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Abstract

Purpose—Head motion is a significant problem in diffusion-weighted imaging as it may cause 

signal attenuation due to residual dephasing during strong diffusion encoding gradients even in 

single-shot acquisitions. Here, we present a new real-time method to prevent motion-induced 

signal loss in DWI of the brain.

Methods—The method requires a fast motion tracking system (optical in the current 

implementation). Two alterations were made to a standard diffusion-weighted echo-planar 

imaging sequence: first, real-time motion correction ensures that slices are correctly aligned 

relative to the moving brain. Second, the tracking data are used to calculate the motion-induced 

gradient moment imbalance which occurs during the diffusion encoding periods, and a brief 

gradient blip is inserted immediately prior to the signal readout to restore the gradient moment 

balance.

Results—Phantom experiments show that the direction as well as magnitude of the gradient 

moment imbalance affects the characteristics of unwanted signal attenuation. In human subjects, 

the addition of a moment-restoring blip prevented signal loss and improved the reproducibility and 

reliability of diffusion tensor measures even in the presence of substantial head movements.
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Conclusion—The method presented can improve robustness for clinical routine scanning in 

populations that are prone to head movements, such as children and uncooperative adult patients.
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INTRODUCTION

Head motion during diffusion-weighted imaging (DWI) remains a problem both in the 

research and clinical settings. The strong diffusion gradients that sensitize DWI to 

incoherent microscopic water motion also cause phase changes and signal loss in the 

presence of bulk head motion (1,2). While subject motion during structural imaging 

typically results in motion artifacts, such as blurring, motion during DWI can lead to partial 

or complete signal loss due to signal dephasing within the voxels. DWI uses large amplitude 

and long duration diffusion gradients, making DWI more sensitive to the detrimental effects 

of motion than most other MRI techniques. Additionally, advanced applications of DWI, 

such as HARDI, q-ball (3,4), and diffusion spectrum imaging (5), use a large number of 

gradient directions, resulting in longer scan times and increased likelihood of involuntary 

subject motion. Such applications also routinely use high b-values (>1000 s/mm2), which 

exacerbate motion-related signal losses even further. Considering the clinical importance of 

DWI in evaluating neurological diseases, notably acute ischemic stroke (6) and multiple 

sclerosis (7), the need for robust motion- tolerant DWI is great.

Several prior studies have addressed the effects of motion in DWI scans. Retrospective 

corrections can eliminate in-plane spatial misalignment by volume-to-volume (8) or slice-to-

volume (9) realignment, but fail to correct effects of through-plane motion that cause 

inconsistent slice excitation. Prospective techniques (10), relying on navigators (11–19) or 

external tracking devices (20–22), adjust scan geometry in real-time and thus reduce the 

effects of both in-plane and through-plane motion. Aksoy et al. (22) used an optical tracking 

device to track head motion during DWI and updated the position and orientation of the 

imaging volume before acquisition of each slice. Although these methods can improve the 

quality and reproducibility of DWI measures, none can correct the most severe artifact 

commonly seen in DWI—signal loss caused by uncorrected motion during the diffusion 

encoding gradients (23).

For subject motion-induced signal loss, one possible solution is to discard DWI volumes 

displaying obvious artifacts during postprocessing, or alternately reacquire corrupted 

volumes in real time (18,24). These methods attempt to reduce the effect of the signal loss, 

but discarding of volumes decreases the robustness of tensor measures, and reacquisition 

increases the scan time. Additionally, such methods do not truly prevent or restore the signal 

loss, and it may be difficult to determine which volumes are affected by more subtle 

artifacts. Therefore, restoration of motion-induced signal loss should ideally be performed 

using a real-time approach. Only one paper has demonstrated elimination of motion-induced 

signal loss (25), using continuous real- time updates of diffusion gradients. However, the 

technique requires complex programming of gradient pulses including continuous direction 
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updates, which may not be easily implemented on all scanner platforms, and is sensitive to 

delays in pose information provided by the tracking system.

Herein, we present a novel method to eliminate movement-induced signal loss in diffusion-

weighted MRI. In brief, the technique uses a fast optical tracking system (26) that provides 

accurate head motion data in real-time. A DW echo-planar imaging (EPI) pulse sequence 

(27) was modified to dynamically update all slice positions (excitation and refocusing 

pulses), and calculate motion-induced gradient imbalances. The correct gradient moment 

was restored by inserting a brief gradient blip immediately prior to the signal acquisition, 

thereby reducing or eliminating signal attenuation. While the approach is demonstrated 

using an EPI-based DWI sequence, it is equally applicable to any other readout trajectory 

including multi spin-echo, Periodically Rotated Overlapping Parallel Lines with Enhanced 

Reconstruction (PROPELLER) or spiral acquisitions.

THEORY

In this section, it is shown that, in the presence of a field gradient, head translations result in 

a global phase shift and head rotations induce a spurious gradient moment (1). The excess 

gradient moment causes signal loss and location-dependent phase shifts.

Modeling the head as a rigid body, we can completely specify its orientation at time t by a 

translation vector  and a rotation matrix . The phase accumulated by a spin with 

initial position  during an arbitrary gradient waveform  is given by:

[1]

The first term in Eq. [1] represents the effects of pure translation on the spin phase. 

Importantly, this term is independent of , and hence leads to a global phase shift. Given 

an accurate estimate of , this phase shift can be calculated and corrected by adjusting 

the receive phase of subsequent analog-to-digital-converter events or by adjusting the image 

phase during reconstruction. In this work, we consider single-shot magnitude images only 

and, therefore, ignore this term. However, the correction of this global phase shift is easily 

possible with the proposed method.

The second term in Eq. [1] can be rearranged to give

[2]

where we have defined an effective gradient moment  as:

[3]
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Note that, for the purpose of computing , refocusing radiofrequency pulses are equivalent 

to reversing the sign of . If there is no motion, the rotation matrix is unity and the integral 

in Eq. [3] yields zero at the echo time, since the pulse sequence, including the diffusion 

encoding gradients, is usually balanced. However, in case of rotational motion during the 

(diffusion) gradients, there will be an excess (non-zero) gradient moment after the diffusion 

preparation as per Eq. [3], i.e. the gradients appear unbalanced in object coordinates. Thus, 

the effect of rotational motion between excitation and readout is mathematically equivalent 

to an additional gradient moment (23).

The gradient moment will result in position- dependent phase accumulation according to Eq. 

[1], and its effect on the signal will be different for the in-plane and through-plane directions 

of the gradient moment. If the signal immediately after excitation is denoted by S0, then the 

effect of an excess through-plane (z) gradient moment (Mz) on the signal of a slice of 

thickness Δz (rectangular slice profile) can be obtained by integrating the signal along the 

slice direction:

[4]

The signal will be reduced by 1/2 when

[5]

Conversely, an in-plane gradient moment ( ) acts as an unwanted frequency or 

phase-encoding gradient and shifts samples in k-space. When the k-space shift is larger than 

the k-space extent, a sudden, dramatic signal loss occurs. Therefore, the signal loss as a 

function of  is almost a step function (23). In-plane motioninduced signal loss occurs 

when

[6]

where Δxi is the voxel size for any given coordinate direction xi (23). Note that for typical 

voxel sizes and slice thickness, signal loss due to in-plane gradient moments (Eq. [6]) occurs 

for smaller moments than for through-plane moments (Eq. [5]).

METHODS

DWI Sequence and Motion Correction

Experiments were performed on a Siemens 3 T TIM Trio scanner with a 12-channel phase-

array receiver head coil (Siemens Healthcare, Erlangen, Germany), using an EPI- based 

twice-refocused DWI sequence. Both phantom and in vivo experiments were performed 

with the following parameters: 20 axial slices, pulse repetition time = 4000 ms, echo time = 

100 ms, field of view = 220 mm, slice thickness 4 mm, acquisition matrix 64 × 64, 
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bandwidth = 1396 Hz/pixel, b = [0, 1000] s/mm2, diffusion encoding period ~90 ms, 12 

diffusion directions for in vivo, and 6 diffusion directions for phantom studies.

A prototype Moir,e Phase Tracking (MPT) (26) system was used to track head motion in 

real-time (Metria Inc, Milwaukee, WI). The MPT system uses an MR- compatible camera 

that operates at 80 frames per second and is mounted inside the scanner bore to track a 15 × 

15 mm target, which is attached to a phantom or subject’s forehead. The MPT target has a 

bi-layer structure, which generates moir,e patterns to allow accurate estimation of through-

plane orientation with a single camera. From the acquired image frames of the target, the 

tracking system estimates the head pose with 6 degrees of freedom (3 translations and 3 

rotations). Head pose data are transmitted to the scanner control unit for prospective motion 

correction with a lag time of approximately 30 ms. Additional information about the 

tracking system has been reported previously (26).

At a frame rate of 80 Hz, the MPT system provided 7 or 8 pose updates during the diffusion 

encoding period (~90 ms). Position and rotation updates were applied immediately before 

each of the 3 radiofrequency pulses and the EPI readout train (Fig. 1) by recalculating and 

adjusting the gradient rotation matrix and the frequency offset of the radiofrequency pulses. 

The rotation data ( ) from all available poses between excitation and readout were stored 

and used to calculate the residual gradient moment  by numerical integration of Eq. [3]. 

The final two packets (P6 and P7 in Figure 1) are unavailable during the calculation of the 

blip amplitude due to the ~30 ms latency in the MPT system. Therefore, the rotational 

motion at the end of the diffusion preparation period was approximated by linear 

extrapolation. A gradient blip of moment  (variable amplitude, 1.2 ms duration) was 

inserted immediately prior to the EPI readout to dynamically restore the gradient balance.

Phantom Experiments

An experiment was performed to evaluate the dependence of signal loss on the amplitude 

and direction of the gradient moment imbalance using a stationary spherical phantom. The 

phantom was imaged with the DWI sequence. A variable blip gradient was inserted before 

the EPI readout to generate an intentional gradient imbalance. The blip moment varied from 

0 to 10 mT ms/m in 64 steps. The experiment was repeated with the blip gradient applied 

along the readout and slice axes.

In Vivo Experiments and Data Analysis

Five healthy volunteers provided verbal and written consent, using a protocol approved by 

the local Institutional Review Board at the University of Hawaii. Prior to scanning, subjects 

were examined by a physician to screen for safety, and were instructed to perform two types 

of head movements: a slow speed, low amplitude (approximately ±2° , 0.2 Hz) right-left 

“head shake,” resulting in primarily in-plane motion, and a faster speed, large amplitude 

motion (approximately ±5°, 0.2 Hz) where the tip of the nose traces a “figure eight” to 

generate both through-plane and in-plane motion. DTI data were acquired under six different 

conditions: (1) no intentional head movement, no corrections (“baseline” scan), (2) no 

intentional head movement but blip correction “ON,” (3) two slow head shake scans with 

and without blip correction and (4) two faster figure eight motion scans with and without 
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blip correction. The goal of the slow motion scans was to evaluate the utility of signal loss 

correction for slower rotations that may cause relatively subtle signal loss. For all scans with 

head motion, correction of slice position was performed; therefore, only the effects of blip 

correction were investigated.

DTI measures were calculated in DTI Studio (28). First, uncorrected and corrected images 

were aligned to the b = 0 s/mm2 volume of the baseline image for each subject to eliminate 

scan-to-scan misalignments. During the scan, slice orientation was updated using MPT 

feedback while diffusion gradients were kept stationary in the scanner frame to avoid eddy 

current artifacts. Thus, the b-matrix was adjusted for each slice offline before being used in 

the tensor calculation, using the rotational data received immediately before the excitation 

pulse. Fractional anisotropy (FA) and trace measures were calculated for baseline, 

uncorrected and gradient moment- corrected images using DTI Studio. For a representative 

slice above the ventricles (to avoid the cerebrospinal fluid [CSF]), FA and trace maps for 

uncorrected and corrected scans were subtracted from the corresponding baseline maps, and 

the residuals were displayed as histograms and characterized in terms of mean and standard 

deviation. The FA and trace residuals were tested for statistical difference from zero using 

one-sample t-tests.

Additionally, the principal eigenvector orientation of the tensor data was investigated. First, 

a white matter mask for each subject was created after normalizing the International 

Consortium for Brain Mapping (ICBM) FA atlas (JHU-ICBM-FA-1 mm) to the baseline FA 

map (no motion, no correction case), using voxels with FA > 0.25. The absolute angular 

deviation between the principal eigenvectors of baseline data and those of uncorrected and 

corrected data were calculated and averaged in masked regions, using the dot product of 

principal eigenvectors. A one-sample t-test was used to compare the difference in angular 

deviations between uncorrected and corrected data across subjects.

RESULTS

Figure 2 shows the phantom experiment results for b = 1000 s/mm2 data with diffusion 

direction [1, 1, 0]. A blip inserted in the X-direction (in-plane) caused minimal signal loss 

until the moment reached a value of ~3.4 mT ms/m; above this value, a sudden and almost 

complete signal loss was observed (Fig. 2, top). The threshold value agrees with the 

theoretical value from Eq. [6] (Mi ≥ = 3.4 mT·ms/m). A gradient blip inserted in Z-direction 

(through-plane) resulted in smoother, sincshaped signal attenuation (Fig. 2, bottom), in good 

agreement with the analytic prediction in Eq. [4]. The full width at half maximum was 

measured to be 3.97 mT·ms/m. Figure 2 also shows that a gradient moment of 3 mT·ms/ m 

along the in-plane direction caused almost no signal loss, whereas the same gradient 

moment applied in the slice direction caused ~30% signal loss. In contrast, a 4 mT·ms/m 

imbalance caused 50% signal attenuation when applied in the slice direction, but almost 

complete signal loss (about 90%) when applied along the in-plane direction.

The top row of Figure 3 displays the slices from one volume together with the motion 

trajectory for uncorrected (left) and corrected (right) fast motion scans. The amplitude of the 

extra gradient moment is displayed beneath each slice; in the uncorrected case (left), the 
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moments were calculated but the blip gradient was not played out. The motion trajectories 

for both scans are similar in amplitude and frequency. The images demonstrate that signal 

loss occurred in case of unbalanced gradients, but was prevented if the gradient moment was 

restored by the compensating blip.

Figure 4 displays representative (a) baseline, (b) uncorrected, and (c) corrected FA maps for 

one slice of a subject performing fast motion. The baseline FA histogram (d) displays a 

bimodal distribution (red arrows in Figure 4), with a low FA peak populated by gray matter 

pixels and a high FA peak populated by white matter pixels. In the uncorrected scan with 

fast motion (e), gray matter pixels show increased FA, resulting in a single broad peak. In 

the corrected scan (f), the correct (lower) FA values are mostly restored for gray matter 

pixels. The third row displays the residuals of uncorrected (g) and corrected (h) maps after 

subtracting the baseline map. The corresponding histograms (i and j) indicate that signal loss 

in DW images increases the mean and standard deviation of the FA maps. The correction 

largely restores the maps back to normal values. The residual differences between the 

baseline and corrected maps may be due to the inaccuracies and latency of the tracking 

system, and issues with fixation of the marker to the skin.

Table 1 presents the mean and standard deviation of FA and trace residuals (calculated by 

subtracting the baseline maps from the uncorrected and corrected maps with motion) across 

subjects, and associated P-values from one-sample t-tests, for both fast and slow motion. For 

both FA and trace, the residuals of uncorrected maps overall had higher mean and standard 

deviations than those of corrected maps for both fast and slow motions, highlighting the 

effect of signal loss on DTI measures and efficacy of the proposed correction. While motion 

without correction resulted in trace residuals significantly greater than zero (P < 0.05), the 

correction restored the trace residuals back to almost zero for both fast and slow motions 

(non-significant P-values). Similarly, motion without correction caused FA residuals to 

significantly differ from zero for fast motions. Gradient moment correction somewhat 

normalized FA values. In the slow motion case, P-values were non-significant for FA. Table 

1 also demonstrates that motion correction reduces errors in principal eigenvector 

orientation across subjects (corrected versus uncorrected deviations from baseline) for the 

fast motion case (7° reduction in average absolute angular error, P < 0.02). However, no 

significant change in orientation errors was observed for slow movements.

DISCUSSION

Effects of Motion on DTI

Head motion during the diffusion-encoding period of DWI scans can cause subtle or severe 

signal losses that render diffusion measures unreliable. These signal losses may occur even 

when slice-selective radiofrequency pulses are properly aligned, and are due to a rotation- 

induced excess gradient moment (23). We demonstrate that if head rotation can be measured 

sufficiently rapidly, this signal loss can be prevented by insertion of a blipped gradient to 

restore the gradient balance and reverse the detrimental phase accrual.

The effect of motion-induced gradient imbalances is different for in-plane versus through-

plane gradient moments. An in-plane moment causes negligible signal loss unless it shifts 

Gumus et al. Page 7

Magn Reson Med. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the echo center out of the sampling window, at which point almost all of the signal is 

suddenly lost (23). This all-or-nothing behavior has also been observed as a result of 

mechanical scanner vibrations (29). Sensitivity to this effect may generally be reduced by 

increasing the width of the sampled region of k-space, i.e., by increasing spatial resolution 

and avoiding partial Fourier encoding. Since this type of signal loss is almost complete, 

postprocessing algorithms may detect its occurrence relatively reliably, and suppress select 

diffusion weighted images from tensor calculations.

Conversely, gradient imbalances in through-plane direction cause signal losses that show an 

approximate sinc dependence on the rotational speed, making signal attenuation gradual and, 

therefore, more difficult or impossible to detect. For typical slice thicknesses, rotational 

velocities as small as 5–10° per second may cause noticeable signal attenuation. The 

sensitivity to this kind of signal loss can be reduced by using thinner slices. However, 

thinner slices may cause an entirely different type of signal loss: in case of through-plane 

motion (e.g., head nodding in an axial scan), imperfectly aligned refocusing pulses may fail 

to properly refocus the excited slice due to the altered orientation of the head. This kind of 

artifact is also avoided in the proposed method by updating slice orientations prior to each 

refocusing pulse.

Head motion interacts with the gradient sequence in a rather complex manner to create 

gradient imbalances. In general, due to the specific form of Eq. [3], the orientation of the 

induced gradient moment is approximately mutually orthogonal to the axis of head rotation 

and that of the diffusion gradient. For instance, for an axial DWI scan, head nodding (X-

rotations) during a Z-diffusion gradient leads to a Y-gradient imbalance (in-plane), whereas 

the same motion results in a Z-gradient imbalance (through-plane) if it occurs during a Y-

diffusion gradient. Therefore, for axial slices, head nodding can cause signal loss that shows 

a sinc or step function dependence on velocity and diffusion gradient direction and 

amplitude. In contrast, head shaking (left-right, or Z- rotation) only causes in-plane gradient 

imbalances (X- or Y-direction) for axial scans, leading to step function type (all-or-none) 

signal losses. Head rotations or diffusion gradients involving all three axes will generally 

lead to both in-plane and through-plane gradient imbalances. The motion trajectory 

performed during the fast motion scans (figure eight) was selected to produce both inplane 

and through-plane motion. The lower threshold for signal loss in the in vivo case (Fig. 3) as 

compared to the phantom experiments (Fig. 2) is presumably due to the combined effects of 

both in-plane and through-plane motion, and due to motion during the EPI readout train.

We evaluated how FA, trace and fiber orientation measures are affected by motion-induced 

signal losses that are difficult to detect visually. First, since the trace reflects the average 

apparent signal attenuation due to diffusion along the three orthogonal directions, we expect 

any motion-induced signal loss to increase trace values throughout the brain. In contrast, 

motion- corruption of FA maps is more location-dependent. In gray matter, where diffusion 

is essentially isotropic, (random) motion-induced signal loss will likely increase the apparent 

FA, whereas in white matter head motion can falsely increase or decrease FA measures 

depending on which diffusion directions are affected by motion artifacts. These 

considerations are supported by the results shown in Figure 4. While trace values generally 
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show an increase due to motion-induced signal losses, FA values increase predominantly for 

gray matter voxels.

Finally, head motion can also cause inaccuracies in fiber orientation calculations. We 

specifically evaluated the principal eigenvector of the diffusion tensor, which reflects the 

orientation of the fibers in a voxel. The proposed correction reduced angular deviations in 

eigenvector orientation for fast, but not slow, movements, and, therefore, most likely results 

in more accurate fiber tracking for severe motions (Table 1). The relatively substantial 

variance in residual orientation for the slow motion case (over 20° with and without 

correction) may be due to the relatively low angular resolution of the DTI scans performed 

(12 directions only), noise and latency in the tracking system, as well as errors in the 

normalization of brain atlas to the subject space.

Alternative Approaches

Currently, the most common solution for motion- induced signal loss in DWI is to exclude 

volumes with obvious signal losses and/or to reacquire them (22). Since both motion and 

diffusion lead to signal attenuation, such techniques are most effective when the motion-

induced signal loss is sufficiently large to be identified unambiguously, such as when an in-

plane gradient imbalance pushes the echo outside of the acquisition window. However, our 

experiments demonstrate that even the subtle signal loss that accompanies slow movements 

may result in errors in trace values. This is most likely due to phase accumulation in the 

through- plane direction where signal attenuation follows a sinc function, causing the effect 

to be too subtle to be identified as an artifact, but large enough to yield inaccurate tensor 

estimates.

One alternative solution was recently proposed by Herbst et al. (25), who demonstrated that 

motion- induced signal losses in DWI can be prevented by continuously updating (every 2 

ms) the orientation of diffusion gradients using the rotation data from a fast optical tracking 

system. Such an approach involves several challenges. First, it is unclear whether all scanner 

platforms would allow quasi-continuous updates of gradient pulses. Second, the method 

necessitates tedious pulse programming since diffusion gradients have to be updated 

approximately 50 times per slice. Third, the method may suffer from latencies in the 

tracking system if not accounted for. Fourth, rapid modification of diffusion gradients may 

induce eddy current artifacts. In contrast, the correction method proposed here achieves the 

same goal of balancing the diffusion gradients with a single low-amplitude blip. In that 

sense, the blipped correction presented here is simple, easy to program, and has been 

implemented to explicitly account for the system latency. Furthermore, due to the lower 

frequency of sequence updates, more scanner platforms should be able to accommodate the 

technique.

Limitations

In this proof-of-concept study, we used a relatively small acquisition matrix (64 × 64), a 

moderate number of diffusion directions (12), and a common b-value (1000 s/mm2); we also 

avoided methods that accelerate the acquisition (partial-Fourier, parallel imaging, and 

multishot techniques) to simplify the acquisition as much as possible. However, the 
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proposed method is likely to be valid for other settings as well. The theory and results 

demonstrate an inverse linear dependence between signal drop-off point and in-plane voxel 

size. Accordingly, a larger acquisition matrix (higher resolution) reduces the likelihood of 

in-plane signal losses, since it increases the k-space field-of-view. Conversely, partial 

Fourier encoding reduces the sampling window and renders the sequence more vulnerable to 

this artifact, for instance, in the case of mechanical vibrations (29). Acquisitions using 

parallel imaging generally maintain the k-space field of view compared to fully sampled 

acquisitions, and may be expected to show the same motion sensitivity as non-accelerated 

EPI. An additional problem may occur with multi-shot acquisitions, where one has to ensure 

that the phase is matched across shots. Finally, for a given motion, the degree or likelihood 

of signal attenuation generally increases with the b-value used for diffusion encoding (Eq. 

[3]). Therefore, dynamic correction of signal loss becomes particularly important for high b-

value techniques, such as HARDI or q-ball (3,4), and diffusion spectrum acquisitions (5). 

The validation of our method with the aforementioned features will be the topic of future 

studies.

It can be advantageous to rotate the b-matrix when correcting for subject motion during DTI 

scans (30). In this work, since the diffusion gradients were kept stationary, the b-matrix was 

rotated separately for each slice during postprocessing. While this is somewhat tedious using 

current DTI analysis packages, automated slice-by-slice b-matrix realignments would not be 

particularly difficult to implement. However, one distinct advantage of keeping diffusion 

gradients stationary is that the eddy current nulling property of the twice-refocused DWI 

sequence remains intact (27). Also, since the blip correction gradient is of similar duration 

and amplitude as typical phase encoding gradients, we expect that eddy currents are not 

substantially different from those present during a conventional DTI acquisition.

A related issue is what exact diffusion direction to use for DTI analyses, since the head 

rotation is not constant within the diffusion encoding period. However, changes in head 

rotation within diffusion encoding were within 1° in our studies, which is likely to be 

negligible in terms of tensor calculation. First, only 12 diffusion directions were used in the 

current implementation, i.e., the step size amongst diffusion directions exceeded 15° . 

However, the issue of inaccuracies in diffusion direction may need to be revisited in the 

context of acquisitions with substantially higher angular resolution, such as HARDI or q-ball 

(3,4).

Another limitation of the current method is that it ignores the effect of motion during the 

EPI readout train. Given typical peak rotational speeds of 5° /s, and an EPI readout length of 

50 ms, residual motion during readout was typically less than 1° ; therefore, the generally 

accepted assumption of minimal residual motion holds fairly well. However, for faster 

movements, correction during the EPI readout may become necessary.

CONCLUSIONS

We present a novel method to prevent signal loss in DWI scans. Our approach uses head 

pose information from a fast tracking system to calculate the apparent motion- induced 

imbalance in gradients, and restores the gradient balance in real-time by inserting a blip 
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gradient prior to the readout. The correction method results in accurate calculation of DTI 

measures even in the presence of relatively fast head movements. We expect improved 

robustness for clinical routine scanning in populations that are prone to head movements, 

such as children and uncooperative adult patients.
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FIG. 1. 
Pulse diagram for the twice- refocused diffusion weighted sequence. Blue dashed lines 

indicate feedback from the MPT system (P1 through P7). The residual gradient moment due 

to movement is calculated according to Eq. [3], and a short blip (duration 1.2 ms) is inserted 

prior to the readout to restore gradient balance.
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FIG. 2. 
Phantom experiment results that show the dependence of signal loss on the magnitude and 

the direction of the imbalance in gradient moment: in-plane direction (top) and through-

plane direction (bottom). Secondary x-axes (top) show the angular speed of subject motion 

in ° /s that corresponds to each gradient moment (assuming constant velocities).
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FIG. 3. 
Uncorrected (left) and corrected (right) images for a subject performing fast motion and the 

calculated gradient imbalances (mT·ms/m) for each slice. For the scan with correction on, 

the numbers reflect actual blip values applied in real-time (right). Corresponding motion 

trajectories for Tx and Rz are shown below the diffusion images. Data points in groups of 6–

8 indicate the feedbacks received during each diffusion encoding period. [Color figure can 

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 4. 
Representative FA maps from a single slice for a baseline (a), uncorrected (b), and corrected 

(c) scan, their corresponding histograms (d, e, and f), the residuals of uncorrected and 

corrected maps after subtracting the baseline map (g, h), and their corresponding histograms 

(i and j). [Color figure can be viewed in the online issue, which is available at 

wileyonlinelibrary.com.]
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Table 1

Mean and STD of FA, Trace, and Fiber Orientation Residuals, and Statistical Significance from One Sample t-

Tests

Mean STD P-value

Trace (×10−3) (mm2/s) Fast motion Uncorr-BL 0.35 0.24 0.03

Corr-BL 0.17 0.18 0.10

Corr-Uncorr −0.17 0.12 0.03

Slow motion Uncorr-BL 0.12 0.10 0.03

Corr-BL 0.05 0.10 0.24

Corr-Uncorr −0.07 0.11 0.20

FA Fast motion Uncorr-BL 0.098 0.060 0.02

Corr-BL 0.043 0.009 <0.001

Corr-Uncorr −0.055 0.052 0.08

Slow motion Uncorr-BL 0.014 0.024 0.21

Corr-BL 0.013 0.020 0.17

Corr-Uncorr −0.001 0.013 0.85

Eigenvector orientation
 (degree)

Fast motion Uncorr-BL 38.15 0.67 -

Corr-BL 31.19 0.74 -

Uncorr-Corr 6.96 0.60 0.012

Slow motion Uncorr-BL 21.78 0.80 -

Corr-BL 22.90 0.89 -

Corr-Uncorr −1.12 0.85 0.12
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