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Background: Surgical resection of tongue cancer may impair swallowing and speech. Knowledge of tongue muscle archi-
tecture affected by the resection could aid in patient counseling. Diffusion tensor imaging (DTI) enables reconstructions of
muscle architecture in vivo. Reconstructing crossing fibers in the tongue requires a higher-order diffusion model.
Purpose: To develop a clinically feasible diffusion imaging protocol, which facilitates both DTI and constrained spherical
deconvolution (CSD) reconstructions of tongue muscle architecture in vivo.
Study Type: Cross-sectional study.
Subjects/Specimen: One ex vivo bovine tongue resected en bloc from mandible to hyoid bone. Ten healthy volunteers
(mean age 25.5 years; range 21–34 years; four female).
Field Strength/Sequence: Diffusion-weighted echo planar imaging at 3 T using a high-angular resolution diffusion imag-
ing scheme acquired twice with opposing phase-encoding for B0-field inhomogeneity correction. The scan of the healthy
volunteers was divided into four parts, in between which the volunteers were allowed to swallow, resulting in a total acqui-
sition time of 10 minutes.
Assessment: The ability of resolving crossing muscle fibers using CSD was determined on the bovine tongue specimen. A
reproducible response function was estimated and the optimal peak threshold was determined for the in vivo tongue. The
quality of tractography of the in vivo tongue was graded by three experts.
Statistical Tests: The within-subject coefficient of variance was calculated for the response function. The qualitative results
of the grading of DTI and CSD tractography were analyzed using a multilevel proportional odds model.
Results: Fiber orientation distributions in the bovine tongue specimen showed that CSD was able to resolve crossing mus-
cle fibers. The response function could be determined reproducibly in vivo. CSD tractography displayed significantly
improved tractography compared with DTI tractography (P = 0.015).
Data Conclusion: The 10-minute diffusion imaging protocol facilitates CSD fiber tracking with improved reconstructions of
crossing tongue muscle fibers compared with DTI.
Level of Evidence: 2
Technical Efficacy: Stage 1
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CARCINOMAS INVOLVING THE TONGUE are pref-
erably removed surgically.1 The amount of resected tissue,

which can be substantial, is associated with loss in tongue func-
tionality affecting speech,2 mastication, and swallowing.3 The
location and type of resection play a prominent role in the
expected extent of loss of functionality.4 Detailed insights into
how individual tongue muscles are involved in complex tongue
functionality such as speech and swallowing, however, are lack-
ing, especially in the presence of a tumor. Therefore, some might
want to study the complex tongue muscle anatomy in vivo.

This complex tongue muscle anatomy is comprised of
intrinsic and extrinsic muscle groups. The intrinsic muscula-
ture of the tongue belongs to the category of muscular
hydrostats,5 consisting of transverse (TRA) and vertical (VER)
muscles, surrounded by longitudinally oriented fibers (superior
longitudinal [SL] and inferior longitudinal [IL] muscles).5,6

Furthermore, the tongue contains four extrinsic muscles (gen-
ioglossus [GG], hyoglossus [HG], styloglossus [SG], and pala-
toglossus [PG] muscles), which originate from the mandible,
hyoid bone, styloid process of the skull, and the palate, respec-
tively.7 To predict the functional outcome after surgical re-
section in such complex musculature, one cannot simply rely
on experience or common imaging modalities.8 To better
model and understand residual functionality after surgery, it is
essential to obtain the muscular architecture on an individual
patient basis, especially the musculature that is to be resected.

Diffusion weighted imaging (DWI) has been used as a
non-invasive method to image tongue muscular architecture
in vivo.9 DWI is capable of quantifying the self-diffusion of
water in biological tissues by measuring the attenuation of the
magnetic resonance imaging (MRI) signal in the presence of
diffusion-encoding gradients. Diffusion of water in skeletal
muscle is anisotropic10: Perpendicular to muscle fibers, water
diffusion is restricted by cell membranes as well as by struc-
tured intracellular and extracellular proteins, whereas along
the muscle fibers water molecules diffuse more freely.

In diffusion-tensor imaging (DTI), this orientation depen-
dence of diffusion is geometrically described by a rank-2
semi-definite positive tensor. The first eigenvector of the diffu-
sion tensor, which corresponds to the largest eigenvalue, has been
shown to align with the local muscle fiber direction in skeletal
muscle.11 In a technique called tractography, the principal diffu-
sion vectors of individual voxels are connected via streamlines,
which results in 3D reconstructions of the underlying muscle
architecture.12

A drawback of DTI is that the diffusion tensor can only
describe a single fiber orientation per voxel. However, due to
the relatively large voxel size in DWI compared with the
diameter of the myocytes, multiple muscle fiber population
appear to cross or merge within a voxel. This is particularly
relevant for the tongue, due to its complex structure with
many crossing muscle fibers. DTI is therefore generally not
capable of resolving the true tongue muscle architecture.

Crossing fibers can be resolved, though, by higher-order
diffusion models, such as by constrained spherical deconvolu-
tion (CSD).13 CSD is based on the assumption that a fiber
orientation distribution (FOD) can be calculated by deconvo-
lution of the measured DWI signal and a response function
(RF), which corresponds to the DWI signal of a single fiber
population.14 The FOD, DWI signal, and RF are described
using spherical harmonics. Therefore, a maximum harmonic
order (lmax) has to be defined, where a higher lmax allows a
higher maximal angular resolution to be obtained. Addition-
ally, a peak threshold is chosen to remove small spurious
peaks in the calculated FOD.

While for DTI the measurement of six noncollinear dif-
fusion directions is theoretically sufficient, CSD requires sam-
pling of the diffusion along many more directions. The
minimal number of gradient directions required is defined by
nmin ¼ 1

2 lmax + 1ð Þ lmax + 2ð Þ; thus, for lmax = 8 at least
45 unique gradient directions are necessary. Therefore, the
diffusion sampling strategy required for CSD is referred to as
high-angular resolution diffusion imaging (HARDI).15 Appli-
cation of this approach to the human tongue is not straight-
forward, since measurements of many diffusion directions
necessitates a long scan time. Such a long scan time for ton-
gue imaging is undesirable, due to signal dropouts from
motions such as involuntary swallowing. In DWI, the scan
time is commonly reduced by using an echo-planar imaging
(EPI) readout, and because other acceleration techniques such
as multishot imaging introduce motion-related phase errors.

A major disadvantage of spin-echo (SE)-EPI is the small
bandwidth per voxel in the phase-encoding direction, which
increases the susceptibility to B0-inhomogeneity artifacts.
Therefore, air–tissue interfaces and metal-based dental pros-
theses, which distort the B0-field, will result in deformations
in the phase-encoding direction. These distortions can be cor-
rected for by using an algorithm from the FSL library,
Topup.16 Topup estimates the inhomogeneity field by esti-
mating the distortions, which are equal in magnitude but
opposite in direction, between two DWI datasets acquired
with opposite phase-encoding directions. Subsequently, the
two images are combined, partially restoring spatial encoding
information lost in the distorted images due to signal pile-up,
using information from the opposite image, where the signal
is dispersed.16

The aim of this study was to develop a clinically feasible
scan protocol and postprocessing pipeline for reconstructing
the complex muscular architecture of the human tongue
in vivo allowing both DTI and CSD fiber tractography.

Materials and Methods
Bovine Tongue Specimen
One ex vivo bovine tongue was acquired from a local slaughterhouse.
The specimen was resected en bloc from mandible and hyoid bone.
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The imaging of the tongue was performed within 24 hours after har-
vest. The bovine tongue (~45 cm in length) was cast into alginate
polymer before scanning. The alginate cast reduced B0-inhomogene-
ity, and provided support for the tongue to minimize deformation
due to the weight of the coil.

Imaging of Bovine Tongue
Standard torso (16 channels) and posterior coils (12 channels) were
used for acquisition on a 3 T Ingenia scanner (Philips Medical Sys-
tems, Best, The Netherlands). Diffusion-weighted images were
acquired using a HARDI15 gradient scheme, in which 64 diffusion
directions were evenly spaced over a sphere, optimized for gradient
load.17 Although 45 gradient directions are theoretically sufficient
for lmax = 8, we acquired more diffusion directions to reduce the
susceptibility of the calculated FODs to noise. A b-value of
1000 s/mm2 was used, which is higher than the b-value for the
in vivo acquisitions to compensate for the loss of diffusivity post-
mortem. After every eight diffusion-weighted images one b0-image
was acquired. All images were acquired with two opposing phase-
encoding directions, RL and LR. Other imaging parameters were:
SE-EPI; echo train length (ETL): 31; field of view (FOV): 192 (AP) × 154
(RL) × 420 (FH) mm3; voxel size: 2.4 × 2.4 × 2.4 mm3; matrix size:
80 × 62; echo time (TE): 68 msec; repetition time (TR) = 40.5 sec;
SENSE: 2; no partial Fourier; bandwidth per pixel in the phase-encoding
direction: 46.4 Hz; number of signal acquired (NSA): 1; SPIR and
SSGR fat suppression; scan time: 2 hours.

Volunteers
Ten healthy volunteers (mean age 25.5 years; range 21–34 years;
4 female) were scanned. All volunteers provided written informed
consent. Volunteers were excluded if a contraindication for MRI or
orthodontic braces was present. This study was approved by the
institutional Ethics Committee Review Board.

In Vivo Imaging
Two flexible surface coils, 20 cm in diameter, were gently strapped
to the cheeks of the volunteers for acquisition on a 3 T Ingenia scan-
ner (Philips Medical Systems). The scan protocol was repeated with
an interval of no more than 10 minutes between scans to assess
reproducibility. In between the two scans, the volunteer left the table
and was repositioned. During scanning, volunteers were instructed
to let their tongue rest against their palate, stabilizing the tongue and
removing as much excessive air from the oral cavity as possible.

The same diffusion gradient scheme as for the ex vivo experi-
ment with 64 diffusion-encoding directions was divided into two
sets of 32 directions in order to maintain an equally spaced distribu-
tion. Other imaging parameters were: SE-EPI; ETL: 25; FOV:
192 (AP) × 156 (RL) × 84 (FH) mm3; voxel size: 3 × 3 × 3 mm;
matrix size: 64 × 49; TE: 60 msec; TR: 3.4 sec; SENSE: 2; no par-
tial Fourier; bandwidth per pixel in the phase-encoding direction:
56.4 Hz; NSA: 1; SPIR and SSGR fat suppression; b-value: 700 s/mm2;
scan time: 10:03 minutes. The total scan protocol consisted of four
parts (phase-encoding: RL&LR and 2 × 32 gradient directions) of
2:30 minutes each. In between these parts, we allowed the volun-
teer to swallow. This approach minimized tongue motion due to
the swallowing reflex initiated by the build-up of saliva in the oral
cavity.

Data Processing
Diffusion-weighted images were smoothed with a Rician noise filter
in DTITools for Mathematica.12 The B0-inhomogeneity field was
estimated using the previously described Topup. Subsequently, the
DWIs were corrected for inhomogeneity, rigid motion, and eddy
currents using FSL.18 A mask of the whole ex vivo tongue was cre-
ated by applying a threshold including the top 95% voxels regarding
intensity of the corrected b0-image. Masks of the in vivo tongues
were defined by manually delineation in ITK-Snap19 on the cor-
rected b0-images. These masks reduced computation time and
served as an outer boundary for tractography.

For both ex vivo and in vivo data, diffusion tensors were fitted
using RESTORE,20 and fractional anisotropy (FA) and mean diffu-
sivity (MD) were calculated in ExploreDTI.21 The average FA and
MD were calculated for a manually delineated region of interest
(ROI) in the GG muscle in a known noncrossing area. The diffusion
signal in spherical harmonic representation of voxels exceeding these
average FA and MD values were averaged to obtain the CSD
response function (RF). FODs were subsequently calculated in the
entire tongue using lmax = 8, which was chosen to obtain the largest
angular resolution in the FODs possible.

For the in vivo data, whole tongue deterministic DTI tracto-
graphy was performed using the following parameters chosen empiri-
cally: FA range: 0.1–0.6; seed point resolution: 3 mm; step size:
1 mm; angular threshold: 15�; tract length: 10–100 mm.

We performed a Bland–Altman analysis on the two repeated
measurements of the FA and MD that are used to define the
RF. Additionally, the interscan variability was determined by calcu-
lating the within-subject coefficient of variation (wsCV) by dividing
the standard deviation of the paired difference by the mean of the
paired average.

In muscular tissues, the diffusion anisotropy is generally much
lower than in brain tissue.22 Therefore, the RF in muscles is more
spherical, increasing the susceptibility to overfitting and thus spuri-
ous peaks in FODs. In order to minimize the effects on in vivo trac-
tography of these spurious peaks, which are generally smaller than
true peaks, an FOD peak threshold is employed. This peak threshold
removes peaks shorter than the peak threshold times the length of
the largest peak. We determine the optimal FOD peak threshold23

by calculating the number of peaks per voxel for 10 different peak
thresholds ranging from 0.05–0.50. The number of voxels contain-
ing three peaks, which may be considered spurious, false-positive
peaks, has to be minimized. However, a peak threshold that is too
high results in an increasing number of false-negative peaks, mainly
in voxels with crossing fibers that should contain two peaks. A trade-
off has to be made between false-positive and false-negative peaks.

Finally, whole tongue deterministic CSD tractography was
performed in ExploreDTI with an FOD peak threshold of 0.10.
The other tracking parameters were the same as for deterministic
DTI tractography, however, without the FA constraint. Representa-
tive images of DTI and CSD tractography for both repetitions and
all 10 subjects were graded by three reviewers on a three-point ordi-
nal scale, where three is the best and one the worst grade. Tractogra-
phy of the tongue is rare and therefore the reviewers had limited
experience with these images. Therefore, two reviewers were chosen
with extensive knowledge of tongue muscular anatomy (head and
neck surgeons) and one reviewer experienced in brain DTI
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(radiologist). Five questions were asked: "Can you grade the overall
quality of the data", "How well can you distinguish the transverse &
vertical muscles?", "How well can you distinguish the hyoglossus
and styloglossus?", "How well can you appreciate the superior longi-
tudinal muscle?", "How would you grade the influence of gaps in
tractography on the image quality?"

The grades provided by the expert reviewers were modeled
using a multilevel proportional odds model in R using the ordinal
package.24 We modeled the grades given by the expert reviewers
using the method (DTI or CSD) and repetition as fixed effects, and
subjects, expert reviewers, and the five asked questions as random
effects with random intercepts. Random slopes were used for

variables reviewers and questions regarding the method (DTI or
CSD). P-values of the effect of using DTI or CSD and the effect of
repetition were calculated by likelihood ratio tests of the full model
compared with models without either the method or repetition as
fixed effects.

Results
In the bovine tongue specimen (Fig. 1), DTI primary eigen-
vectors and FOD display similar fiber directionality in non-
crossing muscles such as the HG, SG, and GH muscles.
However, the enlarged sections of the intrinsic tongue muscu-
lature show that DTI (Fig. 1a) is unable to distinguish
between TRA and VER muscles. The CSD FODs (Fig. 1b)
show two peaks, which indicates that CSD appears to be able
to distinguish the TRA and VER muscles. On the interface
between the TRA, VER, and SL, where a partial volume
effect is present in three muscle directions, three peaks corre-
sponding to these three muscles can be appreciated.

In all 10 volunteers, both repetitions of the DWI acqui-
sition were acquired successfully without any subject dropouts
due to, for example, tongue motion. Figure 2 shows the effect
of inhomogeneity correction using Topup on transverse
diffusion-weighted images of a single in vivo tongue, where
inhomogeneity artifacts are clearly present. Distinct but oppo-
site distortions of b0-images are present along the phase-
encoding direction (RL & LR, Fig. 2a,b). The estimated
B0-inhomogeneity map (Fig. 2c) displays field inhomogeneity
at expected locations due to differences in magnetic field per-
meability, ie, at tissue–tooth interfaces, laterally to the ton-
gue, and at air–tissue interfaces, near the oropharynx and
skin. The inhomogeneity map was used to combine and cor-
rect the images with opposite phase-encoding, resulting in the
corrected images (Fig. 2d), which correspond better to the
actual morphology of the tongue (Fig. 2e).

The Bland–Altman analysis of two repeated measure-
ments of the FA and MD used for RF estimation is displayed
in Fig. 3. For the two DTI metrics defining the RF, the bias
is close to zero, suggesting that the systematic error in deter-
mining the RF is low. The wsCV was 7.3% for FA and 3.3%
for MD.

Figure 4a shows the percentage of voxels with one, two,
or three peaks as a function of FOD peak threshold. The

FIGURE 1: Fiber directionality of the bovine tongue determined
by the primary eigenvector of DTI (a) and the fiber orientation
distribution of CSD (b), color-coded similarly to the human
tongue (red: right-left, green: cranio-caudal, blue: anterior-
posterior). The following muscles are annotated in the slices:
superior longitudinal (SL); transverse (TRA); vertical (VER);
genioglossus (GG); inferior longitudinal (IL); geniohyoid (GH);
hyoglossus (HG); styloglossus (SG); mylohyoid (MH). The white
boxes indicate the location of the inlays, which highlight to
ability of CSD to resolve crossing fibers of TRA and VER, while
maintaining the correct reconstruction of single fibers of the SL.

FIGURE 2: B0-inhomogeneity correction using Topup. a: Transverse b0-image with phase encoding along the left-right direction. b: Similar
b0-image with phase encoding opposite to a. Image distortions are present along the phase-encoding direction but opposite between a
and b; for example, lateral to the tongue (white arrows). c: B0-inhomogeneity map estimated by Topup. Strong inhomogeneities are
present at air–tissue interfaces and near teeth lateral to the tongue (white arrow). d: Resulting combined b0-image with corrected for
B0-inhomogeneity. e: T2-weighted Dixon image serving as a high-resolution undistorted gold standard for the distortion correction.
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percentage of voxels with two peaks reaches a maximum
around 0.15, suggesting that a peak threshold of 0.15 is ideal
for resolving two crossing muscle fibers, which most com-
monly occurs in the tongue. An example of the spatial distri-
bution of the number of peaks per voxel in a single transverse
slice is displayed in Fig. 4b. The three-peak-voxels, which
may be considered to contain spurious, false-positive peaks,
are mainly located in the periphery and are therefore of little
influence on tractography. However, a peak threshold of 0.15
or higher results in an increasing number false-negative peaks,
namely, the number of voxels in the posterior part of the ton-
gue containing only one peak. The latter does impact tracto-
graphy; thus, a peak threshold of 0.10 was chosen as a
reasonable compromise between false-positive and false-
negative peaks.

The coronal view of one in vivo human tongue
(Fig. 5) illustrates the ability of CSD to resolve crossing
fibers in the tongue core in vivo contrary to DTI. The
images of FODs and CSD tractography both more closely
resemble the anatomical atlas compared with their DTI
counterparts. The DTI principal eigenvectors in the
TRA & VER muscles appear to be an oblique average of
the two FOD peaks. Note that fiber tracts belonging to the
tip of the tongue for both DTI and CSD have been

removed to improve visibility of the crossing fibers of the
tongue core.

DTI and CSD tractography of two typical volunteers is
compared with textbook anatomy25 in Fig. 6. The TRA mus-
cle fibers and fibers in the tip of the tongue are missing in
DTI tractography. Additionally, the extrinsic muscles SG and
HG appear to have merged in the DTI tractography, while
these muscles cross in CSD tractography, the latter of which
is in accordance with textbook anatomy. Finally, CSD tracto-
graphy displays spurious tracts, which are not visible in DTI
tractography.

The proportion of the grades given by the expert reviewers
for both DTI and CSD are summarized in Fig. 7. Images of

FIGURE 3: Bland–Altman plots of FA and MD used to estimate the
CSD response function (RF) using two repeated measurements for
10 healthy volunteers. The RF was determined by drawing an ROI
in the GG muscle, where only one fiber direction is present. The
two metrics, FA (a) and MD (b) that define the RF were calculated
by fitting a diffusion tensor.

FIGURE 4: The effect of changing the peak threshold on the
percentage of voxels with one, two, or three peaks on all
volunteers (a); brackets represent the range of percentages. The
spatial distribution of the number of peaks per voxel in a single
volunteer (b) colored similarly to a. Note that increasing the
peak threshold decreases the number of 3-peak-voxels, which
generally contain spurious peaks. However, increasing the peak
threshold also decreases the number of two-peak-voxels in the
center of the tongue, therefore reducing the ability of resolving
crossing muscle fibers.
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CSD tractography have significantly higher odds of being graded
higher than images of DTI tractography (P = 0.015). These
odds were not significantly different between the two repetitions
(P = 0.161). Images of CSD and DTI tractography that were
graded by expert reviewers can be found in Fig. 8.

Discussion
In this study we created a scan protocol and processing pipe-
line for human in vivo CSD tractography within a clinically
acceptable scan time of 10 minutes. CSD allow more accurate
reconstructions of tongue musculature in regions containing
crossing fibers compared with DTI tractography in vivo and
ex vivo. However, CSD tractography is more susceptible to
erroneous fibers due to the presence of spurious peaks.

The ex vivo mammalian tongue has been a frequently used
model to test higher-order diffusion models in the past,26–28

arguably due to the better conservation of crossing fibers post-
mortem compared with brain tissue. Diffusion spectrum imaging
(DSI) has been successfully used to resolve the crossing fibers of
the transverse and vertical muscles, and the surrounding sheet of
longitudinal muscles in the bovine26 and murine27 ex vivo

tongue. In the latter example, Gaige et al were also able to relate
DSI tractography and microscopy.27 We were able to reconstruct
a similar muscular architecture (containing transverse, vertical,
and longitudinal fibers) in the bovine tongue as these previous
DSI experiments; thus, we suppose that CSD is also able to cor-
rectly capture the complex tongue architecture ex vivo.

For human measurements, we could not find such a
"gold standard". Therefore, we could not validate our results,
except for the comparison with textbook anatomy. Although
DSI has been validated ex vivo, the relatively high number of
gradient directions and high maximum b-values require a
long scan time; for example, ~25 minutes for a single slice
with a b-value of 8000 s/mm2.29 This excessively long scan
time makes DSI unsuitable for a clinical setting. Another dif-
fusion model, generalized q-space imaging (GQI), also has
the ability to discern between crossing muscle fibers in the
murine tongue28 using a similar HARDI scheme and scan
time as CSD. However, the typical array of transverse, verti-
cal, and longitudinal fibers could only be detected in the
murine model and not in the in vivo human case. This
absence may be caused by B0-inhomogeneities, which were
not accounted for, or by the lower angular resolution of GQI

FIGURE 5: Coronal view of in vivo DTI and CSD fiber directionality and tractography in a healthy volunteer compared with textbook
anatomy.25 Images are conventionally color-coded (red: right–left, green: anterior–posterior, blue: inferior–superior). a: Coronal slice
of the in vivo human tongue displaying the primary eigenvector of the diffusion tensor as a color-coded cylinder. b: Coronal slice
identical to (a) but displaying FODs calculated by CSD. c: Illustration (adapted from Gray’s Anatomy) of a coronal slice of the human
tongue displaying crossing transverse and vertical muscle fibers. d: Coronal view of DTI fiber tractography. e: Coronal view of CSD
fiber tractography. The areas corresponding to the slice from the anatomical atlas have been marked. In (d,e), fibers originating from
the apex of the tongue have been removed to improve the visibility of the crossing fibers in the tongue core.
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compared with CSD, as shown in computer simulations.30

Therefore, we deem CSD to be a reasonable compromise
between accuracy in resolving crossing fibers and scan time.

Gaige et al previously used DTI to determine the
human tongue muscular architecture in vivo.9 Due to the
inherent limitation of the tensor model, namely, only one
fiber direction per voxel, crossing fibers from the transverse
muscle fibers could not be detected. The vertical fibers appear
slightly oblique, similar to our findings with in vivo DTI trac-
tography. These similarities suggest that the acquired data are

similar to previous work, but that the diffusion tensor is an
insufficient model to describe tongue muscular architecture.
However, the present imaging protocol requires a substantial
increase in scan time compared with an imaging protocol
designed only for DTI. Future studies need to prove whether
the additional information gained by CSD are worth the
additional scan time required.

DTI of patients following partial glossectomy has been
performed;31,32 however, the tongue musculature superior to
the IL muscle was not reported. Due to the crossing nature
of the muscle fibers and the influence of B0-inhomogeneities,
we suspect that these muscles could not be reconstructed. In
another case, prior information from a manually segmented
high-resolution anatomical image was used to fit a multiten-
sor model to a DTI acquisition scheme.33 Although this
method allows for the reconstruction of the crossing trans-
verse and vertical fibers in a limited scan time, this method is
highly dependent on prior knowledge. This prior is created
manually and might not always be correct, for example with
variations between subjects.

In the present study the RF was determined by calculat-
ing the average FA and MD in a single fiber ROI of the GG
muscle. Comparing the present reproducibility to the human
forearm,34 the wsCV of the FA appears to be similar, while
the wsCV of the MD appears to be better for the ROI in the
GG. Although the RF is determined in a reproducible man-
ner by manual delineation in the GG, this RF might not be
the most suitable RF for other tongue muscles due to differ-
ences in muscle fiber diameter and fiber type composition.
Methods of automatically determining the RF have been
developed for brain CSD.35,36 These methods are designed to
circumvent the fact that in the brain few voxels contain a sin-
gle fiber direction, while these voxels are more prevalent in
muscle diffusion imaging. Nonetheless, we recommend
adapting such an automatic method to muscle CSD, because
of the less user input required and possibly increased repro-
ducibility of RF estimation due to variation between tongue
muscles.

To minimize the number of spurious peaks caused by
the more spherical RF due to the low FA in muscle CSD
compared with brain CSD, the FOD peak threshold has to
be chosen carefully. We chose a relatively low peak thresh-
old so the number of false-negative peaks will be low. We
assume that the false-positive peaks will have a limited effect
on the final tractography results, because spurious peaks
tend to have a large angular difference with surrounding
voxels, and therefore have a higher chance of being ignored
during tractography. Nevertheless, spurious tracts do appear
in the final tractography results. To further reduce the num-
ber of spurious tracts, we suggest using a higher b-value,
which results in a sharper RF taking into account that suffi-
cient signal-to-noise ratio (SNR) is maintained,36 or improv-
ing the SNR.35

FIGURE 6: Textbook anatomy25 (a) compared with DTI and CSD
tractography of volunteers 9 (b,c) and 5 (d,e) in a frontosagittal
view. The following muscles of the tongue and floor of the
mouth have been annotated: superior longitudinal (SL);
transverse (TRA); vertical (VER); inferior longitudinal (IL);
styloglossus (SG); genioglossus (GG); hyoglossus (HG);
geniohyoid (GH); mylohyoid (MH); digastric (DG). DTI
tractography is unable to reconstruct the tip of the tongue in
these cases (*). CSD tractography is able to resolve transverse
fibers (o) in the tongue; however, DTI tractography cannot. In
DTI tractography the SG and HG are merged into a single fiber
bundle, while CS is able to resolve both muscles (x). An example
of spurious tracts is present in CSD tractography (+).
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The SNR may be increased by increasing the number
of signal averages, which will lead to a longer scan time, and
therefore a higher chance of motion artifacts. We optimized
the SNR using our current hardware by using two flexible
surface coils strapped to the cheeks of the volunteers instead
of the standard neurovascular coil. However, custom-built
receive coils have been shown to improve SNR,37 which may
reduce the number of spurious peaks, or which may increase
spatial resolution to reduce the partial volume effect.

We used a high b-value of 700 s/mm2 compared with
other DTI studies of muscle, but low compared with CSD

studies of the brain. Our chosen b-value is a trade-off
between the high b-value necessary for a high angular resolu-
tion for CSD,30 and a short TE to obtain sufficient SNR in
muscular tissue, which has a comparatively short T2 com-
pared with gray and white matter. Because the diffusivity of
brain38 tissue is approximately half the magnitude of muscu-
lar tissue,12 the b-value used in this study (700 s/mm2) com-
pares approximately to a b-value of 1400 s/mm2 in the brain,
which is in the range of typically used b-values.

In the present study we were able to reconstruct most
tongue muscles except for the smallest extrinsic muscle: the

FIGURE 8: Sagittal/oblique images of DTI and CSD tractography of the 10 volunteers (Vol) for the first (Rep1) and second (Rep2)
acquisitions. These images were used for the qualitative grading by three expert reviewers. Similar to Fig. 5, transverse muscle
fibers are better reconstructed in CSD tractography compared with DTI tractography. The SL is also represented better in CSD
tractography; however, CSD tractography is more prone to spurious tracts than DTI tractography. Note that in some cases of DTI
tractography, the tip of the tongue is missing (vol0, vol5, vol6, vol7, vol9).

FIGURE 7: Visualization of the distribution of the selected grades for evaluating the quality of CSD and DTI, where three is the best
and one the worst grade. Note that the data from all expert reviewers and both repetitions are included here. Five questions were
asked focused on overall quality of the data and the visualization of crossing muscles. The odds of receiving a higher grade is
significantly higher (P = 0.015) for CSD compared with DTI, while no such difference was detected between the two repetitions
(P = 0.161).
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PG. Most probably, the PG muscle merges with the styloglos-
sus muscle nearly immediately after insertion in the body of
the tongue,6 hindering the differentiation between each other.
The PG muscle could also be missed due to the fact that trac-
tography was constrained to the whole tongue masks. Addi-
tionally, the origins of the PG and SG muscles (the styloid
process and soft palate, respectively) were not imaged to
reduced scan time. As reported previously,32 we also could
not distinguish the IL from the SG muscles in vivo. Anatomi-
cal dissection has shown that the parallel fiber bundles of
these two muscles are even difficult to distinguish on a micro-
scopic level, especially near the apex of the tongue.6,39

Finally, we had difficulties in tracking the SL. The relatively
large voxel size causes a partial volume effect that may termi-
nate SL fiber tracking prematurely. Also, normal breathing of
the subjects, causing slight deviations of the base of tongue
over time, which contributed to impairment of reconstruction
of the SL muscle in the posterior tongue.

Three expert reviewers graded images for both DTI and
CSD tractography in five categories. Additionally, a limited
three-point scale was chosen, because the ability of discerning
between more than three points comes with experience.
Unfortunately, this limited scale also reduces the power of the
statistical analyses. It was therefore not feasible to obtain
meaningful qualitative results on questions individually with
only 10 subjects.

During acquisition, B0-inhomogeneity distortions were
minimized by exclusion of volunteers with braces and dental
splints, careful instruction of the healthy volunteers, and by
correcting the DWIs using Topup. However, dental work
involving metals remains an issue, especially regarding the
clinical use of this scan protocol. Fortunately, orthodontic
braces and wires are generally not present in the intended
patient population for this scan protocol, which is generally
older than 50 years. Most dental materials used in these
patients, such as amalgam and zirconia, do not induce severe
inhomogeneity artifacts.

The main limitation of our study is the lack of a gold
standard to which ex vivo and in vivo muscle CSD can vali-
dated, although the presented tractography appears to agree
with results previously reported in the literature. Anatomical
dissection including microscopy6,27 has been able to resolve
crossing muscle fibers; however, this technique is time-con-
suming, cannot be performed in vivo, and issues arise with
the reconstruction into a 3D volume. Another limitation to
the study is the participation of relatively young healthy vol-
unteers without any dental prosthetics, which cause inhomo-
geneity artifacts and are often present in tongue cancer
patients. Because these patients are generally in their sixth
decade of life, and because the tongue composition changes
with age due to muscular atrophy and lipomatosis,40 care has
to be taken to extrapolate the present results to the patient
population. Finally, the scan protocol has not been validated

for tongue cancer patients, where the diffusion signal may be
affected by tumor infiltration and inflammation.

In conclusion, we have shown that the muscular archi-
tecture of the human tongue could be reconstructed in vivo
in a clinically acceptable scan time. The present tractography
results agreed with textbook anatomy. In the future, the pro-
posed scan protocol may improve our understanding of how
the complex muscular architecture of the tongue relates to
tongue functionality after surgery for tongue cancer.
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