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Abstract

Objective: The purpose of this study was to demonstrate a novel method for examining the
velopharyngeal mechanism using static and dynamic MRI at the sentence level production in
young children with normal anatomy. This study examined whether velopharyngeal events
occurring in the midsagittal plane are correlated to muscle events occurring along the plane of
velopharyngeal closure. Adenoid involvement in velopharyngeal function was also explored.

Methods: A high resolution, T2-weighted turbo-spin-echo 3D anatomical scan was used to
acquire static velopharyngeal data and a fast-gradient echo FLASH multi-shot spiral technique
(15.8 fps) was used to acquire dynamic data on 11 children between 4-9 years of age.

Results: Changes in velar knee height from rest to the bilabial production was strongly
correlated with changes in the velar configuration (r=.680, £=.021) and levator muscle
contraction (r=.703, P=.016). Velar configuration was highly correlated to levator muscle
changes (r=.685, P=.020). Mean alpha angle during bilabial production was 176 degrees
demonstrating subjects achieve velopharyngeal closure at or just below palatal plane. Subjects
with a larger adenoid pad used significantly less (r=-.660, 2= .027) levator muscle contraction
compared to individuals with smaller adenoids.

Conclusions: This study demonstrates a potentially useful technique in dynamic MRI that does
not rely on cyclic repetitions or sustained phonation. This study lends support to the clinical
potential of dynamic MRI methods for cleft palate management.

Corresponding Author: Jamie Perry, 3310Q Allied Health Sciences, Department of Communication Sciences and Disorders, East
Carolina University, Greenville, NC 27834; perryja@ecu.edu; phone: (252) 744-6144; fax: (252) 744-6104.
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The most commonly used clinical methods for visualizing the velopharyngeal mechanism
are nasendoscopy and multiview videofluoroscopy (Skolnick and Cohn, 1989; Witzel and
Stringer, 1990; Sader et al., 1994; Hess et al., 1996). Nasendoscopy is considered invasive
and not always well tolerated by young children. Additionally, it is associated with depth
distortion cues of the velopharynx (Pigott, 2002). Videofluoroscopy (like computerized
tomography and static-view x-ray) uses ionizing radiation and is therefore not recommended
for prolonged and repeated use in young children. Neither nasendoscopy nor
videofluoroscopy can provide direct visualization of the velopharyngeal muscles.
Additionally, these methods may be limited in the viewpoints that can be obtained. Magnetic
resonance imaging (MRI) offers an imaging method that is noninvasive, easily repeatable,
and allows for views of underlying musculature. There are no dynamic clinical protocols
which can visualize the primary velopharyngeal muscles during speech tasks using adequate
imaging speeds.

Several studies have demonstrated dynamic speech MRI developments for imaging the vocal
tract, lingual movements, and pharyngeal cavity changes during speech (Narayanan et al.,
2004; Niebergall et al., 2013; Scott et al., 2014). Dynamic MRI methods of velopharyngeal
motions have been reviewed previously (Perry et al., 2014c; Scott et al., 2014) and include
Turbo Spin Echo (TSE) “zoom” sequence (Beer et al., 2004), fast spin echo sequences
(Yamawaki et al., 1997), fast gradient-echo sequences and echo-planar imaging (Wein et al.,
1991; Suto et al., 1993; Gilbert et al., 1998; Anagnostara et al., 2001), fast imaging with
steady state precession (TrueFISP) (Atik et al., 2008; Drissi et al., 2011; Scott et al., 2012),
and 2D fast low angle shot imaging (FLASH; Sagar and Nimkin, 2015). Methods for speech
tasks among studies have been limited to prolonged speech tasks (McGowen et al., 1992;
Ozgir et al., 2000; Vadodaria et al., 2000; Ha et al., 2007; Atik et al., 2008; Kao et al., 2008;
Tian et al., 2010a; Drissi et al., 2011). New imaging methods have been able to achieve
speeds of around 20 frames per second (Scott et al., 2012; Sagar and Nimkin, 2015) with
more recent developments as high as 100 frames per second (Fu et al., 2015a, 2015b).
However, these new technologies have yet to be demonstrated in children. Dynamic MRI
investigations among young children have been limited to sustained (2-5 seconds) individual
phoneme productions (Tian et al., 2010a, 2010b; Kollara and Perry, 2014; Sagar and
Nimkin, 2015). MRI sequences requiring sustained productions lose the co-articulatory
effect of sounds and oversimplify the complexity of dynamic speech. Additionally, frame
rates less than 10 fps are particularly disadvantageous in the region of the velopharyngeal
mechanism where velar elevation may occur in less than 100 ms (Kuehn, 1976).

Studies continue to emphasize the need for a clinical dynamic tool for assessing
velopharyngeal structure and muscle function (Atik et al., 2008; Bae et al., 2011a; Kao et al.,
2008; Shinagawa et al., 2005; Silver et al., 2011). Fast oblique coronal MR imaging is
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particularly beneficial because it allows for assessment of the levator muscle function, which
is not possible using traditional imaging methods. Perry et al. (2014c) applied a previously
described imaging sequence (Sutton et al., 2009, 2010) to the oblique coronal image plane to
obtain dynamic levator muscle data at 15.8 fps among 10 adult males using a gradient echo
fast low angle shot (FLASH) multi-shot spiral technique. The primary advantage of these
methods is that the MRI techniques do not rely on cyclic repetitions of speech and can be
obtained in multiple image planes. These methods, however, have not been examined using a
clinically relevant age range in the child population.

Studies have examined lateral-view velopharyngeal function using videofluoroscopy and
MRI. These studies have described variations in velar height between subjects (McKerns and
Bzoch, 1970). McKerns and Bzoch (1970) proposed that the observed variations between
subjects may be due to functional variations in the velar muscles, likely the levator muscle.
Kuehn and Moon (1998) used electromyography to provide further support that the levator
muscle likely is a significant contributor to the velar morphology and shape during speech.
To our knowledge, no studies have demonstrated a method for assessing the effect of levator
muscle changes (seen in the oblique coronal image plane) on velar configuration and
function (seen in the midsagittal image plane) among children. Combining data from these
two image planes provides a powerful means for assessing and understanding the
complexities of the three-dimensional velopharynx during a speech gesture.

The purpose of this study was to demonstrate an MRI protocol for obtaining static anatomic
data and fast oblique coronal and sagittal MRI data among young children (4-9 years of age)
using sentence level stimuli (study AIM 1). The second aim of this study used a single
phoneme from the sentence stimuli to examine the relationship between velopharyngeal
events occurring in the midsagittal plane and levator muscle changes occurring along
oblique coronal image plane (study AIM I1). Changes in velar configurations during the
production of were assessed and discussed relative to the fully relaxed lowered velar
position at rest. Lastly, due to likely involvement in the adenoid pad in velopharyngeal
closure among the child population, this study examined how midsagittal adenoid size
impacts velar, portal, and levator muscle function during the single phoneme stimulus (study
AIM 111).

In accordance with the Institutional Review Board, 11 healthy subjects between 4-9 years of
age (mean, 6.7 years +/— 1.8 years) were recruited to participate in the study. The age range
of 4-9 years was selected because it is a common age range in which children with repaired
cleft palate who present with hypernasal speech may undergo resonance assessments for
consideration of secondary surgery. Studies have demonstrated minimal variations in the
velopharyngeal anatomy between children of this age range (Perry et al., 2015).
Additionally, Vorperian et al. (2011) suggested a 5-year age span to be an adequate range for
comparisons and further cautioned structural comparisons across a decade given the known
variations in growth rate and growth trends between males and females. Perry et al. (2015)
and Kollara et al. (2015) demonstrated a lack of sexual dimorphism among children between
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4-9 years of age. Similarly, for the present study we did not expect sex variations for
variables of interest. As seen in Table 1, six children were male and five were female. All
subjects were White native English speakers to control for the known racial differences in
velopharyngeal structures among children (Kollara et al., 2015; Perry et al., 2015). Subjects
reported no history of swallowing, neurological, craniofacial, or musculoskeletal disorders.
Subjects reported no history of adenoidectomy or head and neck surgery. Subjects had a
mean weight of 25 kg (SD = 6 kg) and height of 132 cm (SD = 10.5 cm). All subjects were
judged using a conversational speech sample and a 5-point rating scale using the Americleft
protocol (Chapman et al., 2014) performed by a speech-language pathologist with 15 years
of experience in resonance evaluations. The 5-point rating scale provided an assessment of
overall nasality from normal (rating of 1) to severe hypernasality (rating of 5). Children
repeated the sentence stimuli to ensure they did not present with articulation disorders for
the targeted sounds. No subjects were enrolled in speech or language therapy at the time of
the study.

Magnetic Resonance Imaging

We utilized a previously published child-friendly protocol (Kollara and Perry, 2014) which
includes the use of printed material for the child subjects (such as coloring books) and
caregiver (information regarding the scanning process). On the day of the MRI, subjects
listened to MRI noises through headsets outside of the MRI scanning room. Cushions, an
elastic strap, and foam wedges were used to secure the head and reduce the overall motion
while in the scanner. A blanket was used to swaddle the subject’s arms and legs to limit
overall body motion. Blankets were stored in an electric warming container. Because the
MRI scanning room was cold, child subjects were accepting of the blanket. During static
image acquisition, children were provided the option to watch a movie to maintain a fixed
eye gaze and thus reduce head motion. Children were given a panic button that could be
pressed at any time to immediately terminate the study.

Each subject was positioned similarly in the head coil to control for variations in head
flexion and extension between subjects. Specifically, the nose tip was positioned at the same
point on the head coil and the localizer MRI sequence was viewed to determine if the child
had too much head flexion or extension. In cases where excessive head flexion or extension
was noted, the child was repositioned within the head coil. The degree of head flexion and
extension was further evaluated using the MRI data to ensure there was minimal difference
between subjects in the position of their head in the coil. This was examined by measuring
the angle created between a vertical line passing along the anterior edge of the C2-C3
cervical vertebrae and a line connecting the posterior tip of the spinous process of the first
cervical vertebra and the tuberculum sella across all subjects (Figure 1). Values indicated
less than 16.3 degrees of variation in the head flexion/extension between subjects. Previous
research has demonstrated that less than 20 degrees of extension or flexion has no effect on
upper airway dimensions (Jan et al., 1994).

Subjects were scanned in the supine position using a Siemens 3 Tesla Trio MRI scanner
(Erlangen, Germany) and a 12-channel Siemens Trio head coil. Images were obtained at rest
breathing and during speech production. During the static rest images, each subject was
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instructed to breathe through their nose with their mouth closed. The velum was in a relaxed
and lowered position. Table 2 displays MRI parameters. A high resolution, T2-weighted
turbo-spin-echo three dimensional (3D) anatomical scan called Sampling Perfection with
Application optimized Contrasts using different flip angle Evolution (SPACE) was used to
acquire a large field of view covering the oropharyngeal anatomy (25.6 x 19.2 x 15.5 cm?3)
with .8 mm isotropic resolution, 2500 ms repetition time, 268 ms (with echo train length of
171), .8 mm slice thickness, and with an acquisition time of slightly less than 5 minutes
(4:52).

Dynamic images were obtained using a gradient echo fast low angle shot (FLASH) multi-
shot spiral technique to serially acquire images for 50.5 seconds for 799 native frame rate
(15.8 fps) or 1515 sliding window images at 30 fps (Table 2). This sequence has been
described previously (Sutton et al., 2009, 2010) and applied to an adult population with
normal anatomy (Perry et al., 2014a, 2014b). The sliding window reconstruction is
performed by deciding the desired time points for reconstruction at 30 fps and using the k-
space data that was acquired closest in time to each time point. A time-efficient acquisition
of a six-shot spiral pulse sequence with an alternating echo time (TE) between 1.3 and 1.8
ms was used to allow dynamic estimation and correction of the magnetic field map. Images
were obtained at 1.87 x 1.875 x 8 mm3 spatial resolution. Multiple saturation bands were
placed around regions of higher fat concentration (cheeks) to suppress the high intensity
signal from these regions while also limiting the field of view that must be measured. These
methods provide a higher image quality, improved signal-to-noise ratio, and increase the
overall rate of image acquisition. Fast frame rates are achieved through an optimized
acquisition strategy coupled with an image reconstruction method that corrects for effects
caused by imperfections in the magnetic field in the oropharyngeal region (Sutton et al.,
2009, 2010). The imaging quality and contrast variation evident in Figures 2 and 3 are
related to the differences in static (used for measuring rest condition) and dynamic imaging
protocols (used to measure single production selected from sentence stimuli).

Previous investigations utilized this dynamic sequence on adult subjects during the
production of /ansa/ (Perry et al., 2014b). For the present study, a sentence was used to elicit
a more natural speech production from the child subjects and to demonstrate a method for
rapid MRI during speech (study AIM 1). The sentence, “pick up a puppy,” was selected
because it is void of nasal sounds and has high pressure sound productions. We also aimed
to use a stimulus that may be similar to sentence stimuli used in resonance assessments done
by a speech language pathologist. For study AIMS Il and I11, preliminary analyses of the
single phoneme in the word “up” in the stimulus phrase “pick up a puppy” was analyzed. In
addition to serving as preliminary analyses, a single phoneme was analyzed to limit
statistical comparisons given the small sample size. The in the word “up” was chosen to
avoid sentence starting and ending effects which would be expected to be more variable
compared to a medially-positioned sound production. Additionally, only one production was
used to facilitate participant compliance and to avoid disinterest among the child subjects.
Subjects were trained and practiced the speech productions prior to the imaging session
while simultaneously listening to pre-recorded MRI scanning noises over headphones. This
was done to simulate the testing environment inside the magnet and to assess the child’s
accuracy in producing the target speech sample.
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Subjects were instructed to repeat the sentence “pick up a puppy” at the start of the loud
scanning noise while in the MRI magnet. The investigator in the scanning room provided
tactile cues for pacing the repetitions by tapping the child’s leg during the scan while
listening and being paced to a metronome beat played over headphones. Speech was
produced at a rate of 2.5 seconds per sentence. Although the MRI methods do not require
rate to be controlled given the non-cyclic nature of the data acquisition, we chose to pace the
productions to avoid variations in velar function caused by speech rate. Simultaneous audio
recordings were conducted using an Optoacoustic fiber optic MRI-compatible microphone
(Optoacoustics, FOMRI-I1I, 2009), which provides automatic noise cancellation and audio
filtering of acoustic speech signals. The microphone and headphones allowed the examiner
in the control room to evaluate each production in real-time to ensure accurate production of
the target speech stimuli. If the child did not produce the sentences accurately or could not
keep a consistent pace, the sequence was repeated. The sequence was repeated only once for
one of the 11 subjects for incorrect production of the sentence. Fast dynamic midsagittal
data was obtained first followed by oblique coronal fast dynamic data. These data (oblique
coronal and sagittal speech images) were not obtained simultaneously due to the desire to
keep the acquisition frame rate high for each sample and to avoid interactions of the two
imaging slice locations. Future work will be able to leverage developing technologies to
image 3D at sufficient frame rates (Fu et al., 2015).

Dynamic images were acquired on the MRI scanner at a native frame rate of 15.8 fps and
image reconstruction was performed off-line using an output time-driven sliding window
process which takes approximately 2 hours per subject to compute. The reconstruction
procedure was an iterative image estimation that takes into account the dynamically
measured magnetic field maps to correct for image distortions (Sutton, 2003). The sliding
window reconstruction process minimizes temporal blurring by reducing redundant
information in adjacent time points (Sutton et al., 2009, 2010). This process uses 30 fps as
the output image rate by gathering k-space data closest to the desired time point. The result
is a minimal amount of interpolation across time. Alternatively, the images in the native
frame rate (15.8 fps) could be interpolated to the desired output rate, but this would result in
significant blurring of information across time. Acquisition simulation software provided by
the vendor of the MRI scanner provides timing data used to align audio speech recordings
with the dynamic images. This software allows for accurate simulations of sequence timing
using the exact acquisition protocol, giving information about the actual time location of
data acquisition events with 10 pus accuracy.

Image Analyses

Image processing methods were consistent with previously reported methods (Perry et al.,
2011). Images were transferred into Amira 4 Visualization Volume Modeling software
(Visage Imaging GmbH, Berlin, Germany). This program has a built-in native Digital
Imaging and Communication in Medicine (DICOM) support program which enables data to
preserve original geometry. Dynamic MRI data were exported as an image sequence using
Adobe After Effects (Adobe, CS5.5, v10.5). The exported audio signal was analyzed using
Praat (Praat, v5.3.53) to identify the consonant production of in the word “up”. Noise
cancelling and audio filtering features of the Optoacoustic microphone provide delineation

Cleft Palate Craniofac J. Author manuscript; available in PMC 2020 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perry et al.

Page 7

of the audio signal from the MRI scanner noise. Specifically, the microphone system filters
and removes the noise from the acoustic signal enabling a clear representation of the
acoustic features in the plosive phoneme. The image frame for the corresponding acoustic
location was noted and used to index the exported image sequence. Inspection of the
imaging data ensured accuracy of identified acoustic features. For example, the stop plosive
production of the was identified by the acoustic burst noted on the spectrogram and
confirmed by noting bilabial articulatory positon. In all cases, the acoustic data (spectral
analyses) were accurate and reliable in identifying the plosive production. Using acoustic
data instead of visual inspection of images proved to be a more accurate and consistent
method for identifying the image location for the target phonemes.

Sagittal images were used to obtain the ABC and alpha angle, shown in Figure 2. The ABC
angle described by McKerns and Bzoch (1970) was used to represent the overall
configuration and orientation of the velum in the nasopharynx. Specifically, it was formed
by lines from the posterior nasal spine (point A) to the superior most point of velar contact
(point B) and from point B to the inferior tip of the uvula (point C). The ABC angle
becomes more acute as the velar knee (point B) gets higher and/or when the uvular tip (point
C) curves anteriorly away from the posterior pharyngeal wall (Figure 2). The alpha angle, as
described by Lipira et al. (2011), represents the height of the velar knee relative to the
palatal plane and can be described by connecting points from the anterior nasal spine,
posterior nasal spine, to the velar knee (Figure 3). As the velar knee elevates, the alpha angle
increases (Figure 3). An alpha angle of 180 degrees during bilabial production indicates the
velar knee to pharyngeal wall contact is directly in line with the palatal plane.

The mean (right and left) levator muscle length was measured as the distance from the origin
at the base of the skull to the midline of the velum (Figure 4). The angle of the levator
muscle was defined as the angle created at the base of the skull as the muscle converges
towards the velum (Figure 4). The ABC angle, alpha angle, and levator muscle (length and
angle of origin) measures were obtained at rest from the 3D static MRI data and during the
production from the dynamic MRI data. Rest images were obtained from the 3D static MRI
data because during speech tasks children most often showed an anticipatory position (e.g.,
velum slightly elevated) for speech articulators, as opposed to a fully rest position (e.g.,
velum lying on the base of the tongue). Because children are known to often have an
adenoid-to-velar closure pattern, we examined adenoid thickness and distance from the velar
knee to the posterior pharyngeal wall from a single midsagittal static image at rest. These
measures were then used to examine how adenoid involvement relates to velar and muscle
function. Adenoid thickness was measured by first drawing a reference line through palatal
plane. A second reference line was drawn along the posterior pharyngeal wall. The
intersection of these two lines served as the posterior margin of the adenoid tissue. As seen
in Figure 5, the midline adenoid thickness was determined as the distance from the
nasopharyngeal margin (anterior margin open to the nasopharynx) to the intersection of
these lines. Figure 5 provides a comparison of a child with adenoid tissue to that of a child
without adenoid tissue involvement.

Cleft Palate Craniofac J. Author manuscript; available in PMC 2020 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perry et al.

Page 8

Statistical Analysis

Reliability

Results

All statistical analyses were conducted in IBM SPSS Version 21.0 (IBM Corporation,
Armonk, NY). Measures were compared between rest and bilabial production using matched
pairs t-tests. Scatterplots showed the relationships between variables were generally linear,
thus Pearson correlations were used. Pearson correlations were used to determine if events
occurring in the sagittal image plane (velar movement) are correlated with levator muscle
length changes occurring in the oblique coronal image plane. Correlation analyses were also
used to determine if the velar and levator muscle movement is correlated to adenoid size or
velar to adenoid distance.

A primary rater (speech pathologist with over 15 years of experience in MRI research) and
secondary rater (graduate speech pathology student with 4 years of experience in MRI
research) randomly selected and re-measured data from five subjects five months after the
initial measures were obtained. Anatomical static images at rest were scaled and overlaid
onto the dynamic rest image at the start of the speech segment to ensure reliable
identification of the major landmarks used for dynamic MRI data including anterior nasal
spine, posterior nasal spine, velar knee, and uvular tip for sagittal images. The amount of
scaling was determined determining the percent difference between static and dynamic voxel
size in the plane of interest. A computer graphics program was used scale the serially
exported image sequences using the percent difference. Oblique coronal images were
aligned by overlapping the petrous bony segment of the temporal bone, which is a distinctive
feature on the oblique coronal images. Reliability of the measures from the plosive phoneme
were assessed using inter- and intra-rater reliability. A training period was conducted
between raters using two subjects from our adult MRI dynamic data which used the same
imaging parameters.

Inter-rater and intra-rater reliability measures (using a .05 level of significance) were
obtained using the Pearson product moment correlation. As seen in Table 3, reliability
ratings were high. There was no significant difference (o >.05) between observers or within
the primary observer using a paired samples t-test. Interclass correlation using a two-way
mixed model with 95% confidence interval was used to examine the consistency of measures
between raters and within the primary rater. Values for interclass correlations ranged

from .78 to .98 for inter-rater reliability and .65 to .98 for intra-rater reliability.

Fast Obliqgue Coronal and Sagittal MRI Protocol for Young Children:

The first aim of this study was to demonstrate an MRI protocol for obtaining static anatomic
data and fast oblique coronal and sagittal MRI data among young children (4-9 years of age)
using sentence level stimuli. All subjects completed the MRI tasks within the protocol. As
seen in Figure 6, the study MRI protocol provides high image resolution (.8 mm in plane
resolution) of patient anatomy at rest in multiple viewpoints. Images are acquired from a
single acquisition. Similar to lateral-view videofluoroscopy and static lateral-view x-ray,
measures of velar length, velopharyngeal depth, and craniometric measures can be obtained.
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The original DICOM format native to MRI serves to preserve the original geometry and
shape configurations. As a result, the aspect ratio is known and measures can be reliably
obtained. However, unlike lateral-view videofluoroscopy and static lateral-view x-ray, MR
images display in-plane anatomy and are not projected onto overlying anatomy. The most
significant advantage of MRI is the ability to visualize velopharyngeal muscles. Figure 7
displays the levator muscle, musculus uvulae, and the relationship to velar segments of the
palatoglossus muscle. Three- dimensional imaging allows for any image plane to be
visualized. For example, Figure 7 demonstrates the relationship between the levator and
tensor veli palatini muscle.

This study also demonstrates the use of a novel dynamic MRI protocol for use in young
children with speech production at the sentence level. Images are obtained with high
imaging speeds and can be obtained using natural speech because methods do not rely on
speech to be cyclic. The trade-off for high-speed imaging is image quality. As evident in
Figures 2 and 3 (comparing rest to dynamic condition), image quality of the dynamic images
is not as good as the static 3D images. Motion was a factor in the present study. Although
the scanning sequence only requires the child to say the sentence one time, a child may
move between the time he/she is placed inside the scanner and the dynamic data are
obtained. Due to the single-slice nature of the dynamic imaging used in this study, an
incorrect slice location could result if a child moved between the structural scan, which was
used to identify the orientation and position of the muscles, and the dynamic scan. Motion is
also a problem for lengthy static structural scans which require the child to remain still for
large data sampling. We obtained two static structural scans in our protocol in order to have
a back-up image if the child moved. However, we did not observe a loss of image quality on
either structural scan for any of the subjects.

Dynamic imaging sequences can potentially suffer from magnetic susceptibility artifacts due
to the large magnetic susceptibility differences between tissue and air in the dynamically
changing oral cavity. We countered potential image distortion artifacts in the dynamic
imaging by integrating a dynamic magnetic field map measurement into the acquisition and
reconstruction. Images were acquired with alternating echo times (1.3 ms and 1.8 ms) in
order to sample the susceptibility-induced magnetic field changes. These dynamic field
maps were incorporated into the reconstruction for each time point, see Sutton et al. (2009,
2010) for a full description of the dynamic image acquisition and reconstruction process
along with comparisons of the impact of these choices. Magnetic susceptibility can still
impact the images despite the susceptibility-corrected image reconstruction by causing shifts
in the frequency of structures around air/tissue interfaces, resulting in certain structures
being accidentally saturated by our spatially selective saturation bands. This would appear as
the velum disappearing when it was raised, for example. In order to counter this effect, we
ensured that we placed our spatial saturation bands far enough away from the velum such
that the frequency shifts would not cause it to be saturated. This was examined in previous
studies on adults, but none of the children in the current study suffered from this effect.
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Correlating Velar and Levator Muscle Events during Production:

The second aim of this study used a single phoneme from the sentence stimuli to provide
preliminary investigations of the relationship between velopharyngeal events occurring in
the midsagittal plane and levator muscle changes occurring along oblique coronal image
plane. Changes in velar configurations during the production of were assessed relative to the
fully relaxed lowered rest velar position. The values for rest position are intended to provide
a reference for the amount of movement for production compared to a non-speech position.
As seen in Table 4, the mean ABC angle at rest was 142 degrees (SD = 7 degrees) and 80
degrees (SD = 6 degrees) during the bilabial production. Mean alpha angle at rest was 155
degrees (SD = 10 degrees) and 176 degrees (SD = 4 degrees) during the bilabial production.
This demonstrates that during the bilabial production, child subjects achieve velopharyngeal
closure at (180 degrees) or just below (less than 180 degrees) the palatal plane. Mean muscle
length at rest was 39.5 mm (SD = 2.9 mm) and 30.3 mm (SD = 4.4 mm) during the bilabial
production. The mean angle of levator muscle at the muscle origin was 56 degrees (SD =2
degrees) for rest and 46 degrees (SD = 3 degrees) for the bilabial production. Velar (ABC
and alpha angles) and muscle (length and angle of origin) parameters at rest were
significantly different from measures during the speech condition as determined using paired
sample t-tests (P < .001 for all pairs; Table 4).

Changes in velar knee height (alpha angle) from rest to the bilabial production was strongly
correlated (r=.680, P=.021; Table 5) with changes in the velar configuration (ABC angle).
This means as the velar knee elevates from rest condition to the bilabial production, the
flexion or angle of the velum becomes more pronounced (i.e., more acute). Subjects with
greater velar height (more acute alpha angle) during the bilabial production demonstrated
greater flexion of the velum. Changes in the alpha angle from rest to the bilabial production
was strongly correlated (r=.703, £=.016; Table 5) to changes in the length of the levator
muscle. As expected, as the levator muscle shortened, the velar knee elevated. Subjects with
greater muscle shortening demonstrated greater velar height. Shortening of the levator
muscle was also correlated (r=.685, P=.020; Table 5) to velar configuration (ABC angle).
Specifically, greater muscle contraction resulted in a greater degree of flexion of the velar
body. Greater levator muscle contraction resulted in a greater change (i.e., more acute) angle
of origin (r=.814, P=.002). As expected, as the muscle contracts, the velum is elevated
causing the angle of muscle origin to become more acute. Individuals with greater levator
muscle contraction during the bilabial production displayed a more acute angle of muscle
origin.

Impact of Adenoid Size on Velopharyngeal Function:

The third aim of this study was to examine how midsagittal adenoid size impacts velar,
portal, and levator muscle function during the single phoneme stimuli. Midline adenoid
thickness and distance from the velum to adenoid tissue (or pharyngeal wall when devoid of
adenoid tissue) was used to examine the relationship between velar, portal, and levator
muscle functions between rest and the bilabial production (representing the change between
positions). Ten of the 11 subjects displayed velar to adenoid contact and 1 subject (Subject
7) displayed velar to posterior pharyngeal wall contact for velopharyngeal closure during the
bilabial production. As seen in Table 4, mean adenoid thickness was 4.7 mm (SD = 2.5 mm)
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and the mean distance from the velar knee to the adenoid (or pharyngeal wall in two
subjects) was 8.3 mm (SD = 1.9). It was hypothesized that individuals with larger adenoids
would show a decrease in flexion (ABC angle), velar height (alpha angle), and less levator
muscle contraction. Velar flexion (ABC angle) and velar knee height (Alpha angle) were not
significantly correlated to adenoid thickness (Table 6). However, it was observed that
subjects with a larger adenoid pad displayed significantly less levator muscle contraction (r
=-.660, P=.027; Table 5) and less change in the muscle angle of origins (r=-.770, P
=.006). As expected, if the adenoid pad was larger, subjects did not require as much muscle
contraction (shortening) and therefore displayed less change in the angle of origins
compared to those with smaller adenoid tissue. Adenoid size was not significantly correlated
with velar to adenoid distance (r=-.498, P=.119). The size of the velopharyngeal port did
not correlate to any of the variables.

Discussion

Fast Oblique Coronal and Sagittal MRI Protocol for Young Children:

MRI offers many advantages in speech assessments for young children. As previously
mentioned, the most notable advantages of MRI over traditional imaging tools are that it
does not expose the child to radiation (compared to videofluoroscopy and static-view x-ray),
it is non-invasive (compared to nasendoscopy), and muscles can be visualized directly. MRI
is an easily reproducible and repeatable tool for clinical evaluation and it is the only method
for viewing the velopharyngeal muscles at rest and during functional speech tasks. Unlike
traditional imaging methods, MRI is obtained in the supine position. However, previous
studies have not demonstrated a significant difference in velopharyngeal positioning and
functions between the upright and supine positions (Perry, 2011; Kollara and Perry, 2014).
Studies assessing other areas of the speech system have also observed minimal to no
gravitational influence (Yildrim et al., 1991; Traser et al., 2013). Bae et al. (2014) further
demonstrated structural positioning to be more closely dependent on the target stimuli and
adjacent sounds, than patient orientation in the scanner. These data provide support for using
supine imaging speech data of the velopharyngeal mechanism for decisions about the
mechanisms of speech.

MRI methods in the current study provide a promising advancement in the development of a
clinically useful MRI protocol for cleft palate care. An optimal imaging protocol for use in
children with cleft palate would provide for volumetric assessment of the anatomy as well as
a functional assessment that can be obtained under a minute and that provides immediate
data analyses and interpretation (Perry et al., 2014c). Additionally, methods should allow for
natural speech samples at the sentence level as opposed to prolonged speech sounds, which
most MRI studies of velopharyngeal function to date have utilized (McGowen et al., 1992;
Ozgir et al., 2000; Vadodaria et al., 2000; Ha et al., 2007; Atik et al., 2008; Kao et al., 2008;
Tian et al., 2010a; Drissi et al., 2011). The current study (AIM I) demonstrates the use of
sentence level production during a dynamic image acquisition. Variations in muscle function
within a sentence cannot be visualized through dynamic MRI techniques that rely on gated
acquisition procedures (Kane et al., 2002; Shinagawa et al., 2005). Gated procedures are
ideal for cyclic processes with a high degree of repetition across each cycle, such as in
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cardiac imaging. These methods are not suitable for analysis of temporal variations in
speech. MRI methods used for dynamic assessment in the present study represent serial
acquisition at high imaging speeds of 15.8 fps and do not rely on cyclic repetitions for
speech. MRI protocols in children should also include image planes for assessing velar
function (i.e., axial and midsagittal planes) and for assessing muscle function (i.e., oblique
coronal plane). Dynamic MRI studies thus far have presented data in the midsagittal and/or
axial image planes (Kane et al., 2002; Bae et al., 2011a; Drissi et al., 2011). However, these
two image planes do not display details of the velopharyngeal muscles. In such, these
images do not capitalize on the major benefit of MRI, i.e., the ability to image muscle
function.

Further developments are needed to translate research MRI scanning protocols to clinical
scanners and clinical workflow. The normal process of translation of MRI developments
begins by creating new research MRI sequences and assessing the outcomes on clinically
relevant populations. The current dynamic methods use a non-Cartesian acquisition process
which is not found on clinical scanners and require off-line image reconstruction. Scott et al.
(2012) demonstrated a method using a Cartesian acquisition process which allows for on-
scanner reconstruction and is more readily accessible on clinical scanners. However, these
methods acquire images at a slower frame rate. We have begun to translate our dynamic
protocols to clinical MRI scanners to assess the feasibility, repeatability, validity, and
reliability. In addition to the translation of the acquisition sequence, research is needed to
automate the interpretation of MRI data for on-demand assessment of speech function. Most
dynamic MRI research methods, such as in the present study, require off-line processing to
create a MRI movie. This results in a delay in the clinical process. Technological
advancements are needed to create a more rapid and automated method for visualizing
dynamic MRI data to apply research imaging methods to clinical practice. Through
collaboration with those involved in resonance assessments and treatment planning (i.e.,
surgeons and speech language pathologists), further research should determine which
variables and data outputs are of clinical relevance and provide insight into the treatment
planning process.

Correlating Velar and Levator Muscle Events during Production:

Although many studies have demonstrated the potential utility of MRI as an additional
clinical tool in cleft palate care, to our knowledge, no studies have used MRI to correlate
changes in velar configuration with changes in muscle function. Research related to velar
timing, velar function, and velar configuration have been thoroughly documented using
techniques such as cine radiography, lateral-view x-ray, and videofluoroscopy. A significant
advantage of MRI is the ability to correlate movements that occur in multiple image planes
in order to gain understanding of the complex nature of the velopharyngeal mechanism
through muscle imaging.

Findings from the present study suggest that velar configuration and movement are highly
correlated with levator muscle activity (AIM I1) in children with normal anatomy. Greater
levator muscle contraction resulted in greater velar height, increased flexion of the velar
body, and a decrease in the angle of levator muscle origin. Across subjects, the levator
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muscle reduced in length by 22% from rest position to the plosive production. Ettema et al.
(2002) observed a 19% reduction from rest to a fricative production among adult
participants. This similarity between child and adult data may suggest a constant percentage
of contraction regardless of age or size of the structures, which might have important
implications with regard to speech motor control. Tian et al. (2010a) demonstrated a range
between 8-10% levator muscle shortening across two vowels, a nasal, and a Chinese voiced
alveolar affricate among children. This difference between studies is likely due to the
variation of phonemes used between the studies, i.e., a high pressure consonant in the
present study compared to a mean value obtained from two vowels, a nasal, and a Chinese
voiced alveolar affricate.

Tian et al. (2010a) demonstrated variations in velar function during sustained speech tasks
among children with noncleft anatomy compared to those with repaired cleft palate and
velopharyngeal inadequacy. Children with normal anatomy and normal resonance showed
significantly greater velar height when compared to those with hypernasal speech. Children
with velopharyngeal inadequacy further displayed almost no velar stretch during sustained
phonation. However, the levator muscle shortened a similar degree (ranging from 8-10%)
among the three study groups, i.e., noncleft controls, repaired cleft and normal resonance,
and repaired cleft with hypernasality. The authors hypothesized that these findings might
suggest that velopharyngeal inadequacy is primarily caused by rigidity of the velum. The
authors suggested that abnormal levator muscle function likely does not explain the presence
of hypernasality among the study groups. It was suggested that rigidity of the velum may be
due to scar tissue restricting the palatoglossus and palatapharyngeus muscle to stretch during
velar elevation. Results from the present study demonstrate velar function and velar shape
are highly related to levator muscle contraction in children with normal anatomy. It is not
clear how primary cleft palate surgery impacts the function of the velopharyngeal muscles
and structures. It is hypothesized that different scar patterns on the mucosal layers and varied
muscle dissection methods may result in different outcomes for velar stretch and movement.
However, this area of research is unrepresented in the literature.

Future MRI developments are needed to explore the use of 3D dynamic MRI acquisition
sequences (Fu et al., 2015a; Fu et al., 2015b) among the child population. The primary
benefit of 3D MRI methods is the ability to re-slice the data to view a single production for
multiple anatomic viewpoints during a speech event. Because the present study used 2D
dynamic acquisition, children were required to produce the target stimuli twice to sample
along two planes (sagittal and oblique coronal). In such, correlating the two events should be
done with caution due to the known within speaker variability between events. The use of
3D MRI sequences overcomes this limitation. Our laboratory has begun exploring these
methods at frames rates of 100+ fps (Fu et al., 2015a; Fu et al., 2015b).

Impact of Adenoid Size on Velopharyngeal Function:

Isberg et al. (1993) observed enlarged adenoids to be more common in children with
repaired cleft palate who have velopharyngeal competence compared to those who had
velopharyngeal incompetence. This suggests that adenoid size may have an impact on
velopharyngeal function. Findings among children without cleft palate, however, do not
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support this functional relationship. Williams et al. (1992) observed that the size of the
adenoids has little to no effect on whether a child (noncleft) was at risk of developing
nasality post adenotonsillectomy. Nasopharyngeal airway size was more related to the risk
of developing nasality than was adenoid volume. In the present study, we anticipated an
inverse relationship between adenoid size and nasopharyngeal volume. Specifically, we
expected children with larger adenoids would have a smaller nasopharyngeal depth.
However, our findings did not show this relationship. It is well established that children
generally display a velar to adenoid velopharyngeal closure pattern preadolescence,
however, the effect of the relative size of the adenoids on velopharyngeal function is less
understood. Additionally, management of adenoid tissue in the cleft population, particularly
in children being considered for pharyngoplasty, is an area of less agreement between cleft
surgical teams. Nasopharyngeal depth is likely a more important clinical measure than
adenoid volume. However, given that adenoids contribute to nasopharyngeal depth, imaging
methods which allow for measures of adenoid volume, such as MRI, may provide insights
that are not afforded using traditional methods such as nasopharyngoscopy.

Future studies are needed to explore the interaction of adenoids, nasopharyngeal
configurations, and muscle variations on the shape and motions of the velum during speech
in normal and abnormal anatomy. These investigations should include additional
velopharyngeal muscles such as the musculus uvulae, palatoglossus, palatopharyngeus, and
superior pharyngeal constrictors. This study demonstrates a method that can be used to
examine how multiple muscles contribute to the overall velar position, configuration, and
type of closure pattern. Interpretation of data from this study may be limited because this
study did not examine the impact of variables such as velopharyngeal structural size and
closure patterns on outcomes. Our laboratory is currently investigating additional muscle
and velar variables in child speakers with normal and cleft palate anatomy to explore the
differences between groups. It is expected these data combined with finite element modeling
(Berry et al. 1999; Inouye et al., 2015) will provide insight into which muscle and velar
variables are likely to contribute to abnormal resonance.

Study Limitations:

Despite advances in dynamic MRI, there are limitations that need to be addressed prior to
clinical application. In addition to mation artifacts, MRI may not be a suitable imaging
option for individuals undergoing orthodontic treatment (Elison et al., 2006; Gorguli et al.,
2014; Wylezinska et al., 2015). Similar to other clinical imaging methods, MRI may be
more challenging for difficult clinical cases such as patients with syndromes or cognitive
deficits. The noise generated from the scanner is another limitation of MRI in the pediatric
population (Price et al., 2001). In the present study, we used earplugs, headphones, and
played music (during non-speech tasks) for the child to reduce the loud noise from the
scanner. Additionally, loud noise can interfere with the communication between the patient
in the MRI scanner and the examiners in the adjacent room. Analyses of dynamic imaging is
particularly challenging because of the time-intensive nature of manually measuring
hundreds of sequential images. Assessing only one phoneme, plosive production, is a noted
limitation of the present study. Specifically, using a comparison between rest position and a
single production during a sentence production provides limited insights into the true
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dynamic capabilities of the velopharyngeal portal. Future research is needed to develop
automatic methods for data analyses to improve the ability to interpret large volumes of data,
such as in the present study.

Conclusion

This study demonstrates a hovel MRI protocol for assessing velopharyngeal structure and
function in a young child population (4-9 years of age) using sentence level production and
increased frame rates compared to the current dynamic MRI literature. Results from this
study provide comparisons between velar events and levator muscle function in normal
anatomy. Additionally, this study observed that adenoid size was not related to the velar
configuration or the velopharyngeal portal distance. However, adenoid size does appear to be
related to the amount of levator muscle contraction.
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Figure 1:
Demonstration of measure for head flexion and extension. The vertical line passes along the

anterior edge of the cervical vertebrae (C2-C3) and the oblique line connects the posterior
tip of the spinous process of the first cervical vertebra with the tuberculum sella.
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Figure 2:
Demonstration of the ABC angle obtained from midsagittal images at rest and during speech

determined by intersecting points of posterior nasal spine (PNS), velar knee, and uvula. As
the velar knee elevates the ABC angle decreases.
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Figure 3:
Demonstration of the alpha angle obtained from midsagittal images determined by

intersecting points of anterior nasal spine (ANS), posterior nasal spine (PNS), and velar knee
(VN). Note as the velum elevates, the alpha angle becomes larger. An alpha angle of 180
degrees would indicate the velar knee was elevated to the level of palatal plane (ANS to
PNS).
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Figure 4:
The solid line (a) represents the image plane at which the oblique coronal image is obtained.

The solid white box along the rest oblique coronal image (b) encompasses the levator
muscle sling and is the field of view used in the dynamic oblique coronal images (c). The
dotted white line (c) outlines the length of one levator muscle bundle and the arrow indicates
the angle of origin. Note the dark muscle seen on the opposite side.
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Fig5:

Dgpth of the adenoid tissue was determined by measuring the nasopharyngeal margin of the
adenoid tissue to the intersection of two reference lines—vertical line along the posterior
pharyngeal wall and line through palatal plane (anterior nasal spine through posterior nasal
spine). Image 5a presents a child with adenoid tissue and 5b presents a child with no
apparent adenoid tissue.
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Figure 6.
Oblique coronal and midsagittal images at rest across the two randomly selected females and

two randomly selected males.
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Figure 7:
Demonstration of the multiple viewpoints achieved using MRI to demonstrate sagittal (top

left), axial (top right), oblique coronal (lower left), and an angled oblique coronal (lower
right). As evident velar, velopharyngeal port (\VP port), nasopharyngeal opening (NPO),
cranial structures, hamulus, adenoids, musculus uvulae (MU), levator muscle (LVP), and
palatoglossus (PG) can be visualized.
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Subject demographics. All subjects were White native English speakers with clinically normal anatomy.

Table 1:

Age (years) | Sex Height (cm) | Weight (kg)
Child 01 7 Female | 132 22
Child 02 5 Male 127 22
Child 03 8 Female | 147 30
Child 04 9 Male 148 27
Child 05 6 Male 127 22
Child 06 5 Male 122 20
Child 07 9 Female | 147 36
Child 08 7 Male 127 24
Child 09 5 Male 122 20
Child 10 4 Female | 122 18
Child 11 9 Female | 137 34
Mean (SD) | 6.7 (1.8) 132 (10.5) 25 (6)
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Magnetic Resonance Imaging (MRI) Protocol, 3 Tesla
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Table 2:

Static Three-Dimensional MRI Parameters

Dynamic MRI Parameters

*
Pulse sequence

SPACE: T2 turbo spin echo. variable flip angle

FLASH: gradient echo sequence (GRE) six-shot spiral

Field of view

256 x 192 x 153.6 mm3

240 x 240 x 8 mm3

Repetition time

2500 ms

9ms

Echo time

268 ms Echo train length: 171

Alternating between 1.3 and 1.8 ms

Resolution

0.8 mm isotropic

1.875 x 1.875 x 8 mm?®

Length of scan

4 minutes and 52 seconds for 1 static volume

50.5 seconds for 799 native frame rate images or 1515 sliding window
images at 30 frames per second

*
SPACE = sampling perfection with application optimized contrasts using different flip angle evolution; FLASH = Fast low-angle shot imaging.
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Table 3:

Pearson Correlation and Mean Difference in Agreement Between Raters

Pearson Correlation

Mean Differencein Agreement Between Raters

Interrater | Intrarater
ABC angle 0.98 0.98 2°
Alpha angle 0.65 0.78 1.4°
Levator muscle length 0.79 0.81 0.8 mm
Angle of levator muscle at origin | 0.68 0.98 0.5°
Adenoid thickness 0.87 0.97 0.7 mm
Velar to adenoid depth 0.84 0.82 0.1 mm
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Mean values and standard deviations in parentheses for rest and speech condition across the measures ABC
angle (degrees), alpha angle (degrees), mean length of the right and left levator muscle bundles (mm), and
angle or levator muscle origin at the base of the skull.

Rest Speech Paired T-test
ABC Angle 142 (7) 80 (6) £ (10) = 85.903, p = .000**
Alpha angle 155 (10) | 176 (4) £ (10) = —9.044, p = .000**
Levator muscle length 39.5(2.9) | 30.3(44) | #(0)=11.808, p=.000**
Angle of levator muscle at origin | 56 (2) 46 (3) £ (10 = 11.9195, p = .000**
Adenoid thickness 4.7 (2.5) - -
Velar to adenoid depth 8.3(1.9) - -

+
Adenoid thickness and velar to adenoid depth are represented in mm and were obtained only from the midsagittal image at rest.

*
a = 0.001 significance level
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Pearson correlation values for measures of the change (difference from rest to speech condition) for ABC
angle, alpha angle, mean length of the right and left levator muscle bundle, and angle or levator muscle origin.

ABC Angle Alpha Angle Levator muscle Angleof levator at origin
ABC Angle A11)=.680p=.021" | A11)=.685p=.020" | /(11)=.399 p=.224
Alpha Angle f11)=.680 p=.021" f11)=.703p=.016" | /(11)=.433 p=.184

Levator muscle length

f11)=.685p=.020"

A11)=.703p= 016"

A11) = 814 p= 002"

*
a = 0.05 significance level; (n=11)
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Pearson correlation values for comparisons of adenoid and velar to adenoid depth to measures of the change
between speech and rest for ABC angle, alpha angle, mean length of the right and left levator muscle bundle,

and angle or levator muscle origin.

Adenoid thickness

Velar to adenoid depth

ABC Angle

(11) = -.404, p = 218

f11) = -.357, p=.281

Alpha Angle

f11) = -.391, p =.234

f(11) = -.362, p =.275

Levator Muscle

f11) = -.660, p=.027"

(11) = .165, p =.628

Angle of origin

f11) = -.770, p=.006™

A(11) = 369, p =.264

*
a = 0.05 significance level
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