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Abstract
Previous studies have shown that skeletal muscle diffusion tensor imaging (DTI) can non-
invasively probe changes in the muscle fiber architecture and microstructure in diseased and
damaged muscles. However, DTI fiber reconstruction in small muscles and in muscle regions
close to aponeuroses and tendons remains challenging because of partial volume effects.
Increasing the spatial resolution of skeletal muscle single-shot diffusion weighted (DW)-EPI can
be hindered by the inherently low SNR of muscle DW-EPI due to the short muscle T2 and the high
sensitivity of single-shot EPI to off-resonance effects and T2* blurring. In the present work, eddy-
current compensated diffusion-weighted stimulated echo preparation is combined with sensitivity
encoding (SENSE) to maintain good SNR properties and reduce the sensitivity to distortions and
T2* blurring in high resolution skeletal muscle single-shot DW-EPI. An analytical framework is
developed for optimizing the reduction factor and diffusion weighting time to achieve maximum
SNR. Arguments for the selection of the experimental parameters are then presented considering
the compromise between SNR, B0-induced distortions, T2* blurring effects and tissue incoherent
motion effects. Based on the selected parameters in a high resolution skeletal muscle single-shot
DW-EPI protocol, imaging protocols at lower acquisition matrix sizes are defined with matched
bandwidth in the phase-encoding direction and SNR. In vivo results show that high resolution
skeletal muscle DTI with minimized sensitivity to geometric distortions and T2* blurring is
feasible using the proposed methodology. In particular, a significant benefit is demonstrated from
reducing partial volume effects on resolving multi-pennate muscles and muscles with small cross
sections in calf muscle DTI.
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INTRODUCTION
Diffusion-weighted (DW) MRI combined with diffusion tensor imaging (DTI) encoding (1)
and fiber tracking algorithms (2) has emerged as an important non-invasive tool in the
characterization of skeletal muscle fiber architecture (3–7), microstructure (8–12) and
microvasculature (13) with applications in the study of muscle edema (14,15), muscle
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denervation (16), muscle injury (17), muscle regeneration (18), muscle aging (19), and
biomechanics (20). Diffusion tensor metric maps and DTI-based skeletal muscle fiber
tracking results have been shown in studies of the human calf (7,21), thigh (22) and forearm
(23) muscles. In contrast to white matter tracts, muscle fiber tracts in general run parallel to
each other within the muscle fiber bundles and do not show any crossings. However, muscle
fiber architecture can vary in space in regions where fibers of different muscles merge.
Therefore, high resolution skeletal muscle DTI is necessary in order to resolve muscles with
small cross section and to delineate the fiber architecture in multi-pennate muscles and in
the boundaries between different muscles (close to aponeuroses and near tendons) (24,25).

Although high resolution skeletal muscle DTI is necessary, high resolution DTI based on
single-shot DW-EPI is limited by the short muscle T2 and the associated long gradient EPI
readouts. The short muscle T2 relaxation time results in low SNR (26) and hinders any
further potential TE increase related to the implementation of eddy currents compensation
schemes. Furthermore, the long gradient EPI readouts associated with large matrix sizes
induce distortions due to off resonance effects and T2*-blurring due to the short muscle T2*
(25).

Stimulated-echo preparation has been proposed to overcome the SNR limitations in DWI of
tissues with short T2 (27,28). Although stimulated echo preparation results in a 50% signal
reduction compared to spin echo preparation, stimulated echo preparation allows achieving
high b-values by increasing the mixing time instead of the echo time and can reduce T2-
related signal loss. Therefore, stimulated echo preparation can be beneficial to spin-echo in
terms of SNR for achieving high b-values in tissues with moderate T2 values and for
achieving moderate and high b-values in tissues with short T2 values (29). Furthermore, the
use of stimulated echo preparation enables eddy current compensation by placing gradients
in the mixing time interval without additional TE increase (30). Specifically, Steidle et al.
have shown that the stimulated echo prepared DW-EPI with additional eddy current
compensating gradients during the mixing time and optimized diffusion timing results in
higher SNR than the twice-refocused spin-echo prepared DW-EPI in skeletal muscle at 1.5
T (30).

Parallel imaging has been extensively used to decrease B0 inhomogeneity-induced and
susceptibility-induced distortions and T2* blurring in single-shot DW-EPI and it is currently
routinely used in brain DWI (31,32). Although parallel imaging reduces the gradient readout
duration, it has been also shown to increase the SNR by reducing the echo time in high
resolution scans compared to the non-parallel imaging case (33). The influence of sensitivity
encoding (SENSE) (34) on image properties has been extensively studied in previous brain
studies and the SNR efficiency of SENSE has been optimized in single-shot spin-echo DW-
EPI (33,35).

The purpose of the present study is to enable single-shot DW-EPI of skeletal muscle at high
spatial resolution, alleviating distortions and T2* blurring, by combining the eddy-current
compensated stimulated echo preparation with SENSE. An analytical framework is first
formulated for the optimization of the eddy-current compensated stimulated echo
preparation timing and the SENSE reduction factor in order to maximize SNR. Arguments
for the selection of the experimental parameters are then presented considering the
compromise between SNR, B0-induced distortions, T2* blurring effects and tissue
incoherent motion effects. Based on the selected protocol parameters, a systematic analysis
of the partial volume effects in muscle DTI using the stimulated echo preparation at varying
spatial resolution with matched bandwidth in the phase-encoding direction and SNR is
adopted. Specifically, the benefits from the use of the present methodology are studied in the
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context of resolving multi-pennate muscles and muscles with small cross sections in the
middle and proximal calf region of three healthy volunteers.

MATERIALS AND METHODS
Pulse sequence timing

The schematic of a diffusion-weighted stimulated echo EPI sequence is shown in Figure 1.
The left dephasing diffusion gradient is positioned adjacent to the excitation pulses so that
the time separation Δ between the diffusion gradients is maximized. Additional gradients are
added during the mixing time (TM) to compensate for eddy currents without prolonging the
echo time (TE), as it was proposed by Steidle et al. (30). Fat suppression is performed using
a spatial spectral water excitation pulse and SENSE is used to reduce the gradient readout
duration tacq and TE.

If γ is the proton gyromagnetic ratio and g, δ and r are the amplitude, plateau and ramp time
of the diffusion gradients respectively (δ′ =δ+2r), the b-value is given by the equation:

(1)

For a given b-value, g, r, and Δ, Eq. [1] can be reformatted as a third order polynomial of the
diffusion gradient duration δ and it can be solved for δ.

The sequence timing depends on the duration of the EPI readout tacq, which depends on the
employed acquisition matrix size N and the parallel imaging reduction factor R. Based on
the sequence timing (shown in Fig. 1) and the fact that in most practical cases the echo time
is limited by the interval between the third RF pulse and the echo in the stimulated echo
sequence, the echo time and the mixing time are given by the equations:

(2)

(3)

where pF is the partial Fourier factor, s1 is the isodelay of the excitation pulse, s2 is the
duration of the second and third 90° pulse and d is the duration of the readout gradient
dephaser. If esp(N) is the echo-spacing in the EPI readout for a given acquisition matrix size
N (using ramp sampling), the duration of the EPI readout is:

(4)

SNR analysis
The SNR is simulated as a function of the SENSE reduction factor R and the diffusion time
Δ. For given b-value, matrix size, and partial Fourier factor (pF), the analysis takes into
account the SNR loss due to T2 relaxation over the echo time TE (30), T1 relaxation over the
mixing time TM (30), the mean geometry factor over the entire FOV for a particular coil
geometry (33) and the reduced data acquisition window by  (33). The relative SNR
equation is:
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(5)

SNR0 is the SNR without parallel imaging (R=1) and without T1- and T2- weighting, taking
into account the voxel size, number of averages and the readout duration:

(6)

Distortion and T2* blurring analysis
The velocity of traversing k-space in the phase-encoding direction is given by the equation:

(7)

The distortion in the phase encoding direction for a given off-resonance Δf (induced by B0
inhomogeneity, susceptibility difference or chemical shift difference) is described by the
equation (36):

(8)

The point spread function (PSF) along the phase encoding direction is also simulated as a
function of R taking into account T2* blurring, as it has been previously described in (35).
The simulations of the PSF use skeletal muscle T2* values borrowed from the literature. The
full-width half maximum of the point spread function (PSF) is used as a metric of the
effective resolution.

Study of partial volume effects
To understand the partial volume effect in delineating muscle fiber architecture a systematic
analysis of data acquired at different spatial resolutions is adopted (37). Experimental
protocols with different matrix sizes are determined with variable reduction factors and
number of averages. Specifically, the reduction factor is changed for different matrix sizes to
maintain the phase encoding k-space velocity constant in order to maintain the same relative
B0-induced distortion (described by Eqs. [7] and [8]) and T2* blurring. The number of
averages is also changed to keep the SNR constant, combing Eqs. [5] and [6]. Table 1
summarizes the acquisition parameters used for protocols with 80×80, 96×96 and 128×128
acquisition matrix sizes.

Eddy currents compensation
Steidle et al. have computed the required duration of eddy current compensating gradient to
null the eddy current of a given time constant (30). They used a time constant equal to 100
ms to select the duration of the eddy current compensating gradient (δc) and they observed
that a significant reduction of eddy current effects can be achieved even for only roughly
adjusted compensation gradient pulses (30). It is known that a variety of time constants can
be present on whole-body MRI systems and Finsterbusch recently proposed a double spin-
echo prepared technique to compensate for eddy currents of different time constants (38).
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Therefore, the present eddy current compensating gradient duration is selected with the idea
that the residual eddy current be less than 10% of the nominal eddy current for all time
constants less than a certain value and then to minimize the value of this time constant. The
nominal eddy current is defined as the uncompensated eddy current generated by a single
ramp.

In vivo measurements
An eight-channel lower extremity coil (Invivo, USA) was used to scan the calf muscle of
three healthy subjects (A, B and C-male volunteers, age range 26–29 years) on a 3 T full-
body scanner (General Electric Healthcare, Waukesha, WI, USA). In all subjects, the coil
was positioned first in the middle calf region and then the coil was positioned more
proximally relative to the subject’s leg, close to the knee (by shifting the coil relative to the
subject’s leg). Gross leg motion was avoided by padding the space between the leg
musculature and the coil tightly, and by supporting and positioning the ankle to the best of
the subject’s comfort. DTI measurements were performed using the eddy current
compensated stimulated-echo prepared DW single-shot EPI sequence of Fig. 1 with the
following parameters: TR/TE=4000/31 ms, FOV=20×20 cm2, 12 slices with 7 mm
thickness, partial Fourier factor of 0.625, δ/Δ=6/170 ms, 30 directions, b=700 s/mm2. Three
different acquisition matrices (80×80, 96×96, 128×128) with variable reduction factors and
number of averages were used to compare the effect of spatial resolution on the DTI metrics,
as shown in Table 1. The reconstruction matrix size matched the acquisition matrix size for
every DTI scan. Ten b=0 images were acquired in every DTI scan. SNR values were
measured from the b=0 images of all three subjects for both leg sites at all three acquisition
matrices based on the difference method (39). The SNR calculations were based on ROIs in
the tibialis anterior (TA) muscle region for the middle calf slice and in the medial
gastrocnemius muscle (MG) region for the proximal calf slice. An additional DTI scan was
performed for the high acquisition matrix size (128×128) with low reduction factor (R=1.33)
to make comparisons with the high reduction factor (R=2.86) scan addressing the sensitivity
to B0-induced distortions and T2* blurring.

The calf muscle region scanned with the DW-EPI sequence (12 slices with 7 mm thickness
and FOV=20×20 cm2) was also scanned with additional sequences for the purposes of
measuring the fieldmap, measuring geometry factor maps and acquiring high resolution
anatomical images. Axial fast spin-echo (FSE) T1-weighted images with different echo
shifts and with identical shimming to the DTI scans were acquired to measure the fieldmap
variation across the calf muscle cross section in the DTI scans. The acquisition parameters
for the echo shifted FSE scan were: 3 echoes, TR/TEmin/ΔTE=1000/8.2/0.8 ms, echo train
length=9, 256×256 acquisition matrix, receiver bandwidth=50 kHz. The iterative
decomposition of water and fat with echo asymmetry and least squares estimation (IDEAL)
algorithm (40) was employed to measure the fieldmap in the presence of water and fat
components. Geometry factor maps were measured from noise maps computed in all
subjects using 2D spoiled gradient echo images with acquisition parameters: TR/TE=40/4.8
ms, flip angle=20°, 256×256 acquisition matrix, receiver bandwidth=31.25 kHz. FSE T2-
weighted images with fat suppression (using chemical saturation) were also acquired for
anatomical reference. The acquisition parameters for the FSE T2-weighted scan were:
384×192 acquisition matrix, TR/TE=6000/50 ms, echo train length=12, receiver
bandwidth=31.25 kHz, Nex=2.

Since skeletal muscle DTI is sensitive to tissue incoherent motion effects originating from
blood pulsation and other sources (involuntary muscle contractions, table vibrations)
(41,42), the benefit of physiological gating in DTI scans was investigated in a fourth subject.
A single middle-calf slice of the subject (subject D, male with age 29 years) was also
scanned to address the dependence of tissue incoherent motion effects on diffusion time and
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on physiological gating in DTI of muscle regions close to vessels, acquiring 80 repetitions of
the same DW-image (with A/P diffusion encoding direction and b=700 s/mm2). Three non-
triggered acquisitions were first performed with different diffusion times (Δ=100, 170 and
250 ms), diffusion gradient durations (δ=8, 6 and 4.8 ms) and echo times (TE=35, 31 and 29
ms) at the same b-value (b=700 s/mm2) and with TR= 3 s to characterize the dependence of
tissue incoherent motion effects on diffusion time. Three triggered acquisitions were then
performed with the same diffusion preparation (Δ/δ/TE=170/6/31 ms) and different trigger
delays (15, 215 and 415 ms) at the same b-value (b=700 s/mm2) and with TR= 3 R-R
intervals (average subject’s R-R interval was 1 s) to characterize the dependence of tissue
incoherent motion effects on physiological gating. The triggered acquisitions were
peripherally gated using the scanner’s pulse oximeter. Standard deviation maps were
computed from the 80 repetitions of the single acquired DW-image and normalized with the
median of the 80 repetitions at every voxel.

DTI processing
The RESTORE algorithm (43) is implemented in order to remove outlier data in the DTI
acquisitions originating from tissue incoherent motion. The RESTORE algorithm is
performed in two steps. In the first step, points lying outside a confidence interval (set to
three times the expected signal standard deviation) are identified as outliers based on an
iterative reweighting procedure. In the second step, the outliers are excluded and the
remaining data points are equally weighted in a non-linear least squares fitting. In the
present implementation of RESTORE, the raw diffusion-weighted images are first median
filtered with a 3×3 window and then used for the outlier detection step. The raw-unfiltered
diffusion-weighted data, excluding the outlier data, is then used for the final tensor fit step.
In the present implementation, the identification of outliers is done for all voxels based on
the standard deviation of the signal as measured in the ROIs used for the SNR calculations.

The orientation of the primary eigenvector of the diffusion tensor is defined by using the
zenith angle and the azimuth angle values. The primary eigenvectors maps are first
transformed so that all eigenvectors have positive z-components. The zenith angle
corresponds to the angle between the primary tensor eigenvector and the positive z-axis and
the azimuth angle corresponds to the angle between the projection of the primary tensor
eigenvector on the xy-plane and the positive x-axis. Using the above convention, the zenith
angle should vary between 0 and 90 degrees and the azimuth angle should vary between 0
and 360 degrees. However, in the present work the azimuth angle is allowed to vary only
between 0 and 180 degrees by computing the angle between the projection of the primary
tensor eigenvector on the xy plane and the positive x-axis for eigenvectors with positive y-
component and the angle between the projection of the primary tensor eigenvector on the
xy-plane and the negative x-axis for eigenvectors with negative y-component. This way the
visualization of different muscles in the colormaps of the azimuth angle is facilitated.

Cone of uncertainty
To address the uncertainty in the estimation of the fiber direction, the analytical framework
of Koay et al. for error propagation in DTI measurements was adopted (44). Under this
framework, the uncertainty in the diffusion-weighted signal expressed by the SNR of the
b=0 images can be translated into uncertainty in the diffusion tensor elements or diffusion
tensor quantities. The uncertainty in the primary eigenvector orientation can be expressed by
a cone, which for diffusion tensors with non-equal secondary and tertiary eigenvalues has
been shown to be elliptical (45). In the present analysis, the major and minor axes of the
elliptical cone of uncertainty were calculated with a confidence level equal to 0.68
(corresponding to the area covering the two tails of the normal distribution at one standard
deviation apart from the center). The calculation was based on the experimentally measured
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SNR, the experimental diffusion encoding scheme (30 diffusion directions and b=700 s/
mm2) and representative values for the muscle diffusion tensor eigenvalues (λ1/
λ2/λ3=1.85/1.26/1.00 10−9 m2/s measured in the TA muscle of subject A).

RESULTS
Trade-offs in echo preparation and SENSE

Simulations were performed for studying the influence of stimulated echo preparation
timing and SENSE on image properties using gradient hardware limits with maximum
gradient strength of 40 mT/m and maximum slew rate of 150 mT/(m ms), T1/T2/
T2*=1500/30/25 ms (46), 128×128 matrix size, b=700 s/mm2 and the mean geometry factor
values from the in vivo scan of subject A. Figure 2a shows the iso-contour lines of
normalized SNR in the R-Δ plane. The SNR values are normalized to the maximum SNR
value. If Ropt and Δopt are the reduction factor and diffusion time values at the maximum
SNR point, Fig. 2b shows the variation of the SNR with the diffusion time at R=Ropt and
Fig. 2c shows the variation of the SNR with the reduction factor at Δ=Δopt. As the diffusion
time increases for a constant reduction factor, the T1-related signal loss during the mixing
time TM increases, but the T2-related signal loss during the echo time TE decreases. As it
has been shown by Steidle et al. (30), there is an optimal diffusion time for which the SNR
is maximized. However, as Fig. 2b shows there is only a small decrease in SNR (of the order
of 3%) for a diffusion time varying between 150 ms and 350 ms. As the reduction factor
increases for a constant diffusion time, the signal decreases due to the decrease in the
duration of the EPI readout, but the T2-related signal loss during the echo time TE decreases.
Therefore, there is an optimal reduction factor maximizing SNR performance (Fig. 2c).

Simulations were performed to compare the relaxation-induced signal loss between the
twice-refocused spin echo diffusion-weighted preparation and the eddy current compensated
stimulated echo diffusion-weighted preparation (with Δ=Δopt and Δ=0.7 Δopt at R=1.51) as
function of b-value for the SNR optimal reduction factor of the stimulated echo preparation
(Figure 3). The results show that stimulated echo preparation leads to higher SNR values
compared to the twice-refocused spin echo preparation for b>290 s/mm2. Furthermore, a
reduction of diffusion time by 30% from the SNR optimal diffusion time results in
negligible SNR loss (of the order of 1.5%), as Figure 3 shows.

Simulations were also performed to quantify the effect of parallel imaging on the T2*-
induced spatial resolution loss in the phase encoding direction and on the extent of
geometric distortions. The solid line in Fig. 4a shows the effect of the variation of the
reduction factor on the T2*-induced effective resolution in the phase encoding direction. The
dashed line in Fig. 4a shows the effect of the variation of the reduction factor on off-
resonance-induced distortion (for a representative fieldmap value Δf=50 Hz, given the
measured fieldmap in the three subjects) along the phase encoding direction. Increased
reduction factors result in high k-space velocities in the phase encoding direction and lead to
reduced T2*-induced blurring and reduced off-resonance-induced distortions.

The selection of sequence parameters should take into account the trade-off between SNR
and the sensitivity to T2* blurring and off-resonance effects. The results of Figs. 2a and 4a
are combined in Fig. 4b, where the iso-contour lines of the normalized SNR are plotted in
the plane of diffusion time and effective voxel size (that takes into account T2* blurring).
Point A (Δopt=249 ms, Ropt=1.51) corresponds to the maximal SNR performance. However,
there is a moderate decrease in SNR for Δ lower than Δopt (Fig. 2b) and since lower values
of Δ could also reduce the sensitivity to tissue incoherent motion, they are preferable. In
addition, there is only a moderate decrease in SNR for R higher than Ropt, and since higher
values of R reduce the sensitivity to T2* blurring and off-resonance effects, they are
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preferable. Specifically, point B (Δ=170 ms, R=2.86) would reduce the diffusion time by
32% (Fig. 4b), reduce the T2*-induced blurring by 25% (Fig. 4a) and the geometric
distortion induced by an off-resonance effect of the order of 50 Hz by 48% (Fig. 4a) with
only a moderate decrease in SNR by 13% (Fig. 4b). Therefore, an increase of the reduction
factor from 1.51 to 2.86 and a decrease of the diffusion time from 249 ms to 170 ms is
adopted, as it improves the sensitivity to distortion, T2* blurring and tissue incoherent
motion with only a moderate SNR loss.

The SNR-optimal stimulated echo preparation uses short diffusion-weighting gradients (δ=6
ms), for which long time constant eddy currents from the falling ramps can be reduced by
the corresponding eddy currents from the risings ramps (30). For eddy currents
compensating gradients with duration δc=3.2 ms the eddy current constant above which the
residual eddy current is below 10% of the nominal eddy current is minimized. Figure 5
shows the variation of the cumulated residual eddy current from the preparation (Ie) at the
beginning of the EPI readout normalized by the eddy current of a single gradient ramp (Io)
with the eddy current time constant for the case of the uncompensated sequence and for the
cases of the compensated sequence with the duration of the eddy current compensating
gradient δc equal to 6 ms or 3.2 ms. The amplitude of residual cumulated eddy current is less
than 10% of the nominal value for eddy currents with time constant larger than 62 ms in the
case of the stimulated echo preparation without eddy current compensation. By including
eddy currents compensating gradients during the mixing time the amplitude of residual
cumulated eddy current is less than 10% of the nominal value for eddy currents with time
constant larger than 30 ms or 13 ms using δc equal to 6 ms or 3.2 ms respectively. Therefore,
a δc equal to 3.2 ms should be preferable than a δc of 6 ms.

In vivo results
The calf muscle results show a significant benefit from the use of higher reduction factors
towards reducing off-resonance-induced distortions and T2*-blurring. Figure 6 shows the
effect of increasing the SENSE reduction factor on off-resonance-induced distortions on the
b=0 echo planar images. Figures 6a and 6d show the variation of the absolute fieldmap
across the imaging FOV. Depending on the performance of the shimming routines and the
shape of the imaging site, significant variations of the fieldmap are observed as the distance
from the center of the FOV increases. In regions where the fieldmap variation is strong,
there are obvious B0-induced distortions (arrows 1–3 in Fig. 6) for the low reduction factor
R=1.33. Additionally, strong fat-induced chemical shift artifacts (arrow 4 in Fig. 6) are
observed in regions surrounding the subcutaneous fat for the low reduction factor R=1.33.
Both chemical shift artifacts and B0-induced distortions are significantly reduced as the
reduction factor increases from R=1.33 to R=2.86 (arrows 1–4 in Figs. 6c and 6f). Figure 7
shows the effect of SENSE reduction factor on T2*-induced blurring. The arrow in Fig. 7a
points to some connective tissue structure in the tibialis anterior muscle of subject A. This
high resolution feature is blurred in the b=0 echo planar image with low reduction factor
(Fig. 7b) due to T2*-induced blurring in the phase encoding direction. The blurring effect is
significantly reduced as the reduction factor increases from R=1.33 (Fig. 7b) to R=2.86 (Fig.
7c).

Table 2 summarizes the SNR values for the b=0 images for the scans of both sites (middle
calf region and proximal calf region) of the three subjects at the three acquisition matrices
employed. Given the variability of the musculature size across the different subjects, the
SNR varies depending on the position of the scanned calf region of every subject relative to
the coil sensitivity profiles. A minimum SNR equal to 45 was measured in the scanned three
subjects. This SNR corresponds to an elliptical cone of uncertainty with a major axis equal
to 4.3° and a minor axis equal to 2.9° for the present diffusion encoding scheme and
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representative values for the muscle diffusion tensor eigenvalues (λ1/λ2/λ3=1.85/1.26/1.00
10−9 m2/s), according to the error propagation framework by Koay et al. (44,45).

Figure 8a shows the dependence of the normalized standard deviation of DW-signal in a
tibialis posterior ROI of subject D on diffusion time for a constant b-value in a non-triggered
acquisition. As diffusion time increases, the standard deviation increases implying stronger
tissue incoherent motion effects. Figure 8b shows the dependence of the normalized
standard deviation of DW-signal in a soleus ROI of subject D on trigger delay for a constant
b-value in a triggered acquisition. Triggered acquisitions show lower standard deviation
values compared to the non-triggered acquisition. However, there is an increase in the
standard deviation for long trigger delays.

Figure 9 shows the spatial distribution of the percentage of data points identified as outliers
by the RESTORE algorithm in the DTI acquisition for two slices of subject B. Regions
where vessels are located are identified based on the FSE T2-weighted scans (arrows in Figs.
9a and 9c). Muscle regions close to the vessels are shown to have the highest percentage of
outliers identified by the RESTORE algorithm (arrows in Figs. 9b and 9d), primarily due to
the strong effect of cardiac pulsation in the muscle regions surrounding the leg vessels.
Furthermore, a high percentage of outliers is observed in the muscle regions suffering from
the chemical shift artifact induced by the insufficient suppression of the olefinic fat peak
(47).

Figures 10 and 11 show the effect of spatial resolution on the derived DTI maps for a middle
calf slice and a proximal calf slice of subject A respectively. The bipennate nature of the
medial gastrocnemius (MG) muscle is better resolved with the higher resolution scan for the
middle calf slice based on the map of the azimuth angle of the primary DTI eigenvector
(white arrow in Fig. 10). High resolution DTI reduces partial volume effects in muscles with
small muscle cross-sections such as the popliteus muscle in the proximal calf slice (white
arrow in Fig. 11). The use of higher SENSE reduction factor in the high resolution scan also
reduces the absolute displacement of the olefinic fat chemical shift artifact from the
subcutaneous fat (yellow arrows in Figs. 10 and 11).

Figures 12 shows the effect of increasing in-plane spatial resolution on resolving the
complex architecture of the soleus muscle (48) of subject A by plotting the projection of the
primary eigenvector on the coronal plane at the level represented by the dashed line in
Figure 10. The different muscles resolved in Figure 12 include the medial gastrocnemius,
the medial and lateral parts of the posterior soleus and the medial and lateral parts of the
anterior soleus. The medial part of the anterior soleus muscle (arrow 3) is located between
the medial part of the posterior soleus (arrow 2) and the lateral part of anterior soleus (arrow
4). The medial part of the anterior soleus muscle (arrow 3) is considerably better resolved
for the acquisition with N=128 compared to the acquisition with N=80 (region highlighted
by red ellipse in Figure 12).

DISCUSSION
High resolution skeletal muscle DTI based on single-shot DW-EPI suffers from low SNR,
sensitivity to eddy currents, off-resonance effects, T2* blurring and tissue incoherent motion
effects. Steidle et al. have shown that eddy-current compensated stimulated echo preparation
provides higher SNR compared to eddy-current compensated spin-echo preparation in low
resolution DTI of skeletal muscle (30). The present work builds upon the work of Steidle et
al. (30) and develops an analytical framework for the SNR-optimization of the stimulated
echo preparation when combined with SENSE in order to achieve high resolution skeletal
muscle DTI. The present framework does not focus only on maximizing SNR but takes into
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account the trade-off between SNR, off-resonance induced distortions, effective resolution
induced by T2* blurring and signal contamination due to tissue incoherent motion. Based on
the above considerations, imaging protocols are designed with variable acquisition matrices,
number of averages and reduction factors in order to study the partial volume effect on
muscle DTI datasets with different voxel size but with the same SNR, same relative B0-
induced distortions and same relative T2*-blurring.

Previous works employing DW single-shot EPI studied how to optimize the SENSE
reduction factor in spin-echo preparation and how to optimize the diffusion timing in
stimulated echo preparation in order to maximize SNR. The work on the optimization of
SENSE reduction factor to maximize SNR in spin echo preparation has demonstrated the
balance between the effect of the decrease in T2-induced signal loss due to decrease in TE
and the effect of the decrease in readout duration as the reduction factor increases (33,35).
The work on the optimization of diffusion timing to maximize SNR in stimulated echo
preparation has demonstrated the balance between the effect of the decrease in T2-induced
signal loss due to decrease in TE and the effect of the increase in T1-induced signal loss due
to increase in TM as the diffusion time increases (29,30). When stimulated echo preparation
is employed with SENSE all the above effects should be studied in a combined manner in
order to derive the optimal diffusion time and reduction factor to maximize SNR. Our results
show that in stimulated echo preparation the use of parallel imaging affects minimally the
diffusion time that maximizes SNR. Although the later observation means that the optimal
diffusion time and reduction factor that maximize SNR can be independently determined,
the present work shows that the design of the stimulated echo preparation should not simply
aim to maximize SNR. First, increased diffusion times lead to stronger tissue incoherent
motion artifacts and shorter diffusion times are in general favorable in order to reduce the
sensitivity of the acquisition to tissue incoherent motion effects, that degrade image quality
as well as deteriorate SNR. Second, high resolution muscle DTI scans suffer from B0-
induced distortions, fat induced chemical shift artifacts and T2*-induced blurring. Increasing
the parallel imaging reduction factor can decrease all three of these effects. Therefore, the
design of the stimulated echo preparation in the presence of SENSE should consider SNR,
off-resonance, T2* blurring and tissue incoherent motion effects. In the present acquisition
with an 8-channel knee coil, a reduction factor of R=2.86 and a diffusion time equal to
approximately 70% of the optimal diffusion time provided a good compromise between
SNR and reduced distortions, chemical shift artifacts and T2* blurring without any strong
aliasing patterns in the acquired in vivo calf muscle images. However, it should be
emphasized that the selection of the diffusion time and reduction factor represents a trade-
off that cannot be uniquely determined and is in general application-dependent.

Eddy currents compensation is another important aspect that is considered in the evaluation
of any diffusion-weighted preparation methodology. The correction or compensation of
eddy currents can be performed by either modifying the DW-EPI pulse sequence (38,49,50)
or using post-processing approaches based on the DTI data itself (51,52). The insertion of
additional gradients during the mixing time is an efficient way to compensate for eddy
currents in DW-EPI sequences with stimulated echo preparation without any need to
increase TE, and it has been shown to result in higher SNR for the stimulated echo
preparation than the twice-refocused spin echo preparation for skeletal muscle (30). An
alternative way for noise efficient eddy current compensation would be the use of a single-
refocused spin-echo preparation without eddy current compensation, combined with post-
processing methodology for eddy current correction (25,53).

Post-processing eddy current correction methods usually rely on registration of the eddy
current-prone DW images to the b=0 reference images. Insufficient fat suppression can lead
to difference in contrast between the DW images and the b=0 reference images. Therefore,
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the effect of insufficient suppression of the main (aliphatic) or the olefinic fat peak (47)
could complicate the performance of post-processing eddy current correction methods in
skeletal muscle DWI. Additionally, the use of short diffusion gradients in stimulated echo
preparation reduces the effects of eddy currents when compared to the use of long diffusion
gradients in spin echo preparation (30).

An important aspect of DTI processing not studied in previous muscle DTI datasets is the
effect of tissue incoherent motion induced by cardiac pulsation and other sources
(involuntary muscle contractions, table vibrations). Tissue incoherent motion induces local
tissue deformation. This tissue deformation results in intravoxel dephasing and finally signal
drop in the diffusion-weighted images. The present results show a significant reduction of
diffusion-weighted signal dephasing in regions surrounding vessels when physiological
gating is used. However, some areas of increased signal loss remain in the physiologically
gated acquisitions suggesting the presence of other sources of tissue incoherent motion
(potentially involuntary muscle contractions, table vibrations) (42).

The effect of blood pulsation can be avoided by using physiologically gated acquisitions
(54) or by using post-processing methods to remove blood pulsation-induced artifacts
(43,55,56). Physiological gating can lengthen the total scan time and the implementation of
cardiac/peripheral gating in skeletal muscle can be complicated by the requirement to
calibrate the delay between the external triggering signal and the scanned site. In terms of
post-processing techniques, the rejection of diffusion-weighted images corrupted by cardiac
pulsation has been proposed to overcome the effect of cardiac pulsation on brain DTI data
(43). However, to our knowledge, there is only limited previous work on assessing the effect
of cardiac pulsation on muscle diffusion-weighted measurements (41,42). The results of the
present study show a need to reject up to 30% of the diffusion data points in areas in the
vicinity of the calf muscle vessels. Employing the designed stimulated echo acquisition
protocol and the DTI processing routine that rejects regions affected by tissue incoherent
motion effects in the diffusion-weighted images, the present work provides a systematic
analysis of the partial volume effect on calf muscle DTI with acquisitions of different voxels
sizes but matched SNR and phase encoding bandwidth. The increase of spatial resolution
shows an overall improvement on resolving skeletal muscle fiber architecture based on the
colormaps of the Euler angles of the primary eigenvector. Specifically, the characterization
of the bipennate nature of the medial gastrocnemius muscle and of the complex fiber
architecture of the soleus muscle is shown to be facilitated by the use of high resolution
maps of the zenith and azimuth angles of the primary eigenvector. Similarly, muscles with
small cross-sectional areas like the popliteus muscle can be better resolved using the high
resolution DTI acquisition protocol. Therefore, high resolution skeletal muscle DTI can be
advantageous in the study of the multi-pennate muscles and in the study of muscles with
reduced cross sectional areas.

Previous studies have employed parallel imaging to increase the spatial resolution of skeletal
muscle DTI (20,22,24,25,48,53,57,58). However, to our knowledge there is no previous
study assessing the effect of the acquisition voxel size on resolving multi-pennate muscles or
muscles with small cross sectional areas. The minimum voxel volume employed in the
present study is equal to 17 mm3, which is still within the order of voxel volumes used in
previous studies (14,22,53,58,59). However, the present acquisition protocol has been
designed to minimize B0-induced distortions and T2*-blurring and to assure an overall SNR
that results to a cone of uncertainty for the fiber orientation of the order of only 3.6° on a
voxel-by-voxel basis. This low uncertainty in the estimation of the fiber orientation would
be also important in order to assure good quality fiber tracking results (23,26,58). However,
the acquisition of DTI data with such a narrow cone of uncertainty for the fiber orientation
at the minimum voxel size of the present acquisition (1.56×1.56×7 mm3) requires a
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relatively long scan time of the order of 15 minutes. Although no image registration
procedure was employed in this work in an effort to prevent any additional confounding
factor affecting the presented spatial resolution analysis, leg motion can be, in general, a
problem in long scans making necessary the use of image registration correction procedures
(24). Furthermore, if a higher uncertainty in the fiber orientation estimate is acceptable, the
number of averages can be appropriately decreased to shorten the total scan time. This trade-
off between the DTI metrics reproducibility needs of the application under study and scan
time limitations should be considered in any application of skeletal muscle DTI (23,58).

The present work has four limitations. First, the dependence of muscle diffusion tensor
eigenvalues and anisotropy on the employed diffusion time was not taken into consideration.
Kim et al. (60) have shown with ex vivo measurements that as diffusion time increases,
diffusion on the plane perpendicular to the mean fiber directions becomes more restricted,
and the secondary and tertiary eigenvalues decrease whereas the fractional anisotropy
increases. It has been also recently proposed to use a very long diffusion time (of the order
of 1s) to increase the FA value and decrease the cone of uncertainty in skeletal muscle DTI
(61). However, more studies would be required in order to characterize the SNR efficiency
as well as the sensitivity to tissue incoherent motion effects of a DW stimulated echo
approach with such a long diffusion time. Second, the employed high slice thickness results
in anisotropic voxel shapes. Although the in-plane voxel dimensions are significantly
decreased down to 1.56 mm, the through-plane voxel dimension remains relatively large and
equal to 7 mm. In brain DTI, isotropic voxel shapes have been shown to reduce partial
volume effects especially in areas with crossing fibers (37,62). Although no previous study
has characterized the effect of voxel shape on muscle DTI results, the effect is expected to
be less severe in the calf muscle than in white matter due to the general alignment of the
muscle fibers along the leg axis direction. Third the employed parallel imaging SENSE
reconstruction requires an additional calibration scan. The present methodology could be
enhanced using integrated/internal calibration approaches to eliminate the potential effect of
motion between calibration and the diffusion weighted scan (63). Fourth, based on the
analysis of the 8-channel RF coil used in this study, the reduction factor can increase up to 3,
but this is in general RF coil dependent. Moreover, the use of high parallel imaging
reduction factors decreases the B0-induced distortions, the fat chemical shift artifacts, and
the T2*-induced blurring, but it cannot totally eliminate the presence of these effects. Further
reduction of B0-induced distortions and T2*-induced blurring at high spatial resolutions
would require more advanced pulses sequences than the employed single-shot EPI approach,
employing multi-shot imaging strategies (with cartesian or non-cartesian k-space
trajectories) or reduced-FOV acquisition approaches (37,64,65). The reduction of fat
induced chemical shift artifacts would require the adaptation of fat suppression strategies
taking into account approaches for the suppression of both the aliphatic and olefinic fat
peaks (47).

Finally, it should be emphasized that the reported optimized protocol parameter values are
specific to the chosen b value, gradient strength and coil configuration. However, the
presented arguments in the study of the compromise between SNR, distortions, blurring and
sensitivity to tissue incoherent motion effects are general and should be considered in the
design of any skeletal muscle DTI acquisition protocol.

CONCLUSION
An improved eddy-current compensated single-shot DW-EPI acquisition method using
stimulated echo preparation and SENSE is developed allowing high spatial resolution
skeletal muscle DTI. A theoretical formulation is first established for designing the
stimulated echo preparation diffusion timing and the SENSE reduction factor to maximize
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SNR. The acquisition parameters are then selected taking into account SNR, B0-induced
distortions, T2* blurring and tissue incoherent motion effects. Design choices for the skeletal
muscle DTI acquisition protocol are made based on the theoretical formulation, and by
taking into account application specific practical considerations. The designed acquisition
protocol is applied in the calf muscle of three volunteers with variable voxel size but with
the same SNR, same relative B0-induced distortions and same relative T2*-blurring. The in
vivo results demonstrate the importance of minimizing the sensitivity to off-resonance
effects and T2* blurring in addition to maximizing SNR performance in high resolution
skeletal muscle DTI using single-shot DW-EPI. Moreover, the in vivo results show that high
spatial resolution DTI can reduce partial volume effects close to muscle boundaries and
aponeuroses, especially in bippenate muscles (medial gastrocnemius), in multi-pennate
muscles (soleus) and in muscles with small cross sectional areas.
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LIST OF ABBREVIATIONS

DW diffusion-weighted

DWI diffusion-weighted imaging

DTI diffusion tensor imaging

EPI echo planar imaging

FOV field-of-view

FSE fast spin-echo

IDEAL iterative decomposition of water and fat with echo asymmetry and least
squares estimation

MG medial gastrocnemius

RESTORE robust estimation of tensors by outlier rejection

RF radio-frequency

SENSE sensitivity encoding

SNR signal-to-noise ratio

TA tibialis anterior

TE echo time

TM mixing time

TR repetition time
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Figure 1.
Schematic of eddy-current compensated stimulated-echo prepared DW-EPI pulse sequence.
Diffusion-weighting gradients are in black and eddy current compensating gradients are in
gray.
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Figure 2.
SNR dependence on diffusion time and reduction factor: (a) relative SNR variation as a
function of diffusion time and SENSE reduction factor, (b) relative SNR variation as a
function of diffusion time at optimal reduction factor, and (c) relative SNR variation as a
function of reduction factor at optimal diffusion time.
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Figure 3.
Relaxation-induced SNR loss comparison between the twice-refocused spin echo
preparation and the eddy current compensated stimulated echo diffusion-weighted
preparation (with Δ=Δopt and Δ=0.7 Δopt) as function of b-value (R=1.51).
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Figure 4.
Trade-off between phase encoding bandwidth and SNR: (a) T2* blurring and B0-induced-
distortion (for Δf=50 Hz) dependence on reduction factor and (b) selection of optimal
experimental parameters based on the variation of relative SNR with diffusion time and with
effective voxel size that takes into account T2* blurring effects. Point A corresponds to
sequence parameters that result in maximal SNR (R = 1.51, Δ = 249 ms), Point B
corresponds to sequence parameters that provide a compromise between SNR, geometric
distortion, blurring and tissue incoherent motion effects (R = 2.86, Δ = 170 ms).
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Figure 5.
Comparison of residual eddy current from right diffusion-weighting gradient (δ=6 ms) at the
beginning of the EPI readout between the stimulated echo prepared DW single-shot EPI
without any eddy current compensation, with eddy current compensation and duration of
eddy current compensating gradients δc=6 ms and δc=3.2 ms.
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Figure 6.
Effect of B0-induced distortions on a middle calf slice (a–c) and a proximal calf slice (d–f)
of subject A: (a,d) absolute fieldmap images, (b,e) b=0 images with the N=128 acquisition
matrix and R=1.33, and (c,f) b=0 images with the N=128 acquisition matrix and R=2.86.
The white line corresponds to the contour of the muscle drawn based on the FSE T2-
weighted scan. The colorbar corresponds to the fieldmap values in Hz. The arrows 1, 2 and 3
point to regions affected by severe geometric distortions and the arrow 4 points to a region
affected by the olefinic fat chemical shift artifact.
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Figure 7.
Effect of T2*-induced blurring on a middle calf slice of subject A: (a) T2-weighted FSE
image, (b) b=0 image with the N=128 acquisition matrix and R=1.33, and (c) b=0 image
with the N=128 acquisition matrix and R=2.86. The white line corresponds to the contour of
the muscle drawn based on the FSE T2-weighted scan. The arrows point to a high resolution
feature in the tibialis anterior muscle.
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Figure 8.
Effect of diffusion time and peripheral gating on DW-signal standard deviation in muscle
regions close to vessels of subject D: (a) normalized standard deviation of DW-signal in
tibialis posterior ROI for different diffusion times in a non-triggered acquisition, and (b)
normalized standard deviation of DW-signal in posterior soleus ROI for Δ=170 ms in a non-
triggered acquisition and triggered acquisitions with different trigger delays.
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Figure 9.
Regions with high percentage of outliers identified by the RESTORE algorithm for a middle
calf slice (a–b) and a proximal calf slice (c–d) of subject B: (a,c) T2-weighted FSE images,
and (b,d) maps of the percentage of data points identified as outliers by the RESTORE
algorithm. The colorbar corresponds to the percentage of data points identified as outliers.
The arrows point to vessels identified from the T2-weighted FSE images.
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Figure 10.
Partial volume effects on DTI maps on a middle calf slice of subject A. The first column
shows the b=0 images, the second column shows the FA maps, the third column shows the
zenith angle of the primary eigenvector, and the fourth column shows the azimuth angle of
the primary eigenvector at three different acquisition matrices: N=80 (first row), N=96
(second row), and N=128 (third row). The white arrows point to the medial gastrocnemius
region and the yellow arrows point to the region affected by the olefinic fat chemical shift
artifact.
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Figure 11.
Partial volume effects on DTI maps on a proximal calf slice of subject A. The first column
shows the b=0 images, the second column shows the FA maps, the third column shows the
zenith angle of the primary eigenvector, and the fourth column shows the azimuth angle of
the primary eigenvector at three different acquisition matrices: N=80 (first row), N=96
(second row), and N=128 (third row). The white arrows point to the popliteus muscle region
and the yellow arrows point to the region affected by the olefinic fat chemical shift artifact.
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Figure 12.
Projection of the primary eigenvector on the coronal plane at the level of the dashed line of
Figure 10 of subject A (only 6 slices shown) using different in-plane DTI acquisition
matrices (80×80 and 128×128). The different muscles resolved include: medial
gastrocnemius (arrow 1), medial part of posterior soleus (arrow 2), medial part of anterior
soleus (arrow 3), lateral part of anterior soleus (arrow 4), lateral part of posterior soleus
(arrow 5). The red circle highlights a soleus region with rapidly varying in space fiber
architecture.
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