 3D ToF
MoCo on MoCo off MoCo on
1.5 0.30 0.67 0.94 0.61 0.19
1.1 0.32 0.50 0.40 0.90 0.71
1.7 0.35 0.60 0.63 0.52 1.3
0.53 0.13 0.22 0.21 0.36 0.37
0.24 0.96 0.78 0.43 0.18 0.10
0.31 0.76 0.70 0.12 0.49 0.09
11.9 1.9 4.5 4.1 25 3.8
7.9 2.4 41 1.9 4.8 5.6
9.6 2.8 4.2 2.3 4.2 8.1
3.6 0.94 1.6 0.82 1.8 2.9
3.7 2.7 3.1 1.9 0.99 1.1
25 25 34 0.51 2.1 1.2

Standard deviation and absolute range of the X-, Y- and Z- translations and rotations measured by the tracking system for all in vivo scans.

doi:10.1371/journal.pone.0133921.t002

reconstruction is required due to memory limitations of the scanner’s image reconstruction
hardware. The scan times including positioning and pre-scans were about 90 min for each very
high resolution dataset. Even though these studies were performed on well-trained volunteers
who can hold their head still for a long time, physiological motion was unavoidable. Maclaren
et al. showed that the correction of this motion leads to improved image quality for sub-milli-
meter resolutions [39]. They conclude that the benefit for the effective resolution from motion
correction, i.e. reduction of motion-induced blurring, is higher for very high resolution images.
These findings correspond well to our observations in this comparison study. The image qual-
ity of the corrected scans is superior to the uncorrected data and visually free of motion arti-
facts, even though the motion was slightly stronger than in the uncorrected data. Due to the
very long scan times, no uncorrected comparison images were acquired for the highest resolu-
tion images. However, the benefit of motion correction visible in the 0.25 x 0.25 x 2 mm gradi-
ent echo images and the 0.44 iso MPRAGE images of the comparison study suggests, that the
improvement achieved by motion correction is even more dramatic for higher resolutions, as
smaller voxel sizes are susceptible to even smaller movements. Thus we expect the motion arti-
facts to be stronger for uncorrected versions of the highest resolution data, as the amount of
motion was similar to the comparison scans.

Several other groups have successfully applied PMC using external tracking on healthy vol-
unteers. The goal of most of these studies was to show the potential benefit of PMC for scans
with patients prone to cause motion artifacts such as children or patients suffering from Par-
kinson’s disease. Accordingly, the volunteers were instructed to move their head during image
acquisition and the resolution of the images acquired were not as high as we have reported in
this study. Herbst et al. also investigated the impact of physiological motion (cardiac, breathing
or involuntary muscle relaxation) on artifact strength [20]. Their data suggest, that long term
drift caused by muscle relaxation has the strongest impact. In addition, they comment that the
ability of a motion correction system to correct for short term (fast) motion depends on the

PLOS ONE | DOI:10.1371/journal.pone.0133921 July 30,2015 9/17
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Fig 6. One slice of the highest resolution GRE scan. At a resolution of 0.12 x 0.12 x 0.6 mm structures of
one to two pixel in width are identifiable and clearly defined. Magnifications of the marked regions are shown

below. See S1 Video for full data set.

doi:10.1371/journal.pone.0133921.g006
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Fig 7. One slice of the highest resolution MPRAGE scan. Note the sharpness in small structures such as
vessels and the folia in the cerebellum in this 0.44 mm isotropic 3D MPRAGE data. Magnifications of the
marked regions are shown below. See S2 Video for full data set.

doi:10.1371/journal.pone.0133921.g007

time needed for processing the position data in the correction pipeline. The latency of the pro-
spective corrections is 20-30 ms, depending on the selected framerate and marker visibility.
According to Maclaren et al., the accuracy of the tracking system should be five to ten-fold
higher than the nominal voxel edge length [17]. Considering this, the applied tracking system
is sufficiently fast to correct for motion in the velocity range of 0.4 to 2.2 mm/s for the resolu-
tions used in this study. For that reason, experienced subjects were selected for the experiments.
The motion data shows the largest motion amplitude in long term drift effects, i.e. in slow

PLOS ONE | DOI:10.1371/journal.pone.0133921  July 30, 2015 11/17
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Fig 8. A maximum intensity projection (MIP) of the highest resolution time-of-flight scan (left) and one slice of the dataset (right). This 0.2 mm
isotropic dataset shows five to seven bifurcations of the middle cerebral artery for the vessels in the FoV which covers only 2.8cm through-plane and does not
include the full brain’s vessel geometry. Magnifications of the marked regions are shown below. See S3 Video for full data set.

doi:10.1371/journal.pone.0133921.g008

motion. Due to the latency, very fast motion such as coughing would not be fully corrected and
may thus create residual motion artifacts. Besides latency, spatial accuracy of the tracking sys-
tem is a further challenge in PMC. The accuracy depends heavily on the marker attachment to
the head of the subject. Herbst et al. suggested dental braces for very high resolution imaging
[42]. In this study we used custom-made dental braces which can be fixed tightly to the upper
front teeth of the subject. The braces were designed so that there was no contact with the lower
jaw and soft tissues even when the mouth is closed. This ensured a rigid attachment to the head

PLOS ONE | DOI:10.1371/journal.pone.0133921  July 30, 2015 12/17
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Fig 9. Motion plots for the highest resolution GRE scans. The plots show translations and rotations recorded during the first average (A) and the second
average (B) of the highest resolution GRE scan (Fig 6). Motion caused by breathing and heartbeat is clearly visible in the closeup.

doi:10.1371/journal.pone.0133921.9009

and thus it delivered the most accurate motion data representative of the brain’s motion, where
periodic motion caused by breathing and heartbeat in the range of below 0.07mm is clearly vis-
ible. Even though fixing the marker on the dental brace delivers accurate tracking data, it may
cause slight discomfort in some subjects. Moreover the subject is required to visit a dentist
prior to the measurement to create the customized braces. A more comfortable, less time con-
suming marker fixation method will be required if PMC is applied in a clinical setting. As very
high resolutions are not required in clinical routine, a more comfortable marker fixation using

Table 3. In vivo MRI scans: SNR analysis.

T2* 2D GRE 3D MPRAGE 3D ToF

white matter ~ 11 white matter ~ 58 arteries ~ 47
grey matter ~ 22 grey matter ~ 46

CSF ~ 32 CSF ~ 18

Approximate SNR values calculated by dividing the mean of a relatively small region in a specific tissue. By
the standard deviation of a relatively large region in the background without visible artifacts.

doi:10.1371/journal.pone.0133921.t003
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tape or clay might offer a sufficiently good compromise between accuracy of the tracking data
and patient comfort [42].

The external tracking system only records the head’s motion. Thus, residual non-rigid
motion within the skull such as brain pulsation or eye-movement, cannot be corrected. Eye
movement can cause visible and disturbing artifacts in otherwise unaffected areas of the brain,
this effect can be avoided by choosing an appropriate direction for phase encoding. Artifacts
caused by brain pulsation have not been observed in our study. Thus, for the resolution used in
our study, (involuntary) subject motion is the main limiting factor. Whether higher resolution
will be limited by system precision, non-rigidity of the brain/head or by other factors (e.g. the
mounting of the MPT marker or the rigidity of the dental brace) remains to be studied.

To further increase the spatial image resolution and SNR, more averages will be necessary.
As subject discomfort does not allow for measurements longer than 90-120 min, splitting the
scan to several sessions could offer an option to acquire the data for total scan times in the range
of several hours. We showed that repositioning of the dental brace is possible with an accuracy
of better than 1mm [43]. For very high resolution imaging a better repositionable fixation
would be needed or further registration of the datasets would be necessary before combination.

Conclusion

The effective resolution of in vivo MRI can be increased substantially using PMC, but long
scan times and high fields are necessary to gain enough signal. Thus, in addition to the capabili-
ties of state of the art hardware, it is the subjects’ patience and their ability to maintain the
same pose for prolonged periods, which defines the achievable resolution. This is especially
true for neuroscience and biology applications, where a great interest in very high resolution
images exists. To the best of our knowledge, the very high resolution images shown in this
study are amongst the highest, if not the highest resolutions of in vivo human brain MRI ever
acquired.

Supporting Information

S$1 Video. Video of highest resolution GRE data. Full dataset (21 slices) of the highest resolu-
tion T2* 2D GRE scan (shown in Fig 6).
(Z1P)

S$2 Video. Video of highest resolution MPRAGE data. Full dataset (384 slices) of the highest
resolution 3D MPRAGE scan (shown in Fig 7).
(ZIP)

$3 Video. Video of highest resolution ToF data. Full dataset (140 slices) of the highest resolu-
tion 3D ToF scan (shown in Fig 8).
(Z1P)
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