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Objective: The objective of this study was to demonstrate soft palate MRI at 1.5 and
3 T with high temporal resolution on clinical scanners.
Methods: Six volunteers were imaged while speaking, using both four real-time
steady-state free-precession (SSFP) sequences at 3 T and four balanced SSFP (bSSFP) at
1.5 T. Temporal resolution was 9–20 frames s21 (fps), spatial resolution 1.661.6610.0–
2.762.7610.0 mm3. Simultaneous audio was recorded. Signal-to-noise ratio (SNR),
palate thickness and image quality score (1–4, non-diagnostic–excellent) were
evaluated.
Results: SNR was higher at 3 T than 1.5 T in the relaxed palate (nasal breathing
position) and reduced in the elevated palate at 3 T, but not 1.5 T. Image quality was not
significantly different between field strengths or sequences (p5NS). At 3 T, 40%
acquisitions scored 2 and 56% scored 3. Most 1.5 T acquisitions scored 1 (19%) or 4
(46%). Image quality was more dependent on subject or field than sequence. SNR in
static images was highest with 1.961.9610.0 mm3 resolution (10 fps) and measured
palate thickness was similar (p5NS) to that at the highest resolution
(1.661.6610.0 mm3). SNR in intensity–time plots through the soft palate was highest
with 2.762.7610.0 mm3 resolution (20 fps).
Conclusions: At 3 T, SSFP images are of a reliable quality, but 1.5 T bSSFP images are
often better. For geometric measurements, temporal should be traded for spatial
resolution (1.961.9610.0 mm3, 10 fps). For assessment of motion, temporal should be
prioritised over spatial resolution (2.762.7610.0 mm3, 20 fps).
Advances in knowledge: Diagnostic quality real-time soft palate MRI is possible using
clinical scanners and optimised protocols have been developed. 3 T SSFP imaging is
reliable, but 1.5 T bSSFP often produces better images.
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Approximately 450 babies born in the UK every year
have an orofacial cleft [1], the majority of which include
the palate [2]. While a cleft palate is commonly repaired
surgically at around 6 months [3], residual velopharyn-
geal insufficiencies require follow-up surgery in 15–50%
of cases [4]. This residual defect results in an incomplete
closure of the velopharyngeal port, which in turns leads to
hypernasal speech. Assessment of velopharyngeal closure
in speech therapy is commonly performed using X-ray
videofluoroscopy or nasendoscopy [5, 6]. While nasendo-
scopy is only minimally invasive, it may be uncomfortable
and provides only an en face view of the velopharyngeal
port. In contrast, X-ray videofluoroscopy is non-invasive
and produces an image which is a projection of the target
anatomy. Additional information may be obtained from
projections at multiple angles [5, 7], but anatomical
structures may overlie each other. Furthermore, soft tissue
contrast, such as that from the soft palate, is poor,
although it may be improved using a barium contrast
agent coating [8] at the expense of making the procedure

more invasive and unpleasant. Arguably the greatest
drawback of X-ray videofluoroscopy is the associated
ionising radiation dose, which carries increased risk in
paediatric patients [9].

An increasing number of research studies have used
MRI to image the soft palate [10–13] and upper vocal tract
[14–17]. In contrast to X-ray videofluoroscopy and
nasendoscopy, MRI provides tomographic images in
any plane with flexible tissue contrast. As a result, MRI
has been used to obtain images of the musculature of the
palate at rest and during sustained phonation [10, 18, 19].
It has also been used to image the whole vocal tract at rest
or during sustained phonation [20–27] and with a single
mid-sagittal image dynamically during speech [13, 15–17,
28–35].

For assessment of velopharyngeal closure, dynamic
imaging with sufficient temporal resolution and simul-
taneous audio recording is required. Audio recording
during imaging is complicated by the loud noise of the
MRI scanner, and both the safety risk and image
degradation caused by using an electronic microphone
within the magnet. As a result, optical fibre-based
equipment with noise cancellation algorithms must be
used [36].

In order to fully resolve soft palate motion, Narayanan
et al [30] suggested that a minimum temporal resolution
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of 20 frames s21 (fps) is required. A similar conclusion
was reached by Bae et al [13], based on measurements of
soft palate motion extracted from X-ray videofluoro-
scopy. Using segmented MRI, Inoue et al [35] demon-
strated that changes in the velar position that were evident
at acquired frame rates of 33 fps were not observed at
8 fps. However, MRI is traditionally seen as a slow
imaging modality and achieving sufficient temporal
resolution at an acceptable spatial resolution is challen-
ging. Furthermore, as the soft palate is bordered on both
sides by air, the associated changes in magnetic suscept-
ibility at the interfaces make images prone to related
artefacts.

Dynamic MRI of the vocal tract has been performed
using both segmented [17, 33, 37] and real-time acquisi-
tions [13, 15, 16, 28, 31, 38]. Segmented acquisitions [39]
acquire only a fraction of the k-space data required for
each image during one repetition of the test phrase and,
hence, require multiple identical repetitions. While these
segmented techniques permit high temporal and spatial
resolutions [35], they require reproducible production of
the same phrase up to 256 times [34], leading to subject
fatigue. Differences between repeats of up to 95 ms in the
onset of speech following a trigger have also been
demonstrated [36].

In contrast to segmented techniques, real-time dy-
namic methods permit imaging of natural speech, but
require extremely rapid acquisition and often advanced
reconstruction methods. The turbo spin echo (TSE) zoom
technique [40] has been used to perform real-time MRI of
the vocal tract [29, 31] and is available as a clinical tool.
The zoom technique excites a reduced field of view in the
phase encode direction, hence allowing a smaller
acquisition matrix and shorter scan for a constant spatial
resolution. While such spin echo-based techniques are
less susceptible to magnetic field inhomogeneity related
signal dropout artefacts than other sequences, the frame
rates achieved with these sequences are limited to 6 fps
[31]. Gradient echo-based techniques have also been
used to achieve similar temporal resolution [12, 41, 42] in
the upper vocal tract, but are often used at much higher
frame rates in other MRI applications such as cardiac
imaging [43, 44]. A number of gradient echo sequence
variants exist. Fast low-angle shot (FLASH) type
sequences [45] spoil any remaining transverse magneti-
sation at the end of every sequence repetition (TR). In
contrast, steady-state free-precession (SSFP) sequences
are not spoiled [46] and the remaining transverse
magnetisation is used in the next TR to improve the
signal-to-noise ratio (SNR), but renders the images
sensitive to signal loss in the presence of motion.
Balanced SSFP (bSSFP) sequences include additional
gradients to bring the transverse magnetisation comple-
tely back into phase at the end of every TR [47, 48]. The
result is that bSSFP sequences have high SNR and are
less sensitive to motion than SSFP sequences, but are
more sensitive to field inhomogeneities, which cause
bands of signal dropout.

Both TSE and the gradient echo techniques discussed
here sample in a rectilinear or Cartesian fashion, where
one line of k-space is sampled in each echo. However, for
real-time speech imaging, the highest acquired frame
rates have been achieved by sampling k-space along a
spiral trajectory [15, 16, 30, 49]. While spiral imaging is

an efficient way to sample k-space and is motion-
resilient, it is prone to artefacts, particularly blurring
caused by magnetic field inhomogeneities and off-
resonance protons (i.e. fat) [50]. Recently, one group
successfully used spiral imaging with multiple satura-
tion bands and an alternating echo time (TE) to achieve
an acquired real-time frame rate of 22 fps [13, 16]. The
saturation bands were used to allow a small field of view
to be imaged without aliasing artefacts. The alternating
TE was used to generate dynamic field maps which were
incorporated into the reconstruction to compensate for
magnetic field inhomogeneities. However, such ad-
vanced acquisition and reconstruction techniques are
only available in a small number of research centres.

The aim of this work is to optimise and demonstrate
high-temporal-resolution real-time sequences available on
routine clinical MRI scanners for assessment of soft palate
motion and velopharyngeal closure. Consequently, radial
and spiral acquisitions were excluded and the work
focuses on Cartesian gradient echo sequences with parallel
imaging techniques. As more clinical MRI departments
now have 3 T scanners, imaging was performed at both 1.5
and 3 T to enable comparisons. At each field strength, we
optimised sequences and implemented four combinations
of spatial and temporal resolution in six subjects with
simultaneous audio recordings.

Methods and materials

Subjects

Six normal adult subjects for the main study (five
male, one female; median age 35 years, range 29–56
years) and four additional subjects for preliminary
imaging were recruited from the staff of our institution
with informed consent according to ethics committee
approval. None of the subjects had linguistic training or
known speech disorders. Of the main study participants,
three were native speakers of British English, one French,
one Arabic and one bilingual Urdu/British English.
Information regarding previous dental work was
obtained from all subjects as the presence of metallic
objects may have a detrimental effect on local magnetic
field homogeneity.

Imaging

Imaging was performed using a 1.5 T Philips Achieva,
software release 1 (Philips Healthcare, Best, Netherlands)
and a 3 T Philips Achieva, software release 2, using a 16-
channel neurovascular coil in both cases. Mid-sagittal
two-dimensional (2D) images were planned from rapid
scout images with the shim volume carefully positioned
to cover the oral and nasal cavities down to the level of
the epiglottis, extending laterally approximately three
times the slice thickness. A short dynamic acquisition
(,1 s) was performed at the planned geometry to
confirm correct positioning of the slice and shim volume.

The preliminary imaging in four subjects was per-
formed to determine suitable sequences and parameters
at 1.5 and 3 T (these data were not included in the
subsequent analysis). This included a comparison of real-
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time SSFP, bSSFP and FLASH type sequences with
otherwise similar imaging parameters. As a result of
these tests, bSSFP sequences were used at 1.5 T and SSFP
sequences were used at 3 T to image the six subjects in
the main study. All of these subjects were imaged at both
field strengths. In order to demonstrate the trade-off
between spatial and temporal resolution, four sequences
were implemented on each scanner and acquired in a
random order in each subject while they performed the
speech task. In-plane spatial resolution varied from
1.661.6 to 2.762.7 mm2 for temporal resolutions of
9–20 fps. Parameters common to all sequences are given
in Table 1 and those modified between the four
sequences are given in Table 2. At 1.5 T, a flip angle of
30u was used, whereas at 3 T a flip angle of 15u was used
to account for changes in specific absorption rate
between field strengths and saturation effects between
the different sequences. TE and TR were minimised for
every sequence to make full use of the hardware at both
field strengths. Three sequences were initially designed
at 1.5 T with sensitivity-encoding (SENSE) acceleration
factors of 3.0 (Sequences 1, 3 and 4). However, the initial
tests suggested that SNR was low with 1.661.6 mm2

spatial resolution (Sequence 1), and therefore a modified
version of Sequence 1 with lower spatial resolution and
lower SENSE acceleration factor was also included
(Sequence 2). Sequences at 3 T were designed to match
those at 1.5 T in temporal and spatial resolution, despite
the different hardware and sequence variant used.
Therefore, the SENSE acceleration factors vary between
the sequences at 3 T. Alternatively, SENSE acceleration
factors could have been maintained between 3 T
sequences, to ensure that SNR values were comparable.
However, the key imaging parameters in assessing soft
palate function are spatial and temporal resolution;
consequently, it was decided to match these variables
between equivalent 1.5 and 3 T sequences.

Speech task

The noise reduction algorithms used in the MRI
microphone system require an initial period of approxi-
mately 8 s of sound to optimise. As a result, the subject was
instructed to begin the speech task via the scanner intercom
system after this initial period. For each real-time acquisi-
tion, the subjects completed the following speech task:

‘‘Scan x’’ where x is the index of the acquisition in
progress.

Counting from 1 to 10.
The nonsense words: ‘‘zu-nu-zu’’, ‘‘zi-ni-zi’’ and ‘‘za-

na-za’’, similar to those used elsewhere [13], which
include a nasal sound between vowel sounds.

The sound / / (as in ‘‘arm’’) and /i/ (as in ‘‘cheese’’)
sustained briefly.

Simultaneous audio recording

Audio recordings of speech during imaging were
made using a FOMRI II dual-channel MRI-compatible
fibre optic microphone system (Optoacoustics, Or
Yehuda, Israel) with a real-time digital processing
system, similar to that described elsewhere [13, 36].
The processed, noise-cancelled speech recording and an
audible trigger signal, corresponding to the beginning of
each imaging frame, were recorded digitally. The audible
trigger signals were extracted using a cross-correlation
based algorithm written in Matlab (The Mathworks,
Natick, MA) and these triggers were used to create
movie files with synchronised audio and video.

Analysis

To provide a comparison between sequences and field
strengths, the images were evaluated using measure-
ments of SNR, palate thickness and a visual scoring
system. Images were viewed and static SNR measure-
ments were made using Osirix (v. 3.9.4, 32-bit; www.
osirix-viewer.com [51]). More complex analysis was
performed using in-house software written in Matlab.

Static signal-to-noise ratio and thickness
measurements

SNR was measured as:

Sp{Sa

sa

ð1Þ

where Sp and Sa are the mean signal in regions of interest
(ROI) drawn in the palate and the air immediately

Table 1. Sequence parameters common to all sequences

Parameter Value

Sequence type bSSFP, 1.5 T/SSFP, 3 T
Flip angle 30u, 1.5 T/15u, 3 T
Field of view 3006240 mm2

Slice thickness 10 mm
Reconstruction matrix 2566256
Parallel imaging SENSE
Partial Fourier factor 0.625

bSSFP, balanced SSFP; SENSE, sensitivity encoding; SSFP,
steady-state free-precession.

Table 2. Variable sequence parameters

Parameter Sequence 1 Sequence 2 Sequence 3 Sequence 4

Acquired in-plane spatial resolution 1.661.6 mm2 1.961.9 mm2 2.162.1 mm2 2.762.7 mm2

Temporal resolution 111 ms/9 fps 104 ms/10 fps 71 ms/14 fps 49 ms/20 fps
SENSE factor 1.5 T 3.0 2.4 3.0 3.0
SENSE factor 3 T 2.1 1.8 2.3 2.4
TE/TR 1.5 T 1.6/3.2 ms 1.5/2.9 ms 1.4/2.8 ms 1.2/2.5 ms
TE/TR 3 T 1.1/2.3 ms 1.0/2.2 ms 1.2/2.1 ms 0.9/2.0 ms
Acquisition matrix 1926154 1606128 1446116 112688

fps, frames per second; SENSE, sensitivity encoding; TE, echo time; TR, repetition time.

Real-time MRI of the soft palate during speech
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adjacent to the palate, respectively, and sa is the
standard deviation of the signal in the ROI drawn in
air. SNR measurements were made in two frames where
there was minimal or no motion: the first while the
subject performed nasal breathing, before starting the
speech task (relaxed position); and the second while the
subject sustained the / / sound (elevated position). At
these two static positions, the thickness of the soft palate
was also measured along a straight line following the
primary action of the levator veli palatini muscle
(demonstrated in Figure 1), subsequently referred to as
the reference line.

Intensity–time signal-to-noise ratio
In order to fully capture the motion of the soft palate,

the acquisition time for each imaging frame should be
short with respect to the motion. Comparison of the
performance of the sequences during palate motion was
achieved by generating 2D intensity–time plots from
image profiles taken along the reference line in each
imaging frame. The intensity profiles are stacked next to
each other in a time sequential order, creating a 2D
representation of palate motion throughout the image
acquisition [29]. SNR was also measured (defined as
before) in a short (,2.5–3.5 s) section of each of these
intensity–time plots (I-t SNR). ROI were defined in both
the palate and oral cavity on the intensity–time plot from
Sequence 4 (the highest temporal resolution) for each
subject at each field strength and then copied, with
translations where necessary, to the other three plots,
corresponding to Sequences 1–3.

Visual scoring
Images were rated blindly in a randomised order on a

four-point scale by two independent scorers (MRI
physicists) with 6 and 15 years of experience in MRI.
The scorers were instructed to rate the images based on a
combination of how well the soft palate could be
delineated from the surroundings and how well velo-
pharyngeal closure could be assessed. One of the scorers
also rated all the images a second time (77 days later) in
order to provide data for intraobserver variability
measures. The scale was defined as described below and
the scorers were shown example data sets for each score:

(1) Very poor/non-diagnostic—the palate is masked by
noise or artefact in a majority of images, and image

quality is insufficient to assess velopharyngeal
closure.

(2) Adequate—the palate is visible in the images but is
poorly delineated in most frames, and an assess-
ment of velopharyngeal closure could be per-
formed, albeit with some uncertainty.

(3) Good—the palate could be segmented in the
majority of frames, interpolating across some
noise/artefact. Velopharyngeal closure could be
determined with confidence.

(4) Excellent—the palate is clearly delineated in a large
majority of frames and velopharyngeal closure
could be determined with a high level of certainty.

Statistics
All statistical analysis was performed using SPSS v. 19

(IBM, New York, NY) and p,0.05 was considered a
statistically significant difference. Continuous variables
were tested for normality and paired data was compared
using a two-tailed paired t-test. Where there were more
than two measures of the same variable (i.e. comparisons
between all four sequences) repeated-measures analysis of
variance (ANOVA) was used to detect a difference
between the measures (sequences) and in the case of
significant results, multiple Bonferroni corrected paired
t-tests were used to search for statistically significant pairs.
Visual image quality score was compared between
sequences using a Friedman test for related samples and
between field strengths using a Wilcoxon signed-rank test.

Results

Preliminary imaging

The results of the preliminary tests at 1.5 T suggested
that bSSFP sequences were optimal, due to their high
SNR. In the relaxed palate, SNR was measured at 7.3 vs 5.5
using bSSFP and SSFP, respectively, in one subject, and in
another SNR was measured at 9.1 vs 3.9 using bSSFP and
FLASH, respectively. At 3 T, artefacts caused by field
inhomogeneities were too severe to use bSSFP sequences.
In one subject imaged at 3 T, SNR in the relaxed palate was
measured as 10.8 vs 10.6 vs 7.8 using bSSFP, SSFP and
FLASH, respectively. As a result of the lower SNR using
FLASH, SSFP sequences were used at 3 T.

(a) (b)

Figure 1. Example images acquired
in one subject at 1.5 T using Se-
quence 2, both (a) in the relaxed
palate position and (b) in the ele-
vated palate position. The reference
line along the primary direction of
palate motion is shown in green on
both images, as is the measurement
of palate thickness (t).
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Main study

Images were obtained with simultaneous audio re-
cording for all six subjects using all four sequences at
both field strengths, and synchronisation of the audio
with the video was performed successfully. Four of the
six subjects were imaged at 3 T before 1.5 T and two at
1.5 T before 3 T. The mean time between scans was 12¡6
days (range 0–16 days).

Example images acquired using all four sequences at both
field strengths in one subject, both while in the relaxed
position and in the elevated position, are shown in Figure 2.
The equivalent movies with synchronised audio recordings
(M1–M4 for Sequences 1–4 at 1.5 T and M5–M8 for the
equivalents at 3 T) are available at http://mriphysics.net/
speech/BJR.html. The static images clearly show the
reduction in in-plane spatial resolution from Sequence 1 to
Sequence 4 at both field strengths. Comparing the images
acquired in the relaxed position, the 3 T images (Figure 2i–l)
demonstrate a more homogeneous signal between tissues

and a higher signal than at 1.5 T (Figure 2a–d). However, the
equivalent images acquired with the palate in the elevated
position (windowed identically to the relaxed images in
Figure 2) show considerable signal loss at 3 T (Figure 2m–p)
but not at 1.5 T (Figure 2e–h). Measurements of SNR and the
thickness of the soft palate were made in one example image
acquired in the relaxed position from each acquisition and
one corresponding image acquired while the subject
sustained the / / sound in five of the six subjects. In the
remaining subject, the / / sound was pronounced as an
/ / sound (as in ‘‘bad’’) and the palate was not fully
elevated. In this subject an example frame from the /i/
sound was used for the elevated position instead.

Static signal-to-noise ratio

Table 3 gives the mean SNR values obtained using each
sequence at each field strength in the relaxed and elevated
palate positions. Using a paired t-test, the SNR at 3 T is

Figure 2. Example static images at
(a–h) 1.5 T and (i–p) 3 T using all se-
quences at the (a–d, i–l) relaxed and
(e–h, m–p) elevated palate positions.
Note the small differences in the
configuration of the oral tract in the
relaxed position, most notably at 1.5 T.

Table 3. Signal-to-noise ratio in the relaxed and elevated palate positions

Sequence

1.5 T 3 T

Relaxed Elevated Ratio p-value Relaxed Elevated Ratio p-value

1 5.7 (1.9) 5.1 (1.7) 1.2 (0.6) NS 9.8 (2.8) 5.0 (1.0) 2.0 (0.6) ,0.01
2 9.1 (2.1)a 8.4 (1.8)a 1.1 (0.3) NS 13.7 (2.8) 6.5 (1.2) 2.2 (0.7) ,0.005
3 6.9 (1.7) 7.9 (1.2)a 0.9 (0.2) NS 11.8 (3.9) 6.8 (1.9) 1.9 (0.8) ,0.01
4 7.1 (1.6)a 8.1 (3.6) 1.1 (0.7) NS 9.0 (3.6) 7.1 (1.8) 1.4 (0.9) NS
p-value ,0.0005 ,0.05 – – ,0.005 NS – –

NS, not significant.
Data are mean values, with standard deviation in parentheses. Relaxed and elevated refer to the signal-to-noise ratio (SNR) in a

representative static frame and while the subject sustained the / / sound. Ratio is the quotient of the relaxed and elevated SNR
values. p-values refer to one-way repeated-measures analysis of variance tests between SNR values in each column (bottom
row) and a paired t-test between the SNR in the relaxed and elevated position (columns 5 and 9).

ap,0.05 pairwise comparison with Sequence 1.

Real-time MRI of the soft palate during speech
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significantly greater than that at 1.5 T (p,0.0005) for the
relaxed data, and it is significantly greater at 1.5 T than at
3 T for the elevated data (p,0.05). Repeated-measures
one-way ANOVA demonstrated significant differences in
SNR between sequences at 1.5 T in the relaxed and
elevated palate positions (p,0.0005 and p,0.05 respec-
tively), and at 3 T in the relaxed position (p,0.005). Paired
comparisons (Bonferroni corrected) highlighted that in
the relaxed position at 1.5 T, the SNR in Sequence 1 was
significantly lower than in both Sequence 2 and Sequence 4
(p,0.05 in both cases). At the elevated position at 1.5 T, the
SNR in Sequence 1 was significantly lower than the SNR
in Sequences 2 and 3 (p,0.05 in both cases). In the relaxed
position at 3 T no significant differences in SNR were
found in any of the pairs of sequences using multiple
comparisons (Bonferroni corrected; p5NS). At 1.5 T, the
mean relaxed/elevated SNR ratio was 1.10¡0.49 with no
significant differences (p5NS) between the relaxed and
elevated positions in any of the sequences. At 3 T, the
mean ratio was 1.90¡0.74, with significant differences for
Sequence 1 (p,0.01), Sequence 2 (p,0.005) and Sequence
3 (p,0.01).

Palate thickness

Table 4 summarises the measurements of the soft palate
thickness. In the relaxed position the mean palate
thickness was 10.5¡1.9 mm at 1.5 T and 10.3¡1.6 mm at
3 T (p5NS), whereas in the elevated position, the mean
thickness was 13.6¡1.7 mm at 1.5 T and 14.6¡2.2 mm
at 3 T (p5NS). As expected, the measured palate thick-
ness is greater in all cases at the elevated position.
Using repeated-measures one-way ANOVA there were

significant differences between sequences at 1.5 T in the
relaxed thicknesses (p,0.05), but no significant differ-
ences between the individual pairs of sequences, and
significant differences at 3 T in the elevated data (p,0.05),
with a significant difference between Sequence 1 and
Sequence 4 (14.2¡2.1 vs 15.5¡2.1 mm, p,0.05).

Assessment of dynamic image quality

Intensity–time signal-to-noise ratio
Figure 3 shows intensity–time plots for each sequence

at both field strengths in one example subject. The
increased temporal fidelity when increasing from 9 fps or
10 fps in Sequences 1 and 2, to 14 and 20 fps in
Sequences 3 and 4 respectively is evident; in Figure 3a–
d there are sharp step changes in the palate position
between time frames which are not present in Figure 3g,
h. Table 5 summarises the SNR measurements from the
intensity–time plots (I-t SNR). There was no significant
difference between the I-t SNR at 1.5 and 3 T. At both
field strengths, there was a significant difference in I-t
SNR (p,0.05 and p,0.005 at 1.5 and 3 T, respectively)
between sequences. I-t SNR increases in each case from
Sequence 1 to Sequence 4, although not significantly.
However, significant differences were found between
Sequence 1 and both Sequences 3 and 4 at 1.5 T (p,0.05).

Visual scoring
Intraobserver agreement in the scoring system was

good (Cohen’s k50.68), with differences in 11 cases (of 48
analysed). The maximum absolute intraobserver differ-
ence in score was 1 with no significant difference between
the initial and repeat scores (p5NS). Interobserver
agreement was excellent (Cohen’s k50.80) with differ-
ences in 7 cases (of 48 analysed) and a maximum absolute
interobserver difference of 1. Of these 7 cases, one scorer
rated the acquisition more highly in 6 cases, and the
paired comparison was borderline significant (p50.06).
There was no clear trend in the subject or sequence that
the differences occurred in.

The results of the image quality scoring are presented
as histograms in Figure 4. The differences in the median
image score between sequences (range of median scores
2.5–3.5) and field strengths (3.0 at both 1.5 and 3 T) are
small and not statistically significant (p5NS in both
cases). However, the median score ranges from 3.0 to 3.5
at 1.5 T and 2.5 to 3.0 at 3 T. In addition, at 3 T only one
acquisition was rated as 4 and no acquisitions were rated

Table 4. Soft palate thickness in the relaxed and elevated positions

Sequence

1.5 T 3 T

Relaxed (mm) Elevated (mm) Relaxed (mm) Elevated (mm)

1 9.3 (1.1) 13.0 (1.7) 10.1 (1.4) 14.2 (2.1)a

2 9.5 (2.0) 13.2 (2.0) 9.6 (1.0) 13.9 (1.8)
3 11.6 (1.5) 13.9 (1.5) 10.5 (1.2) 14.7 (2.9)
4 11.8 (1.7) 14.5 (1.5) 11.1 (2.4) 15.5 (2.1)a

p-value ,0.05 NS NS ,0.05

NS, not significant.
Data are mean values, with standard deviation in parentheses. No significant pairs were found in the relaxed data at 1.5 T.
ap,0.05 elevated thickness in Sequence 1 vs Sequence 4 at 3 T.

Table 5. Intensity–time signal-to-noise ratio measurements

Sequence

1.5 T 3 T

I-t SNR I-t SNR

1 5.4 (3.4) 6.0 (2.4)
2 5.8 (3.2) 6.3 (2.3)
3 8.2 (4.2)a 7.4 (1.8)
4 9.7 (4.1)a 8.4 (2.1)

I-t SNR, signal-to-noise ratio measured in a short (,2.5–3.5 s)
section of the intensity–time plot.

Data are mean values, with standard deviation in parenth-
eses. No pairwise significant differences were found in the
3 T data. p-value was not significant between signal-to-
noise ratio at 1.5 and 3 T.

ap,0.05 when compared with Sequence 1.
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as 1, whereas at 1.5 T 11 acquisitions were rated as 4 and
4.5 acquisitions were scored 1 (one acquisition was rated
as 1 by the first scorer and 2 by the second).

In the subjects studied, image quality did not depend
on the extent of prior dental work. Only two subjects had
images scored 1, one of whom had extensive dental work
(two bridges, one crown and six fillings), while the other
had only minor fillings. In two subjects, all acquisitions
were scored as 4 at 1.5 T, and in a third subject, 3 of the 4
acquisitions were scored 4 (Sequence 2 was scored 3).
One of these high-scoring subjects had substantial dental
work (3 crowns and 3 fillings) and the other two had
only minor fillings.

Discussion

The dynamic motion of the soft palate can be imaged
during normal speech using MRI sequences and hard-
ware widely available in clinical radiology departments.
Furthermore, images obtained at a variety of combina-
tions of spatial and temporal resolution can be synchro-
nised with simultaneously acquired audio recordings
with relative ease. In this study, the images obtained
were compared using measures of both SNR and
thickness of the soft palate, and an image quality score
based on visual assessment. Despite the relatively low
number of subjects and large variations in image quality
between them, we were able to demonstrate differences
between bSSFP imaging at 1.5 T and SSFP imaging at 3 T.
For a given sequence, SNR in the soft palate was greater
at 3 T than at 1.5 T when imaging the subject at rest,
breathing nasally with the palate in the relaxed position.
However, for all the sequences tested, at 3 T the SNR is
much reduced when the palate is in the elevated position
(mean relaxed/elevated ratio 1.87¡0.74), whereas SNR
is little changed between the two positions at 1.5 T (ratio
1.09¡0.49). This can be attributed to both the SSFP

sequence used at 3 T, which has a high sensitivity to
motion, and to the more difficult task of shimming at the
higher field strength. In fact, the improvements in SNR at
3 T, where the SENSE acceleration factors were also
lower, are all but eliminated by the reduction in signal
intensity that occurs in the moving anatomy with the
SSFP sequence; the I-t SNR is similar between 1.5 and 3 T
(across all sequences 7.3¡3.9 vs 7.0¡2.2, respectively;
p5NS).

The visual image scoring provided further insight into
the differences between bSSFP at 1.5 T and SSFP at 3 T.
While the median image score was the same between 1.5
and 3 T (both 3.0), in all but one acquisition the images
acquired at 3 T were scored as 2 or 3, whereas those
acquired at 1.5 T were scored as 1 or 4 in the majority of
cases (15.5 cases of 24). All of the images scored as 1
(4.5 cases) were acquired in two subjects and were caused
by a poor shim in both cases, which is particularly de-
trimental to the quality of bSSFP images. Extensive
metallic dental work is likely to reduce the quality of the
shim, and consequently result in poor images, but image
quality did not appear to be related to dental work in this
study. However, any related image degradation will
depend on the imaging plane and further optimisation
is likely to be necessary when targeting other vocal tract
anatomy. The wide variation in image quality at 1.5 T is
also reflected in the high standard deviation of the I-t SNR
when compared with the equivalent measurements at 3 T
(3.9 vs 2.2, respectively). Further work will address these
issues at 1.5 T by optimising the shimming procedure.
This may be partly achieved by considering dynamic field
maps, which could be used to retrospectively correct for
off-resonance effects.

Differences in image quality between the sequences
were more subtle than those between 1.5 and 3 T or
between subjects, and the number of subjects was
insufficient to demonstrate a statistical difference between

Figure 3. Example intensity–time
plots for all sequences in one subject
at (a, c, e, g) 1.5 T and (b, d, f, h) 3 T
covering the first 5.7 s of speech.
These plots are generated by produ-
cing an intensity profile along the
reference line (see Figure 1). Intensity
profiles from adjacent time frames
are stacked side by side to represent
the time axis in the x direction.
Increased temporal fidelity is evident
moving in the vertical direction,
going from (a–d) 9 or 10 fps, to (e,
f) 14 fps and (g, h) 20 fps. The regions
of interest (ROIs) used for the signal-
to-noise ratio measured in a short
section of the intensity–time plot are
superimposed in blue (signal ROI)
and red (noise ROI).
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sequences. However, the absence of significant image
quality differences between sequences demonstrates that
images can be successfully obtained at a range of
combinations of temporal and spatial resolution. For
accurate geometric measurements of the palate, high
spatial resolution is desirable but, in these initial
comparisons, at 1.661.6 mm2 (Sequence 1) SNR was lower
(significantly at 1.5 T, p,0.05) than at 1.961.9 mm2

(Sequence 2). Also, despite the lower spatial resolution,
the measured palate thickness was similar between
Sequences 1 and 2 (p5NS, 1.5 and 3 T).

For dynamic assessment of the motion of the soft palate,
high temporal resolution is desirable. In these tests,
Sequence 4 was acquired at 2.762.7 mm2 in-plane spatial
resolution and 20 fps temporal resolution. The mean I-t
SNR was the highest for this sequence at both field
strengths (p,0.05 between all sequences at 1.5 T and
p,0.05 vs Sequence 1; p,0.005 between all sequences at
3 T) and the increased temporal fidelity of this sequence is
evident in the intensity–time plots (see Figure 3). Therefore,
along with Sequence 2, this sequence should form the basis
for future comparative studies in volunteers and patients.

In this work, sequences used at 3 T were designed to
match those at 1.5 T in spatial and temporal resolution.
Due to variations in the hardware between scanners and
the additional time required for balancing in the bSSFP
sequence, the SENSE acceleration factors were lower at
3 T than at 1.5 T. While it would have been possible to
match all parameters, including the SENSE acceleration
factor and trade increased temporal resolution for
decreased spatial resolution, matched spatial and tem-
poral resolutions between 1.5 and 3 T were prioritised
here instead. Consequently, 3 T images could be acquired
at the spatial resolutions used in this study but with
improved temporal resolutions. This would be achieved
by increasing the SENSE factor to match that used at
1.5 T (3.0 vs 2.1–2.4 in Sequences 1, 2 and 4). However,
this would also result in some loss of SNR.

In contrast to previous work using Cartesian acquisi-
tions to perform real-time imaging of the soft palate, we
have demonstrated frame rates up to and including 20 fps.
Earlier studies [28, 41, 42] using spoiled gradient echo
techniques have achieved up to 7 fps at 1.661.9 mm2 in-
plane resolution using FLASH techniques with partial

Figure 4. Histograms of image quality score by field strength, imaging sequence and imaged subject. Values from each scorer
were included independently, hence the sum of the score bins in each histogram is 12 (6 subjects62 scorers for each sequence at
both field strengths).
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Fourier. Cartesian TSE imaging with the ZOOM technique
has been applied in the assessment of velopharyngeal
closure [12, 29, 31] and has achieved up to 9 fps at
1.663.1 mm2 in-plane resolution. We achieved 9 fps at
1.661.6 mm2 in-plane resolution with consistently ade-
quate or better image quality at 3 T and the highest quality
images in 50% of cases at 1.5 T. The highest reported
temporal resolution of 22 fps used in imaging the soft
palate was achieved using a research only spiral imaging
sequence [13, 16]. Despite using widely available imaging
sequences, we achieved a similar temporal resolution
(20 fps) at a reduced in-plane spatial resolution (2.762.7 vs
1.961.9 mm2), but without the added complications of the
non-Cartesian trajectory.

In conclusion, we have demonstrated real-time ima-
ging of soft palate motion using bSSFP imaging at 1.5 T
and SSFP imaging at 3 T with four combinations of
temporal–spatial resolution in a small cohort of healthy
volunteers. Audio recordings of speech were also made
during imaging and synchronised with the images, as is
the norm for X-ray videofluoroscopy—a current stan-
dard for velopharyngeal assessment. For reliably ade-
quate image quality, SSFP imaging at 3 T is preferable,
but only resulted in images with the highest visual score
in one acquisition (of 24). For the highest image quality,
bSSFP sequences at 1.5 T are superior, but in this work,
they also resulted in a number of studies rated very
poor/non-diagnostic. From our initial results presented
here, when geometric measurements of the soft palate
are required Sequence 2 with 10 fps temporal resolution
and 1.961.9610.0 mm3 spatial resolution was a good
choice. However, for evaluation of soft palate motion,
temporal resolution should be prioritised, and Sequence 4
with 20 fps temporal resolution and 2.762.7610.0 mm3

spatial resolution was preferred. In future, these techni-
ques will be of use in evaluating velopharyngeal closure
as part of a comprehensive MRI exam for cleft palate
assessment.
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