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Abstract

Purpose: To investigate the dimensions of the tensor veli palatini (TVVP) muscle using high
image resolution 3D MRI of the soft palate among children with normal velopharyngeal and
craniofacial anatomy and to compare values to individuals with a diagnosis of 22¢q11.2 deletion
syndrome (22g11DS). We also sought to determine if there is a relationship between hypoplasia of
the TVP and severity of middle ear dysfunction and hearing loss.
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Methods: 3D MRI were used to collect and analyze data obtained across 53 children between 4
and 12 years of age, including 40 children with normal velopharyngeal and craniofacial anatomy
and 13 children with a diagnosis of 22q11.2 DS. TVP muscle length, thickness, and volume as
well as bihamular distance were compared among participant groups.

Results: A Welch’s T-test revealed that the TVP in participants with 22q11DS is significantly
shorter (p=.005, 17.3 mm vs. 19.0 mm), thinner (p=<.001, 1.1 mm vs. 1.8 mm), and less
voluminous (p = < .001. 457.5 mm3 vs. 667.3 mm3) than participants without 22q11DS.
Participants with 22q11DS also had a greater (p=.006, 27.7 mm vs. 24.7 mm) bihamular distance
than participants without 22q11DS. There was an inverse relationship between TVP abnormalities
noted above and the severity of audiologic and otologic histories.

Conclusion: The TVP muscle is substantially reduced in volume, length, and thickness in
children with 22q11DS. These findings serve as preliminary support for the association of patient
hearing and otologic severity and TVP dysmorphology.

Keywords
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Introduction

22011.2 deletion syndrome (22q11DS) is a genetic disorder affecting 1 in 4,000 live births
(Ryan et al., 1997; Devriendt et al., 1998). Verheij et al. (2017) conducted a systematic
review including 21 studies, which demonstrated a substantial increase in abnormal hearing
and otologic findings among patients with 22q11DS compared to controls. Although rates
vary across studies, prevalence of recurrent or chronic otitis media (OME) has been reported
to be as high as 89.8% in patients with 22q11DS (Dyce et al., 2002), which is substantially
higher than rates reported (7.8%) among the general populations (Niskar et al., 1998; Digilio
et al., 1999; Reyes, LeBlanc and Bassila, 1999; Ford, Sulprizio, Rasgon, 2000; Dyce et al.,
2002; Robin and Shprintzen, 2005; Kobrynski and Sullivan, 2007; Macintyre et al., 2010;
Bassett et al., 2011; Feder et al., 2017).

The etiology of conductive hearing loss among children with 22q11DS is largely due to
chronic OME and its sequelae (e.g., perforations of the tympanic membrane, impairment of
ossicular sound transfer, ossicular remodeling). OME is presumably caused by Eustachian
tube (ET) dysfunction (Merheij et al., 2017), such as variations in the angle of the ET,
patency, and obstruction of the orifice of the ET in the nasopharynx, and may be exacerbated
by immune deficiency in 22q11DS. Because 22g11DS is commonly associated (75%) with
palatal and pharyngeal anomalies affecting velopharyngeal function (Ryan et al., 1997;
Bassett et al., 2011), it is likely that ET dysfunction may have a similar pathophysiology in
causing OME in patients with a history of cleft palate (Sheahan et al., 2003; Heidsieck et al.,
2016). Loos et al. (2016) also observed anatomic malformation of middle and inner ear
structures, which is postulated to contribute to the presence of hearing loss among children
with 22q11DS.
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Tensor veli palatini (TVP) abnormalities have also been reported among adults with palatal
anomalies and may be a contributing factor to the high incidence of OME reported among
this population (George et al., 2018). Specifically, the TVP has been observed to be
significantly smaller in volume and present with an overall shorter muscle length in adults
with repaired cleft palate compared to adults without cleft palate (George et al., 2018).
However, no studies have examined if the TVP abnormalities observed in individuals with
cleft palate are also found in individuals with 22q11DS. In addition, the report by George et
al. (2018) did not include detailed audiologic or otologic histories of adult participants. As a
result, it is unclear whether abnormalities of the TVP directly relate to middle ear health.

Untreated and/or pervasive hearing loss during childhood has negative effects on the
development of speech and language (Heidsieck et al., 2016). Such delays are often further
associated with the development of negative behaviors and/or delays in language, literacy,
and learning. This can have a compounding effect for patients with 22g11DS given the high
incidence of speech and/or language disorders, even in the absence of hearing loss (Solot et
al., 2000; Persson et al., 2003). Given this strong predisposition toward speech and language
issues, early diagnosis and treatment of hearing loss and/or recurrent episodes of OME is
particularly important to optimize speech and learning outcomes (Digilio et al., 1999;
Rosenfeld et al., 2004; Bluestone and Klein, 2007; Verheij et al., 2017).

The purpose of this study is to investigate the dimensions of the TVP muscle using high
image resolution three-dimensional (3D) magnetic resonance imaging (MRI) of the soft
palate among children with normal velopharyngeal and craniofacial anatomy and to compare
these values to individuals with a diagnosis of 22g11DS. Specifically, we examined if the
length, diameter, and volume of the TVP muscle differ significantly between groups.
Additionally, we compared differences between groups regarding the hamular process width.
Because hypoplasia of the TVP muscle has been observed in adults with repaired cleft palate
(George et al., 2018), it was hypothesized that hypoplasia in the TVP muscle would also be
observed among this clinical population. We expected TVP muscle hypoplasia to be
accompanied by a smaller total muscle volume. Lastly, we expected to find a spectrum of
severity of hearing and middle ear abnormalities: a greater degree of dysmorphology of the
TVP among children with more severe hearing loss and otologic medical histories compared
to patients who presented with minimal loss to normal hearing.

The overarching aim of this study is to expand our understanding of structural abnormalities
common to individuals born with 22q11DS. Ultimately, insights of this line of research are
aimed to improve our understanding of the pathophysiology behind hearing loss and OME
common among this population to improve treatment and patient outcomes.

In accordance with the local Institutional Review Boards, 53 children between 4 and 12
years of age were recruited for this study. Participants included 40 children with normal
velopharyngeal and craniofacial anatomy (control participants; 21 males and 19 females)
with a mean age of 8.4 years (SD = 0.59 years), and 13 children (5 males and 8 females)
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with a diagnosis of 22q11DS with a mean age of 8.3 years (SD = 2.8 years). None of the
participants with 22q11DS had overt cleft palate or displayed overt signs of submucous cleft
palate. Inspection of MRI data showed three children with 22q11DS presented with
complete diastasis of the levator veli palatini (levator) muscle. An additional four of the 13
child participants with 22q11DS showed irregularity of the levator muscle through the velar
midline. More specifically, in these cases the levator muscle was cohesive through a portion
of the sling with diastasis apparent in the region closest to the posterior hard palate.

Children with 22q11DS were recruited through use of flyers that were disseminated and
posted on social media sites to make available to all patients who met the following
inclusion criteria: 1) diagnosis of 22q11.2 deletion as confirmed by fluorescence in situ
hybridization analysis or microarray; 2) between 4 and 12 years of age; 3) have a negative
history of overt cleft or other genetic disorders; and 4) were no less than six months post
adenoidectomy or tonsillectomy. Individuals with normal velopharyngeal and craniofacial
anatomy were selected from a larger dataset (Perry et al., 2016) and were chosen because
they represented individuals who were similar in age to those in the 22q11DS group. Parents
of the participants in the control group indicated no history of hearing loss, chronic ear
infections, ear infections at the time of the study, or prior surgeries. Parents further reported
their child to be free of syndromes, swallowing disorders, neurologic disorders, or
musculoskeletal disorders and were identified to be otherwise healthy normal controls.

Magnetic Resonance Imaging

All participants were imaged in the supine position using a Siemens 3 Tesla Trio (Erlangen,
Germany) MRI scanner and a 12-channel Siemens Trio head coil. A high resolution T2-
weighted 3D turbo spin echo (TSE) anatomical scan called Sampling Perfection with
Application optimized Contrasts using different flip angle Evolution (SPACE) sequence was
acquired with .8 mm isotropic spatial resolution in 4:52 minutes covering the anatomy of
interest with a sagittal acquisition (25.6 X 19.2 X 15.4 cm). Parameters include a repetition
time of 2,500 ms, echo time of 268 ms, and an echo-train length of 171. Parallel imaging
acceleration with a factor of two in both phase-encode and slice directions was used across
the images. Children were not sedated nor intubated for this study and the MRI procedures
were not done in coordination with other procedures (e.g., MRI for assessing carotid
arteries). Rather, each MRI study was done solely for the purposes of this study.

Image analyses and Data Collection

The MRI data were imported into 7hermo Scientific™ Amira™ Software (Thermo Fisher
Scientific, Waltham, MA, US). This software has a native Digital Imaging and
Communication in Medicine (DICOM) support program which allows for the preservation
of geometric structures present in the data sets. The TVP muscle was visualized by slicing
the 3D data along an oblique coronal plane at an angle that allowed for the muscle bellies to
be displayed fully from the origin to the insertion. Sequential slices were used to create a 3D
volumetric reconstruction of the muscle, as described by Perry et al. (2013), Kotlarek et al.
(2017), and George et al. (2018). A free-handed paintbrush tool in Amira segmentation
editor was used to identify TVP muscle fibers, thereby creating a voxel set. Threshold
analyses were used to ensure the selected voxels represented the muscle fibers, as
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determined by the voxel threshold obtained at the midline of the TVP muscle. The voxel set
was subsequently used to calculate volumetric values of the TVP muscle.

Figure 1 shows the measures that were carried out for each participant. Similar to Terzi et al.
(2016) and George et al. (2018), the variables of the TVP used for comparison in the present
study included the length of the TVP, thickness of the TVP, the bihamular distance, and the
volume of the TVP. The TVP muscle length was obtained using the image with the longest
portion of the muscle bilaterally. The length was measured from the origin of the muscle
along the lateral lamina of the Eustachian tube until the muscle descended to wrap around
the hamulus. TVP muscle thickness was measured at the muscle belly with the greatest
diameter. To obtain the TVP muscle length and thickness, the values of the right and left
muscle bundles were averaged. The total volume of the TVP muscle was determined by
manually segmenting the muscle through sequential images and included both muscle
bundles bilaterally.

Audiologic and otologic histories were obtained for each of the participants with 22q11 DS
via retrospective medical records review. Results from audiologic and otologic evaluations in
closest proximity to scan date were recorded as normal or abnormal for each ear. For
audiologic data, results of hearing evaluations were reviewed and considered abnormal for
any type of hearing loss (air conduction thresholds > 20 dB HL at any frequency)
documented via behavioral audiometric testing or abnormal results on tympanometric
testing. For otologic data, results from physician or nurse practitioner otoscopic examination
were recorded as abnormal for any report of middle ear effusion, tympanic membrane
perforation, active otorrhea with or without the presence of tympanostomy tubes, or reduced
movement on pneumatic otoscopy.

Data from additional interim evaluations were also recorded whenever available to establish
whether audiologic and otologic abnormalities were persistent. The total number of
audiologic exams completed per participant ranged from 0 to 8 while the total number of
otologic exams ranged from 0 to 23. An exam was recorded as abnormal regardless of
whether the abnormal findings were reported in one ear or both ears. The total number of
abnormal exams for each participant was documented, and a resulting proportion of
abnormal exams was devised for audiologic and otologic exams, respectively. For children
with no history of audiologic or otologic evaluation, proportions were recorded as not
applicable (NA). All but one participant (participant ID 09, Table 1) had at least one
audiologic or otologic evaluation to record. This participant had parent report that indicated
no chronic history or concerns regarding hearing or middle ear health that warranted such
evaluations. Therefore, this participant was coded as having a severity index of “0.0” given
the absent medical history. Ultimately, the audiologic and otologic proportions were
averaged to create one severity score for each participant. For participants who only had
either audiologic or otologic exams completed, their severity score was recorded as
whichever score was available. Severity scores ranged from 0.0 to 1.0, with scores below
0.50 judged to be minimal-to-no significant history, 0.50 to 0.69 was considered to be
moderate history, and 0.70 to 1.00 reflecting severe history of ear and hearing issues. See
Table 1 for individual participant information, including laterality of hearing/ear issues.
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Statistical Analyses

Results

The assumption of homogeneity of variances was violated for TVP length, as assessed by
Levene’s test for equality of variance (p < .001). Due to the unbalanced design (i.e., unequal
group sizes) and inhomogeneity of variance as assessed by Levene’s test (p > .05), the
Welch t-test was used to compare between the two groups (22q11 DS and control
participants) across the TVP variables of interest. We used a Pearson correlation and
frequency analysis to examine if there appeared to be a relationship between an abnormal
TVP and the ear and hearing severity index, which was related to the participant’s hearing
and otologic medical history as outlined above.

Inter- and intra-rater reliability measures were obtained using an intra-class correlation
coefficient (ICC) performed across a random sample of 30% of participants. ICC estimates
and their 95% confident intervals were calculated using Statistical Package for Social
Sciences version 23 (SPSS; IBM Corp. Armonk, NY) based on a 2-way mixed-effects
model. Intra-rater agreement was between .87 and .97 and inter-rater between .81 to .95.
This indicates good to excellent reliability across measures.

Descriptive statistics are presented in Table 2. Welch t-tests were completed to determine if
there were differences in the TVP variables between study groups. Results demonstrated a
significantly shorter TVP muscle length in individuals with 22g11DS (mean = 17.3£1.8
mm) compared to controls (mean = 19.0+.6), (12.829) = 3.384, p=.005. Individuals with
22011DS also presented with a significantly thinner TVP muscle (mean = 1.1+.2 mm)
compared to control participants (mean = 1.8+.2 mm), {20.622) = 10.238, p < .001. Overall,
the average TVP volume was 210 mm3 smaller in the 22q11DS group, representing a
significant difference between groups, {16.326) = 5.289, p < .001. Bihamular distance was
significantly wider in those with 22q11DS (mean = 27.7+3.2 mm) compared to controls
(mean = 24.7+2.2 mm), {15.749) = -3.136, p=.006).

A significant negative (inverse) correlation (p < .001) was found between hearing severity
index score and TVP volume, TVP length, and TVP thickness. As noted in Table 1, 4
children presented with hearing severity index scores that were considered severe (ranging
from 0.7 to 1.0), 4 showed a moderate severity index score (ranging from 0.5 to 0.69), and 5
presented with minimal-to-no history of hearing or otologic abnormalities (score under 0.5).
Also seen in Table 1, the mean TVP length and volume decreases as hearing severity index
score increases. For participants with 22911DS who had minimal-to-no audiologic and
otologic histories, TVP volume (mean = 457.3 mm?3) was similar to those in the control
group (mean = 667.3 mm3). However, using an independent samples t-test, both TVP
thickness (p=.001) and volume (p = .028) were still significantly different between the
control participants and 22q11DS participants who presented with minimal-to-no audiologic
and otologic history. Similarly, participants with a moderate severity rating index and a
severe severity rating index all had significantly smaller (p < .05) TVP thickness and volume
measures when compared by severity index group to the control participants separately
using independent samples t-tests.
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Discussion

This is one of the first reports of TVP muscle abnormalities in children with 22q11DS. We
hypothesized that TVP abnormalities would be observed in this clinical population given the
known palatal and pharyngeal anomalies, and such TVP differences have been reported in
individuals born with cleft palate. George et al. (2018) provided a preliminary comparison of
normal adult measures of TVP /n vivoto that of 6 adult participants with repaired cleft
palate. Significant differences in the TVP volume and length were observed between groups.
Research has indicated that the TVP not only appears hypoplastic in those with cleft palate,
but may be absent (Schonmeyr and Sadhu, 2014). Shibahara and Sando (1988) using
histology of specimens with cleft palate observed significantly more acute angles between
the axis of the TVP and the superior portion of the ET lumen and the lateral lamina. This in
turn causes a less efficient pull when attempting to dilate the ET, leading to less effective
draining and ventilation of the middle ear (Heidsieck et al., 2016). Fara and Dvorak (1970)
completed a study on 18 infants with unrepaired cleft palate and 4 without cleft palate. The
TVP muscle was observed to be significantly thinner in the infants with cleft palate
compared to the infants without cleft palate (Fara and Dvorak, 1970). Future studies should
compare TVP measures in children with 22q11DS to those of age-matched children with
repaired cleft palate.

We aimed to examine if observations of TVP muscle dysmorphology was common in
individuals with 22q11DS. Our results demonstrate a significantly reduced TVP volume,
length, and thickness among participants with 2211DS. George et al. (2018) attributed the
TVP volume differences in adults with cleft palate to be primarily related to an abnormally
shortened TVP muscle. In contrast, among the participant group with 22g11DS in the
present study, we observed the TVP to be significantly reduced in all dimensions. This
indicates an overall hypoplastic muscle. It is unclear whether this reflects age-related
differences or a syndrome-specific finding regarding the TVP.

There was a negative or inverse relationship between TVP abnormalities and audiologic and
otologic histories. That is, as the index of hearing and otologic severity increased, TVP
volume, length, and thickness decreased. This was an expected finding. However, caution
should be taken given the small sample size of patients with 22q11DS. Further research
using a larger sample size with more consistent audiologic and otologic follow-up is needed
to understand if there are specific aspects related to the audiologic and otologic histories that
are more likely related to the TVP abnormalities observed in this study. Given the relatively
small sample size in the present study, we combined multiple aspects of each patient’s
medical history into a single severity score to represent the severity index. A limitation of
this study is that the audiologic and otologic histories were obtained retrospectively.
Therefore, testing was only conducted when warranted, such as due to patient or parent
report or clinical observations on team visits. Future studies should prospectively collect
such data and ensure data is collected even in the absence of negative history reported by
parents, for example. Additionally, while our severity index score did yield discrete groups
showing a graded TVP to hearing severity index relationship, it is possible only certain
aspects of this score (e.g., audiometric findings versus otologic findings or vice versa) are
driving these results. Future studies may also consider the influence of non-anatomic factors
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such as immunologic profiles, which may also influence the frequency or severity of middle
ear disease in 22q11DS.

A difference between findings in the present study among children with 22q11DS compared
to past reports of individuals with repaired cleft palate (George et al., 2018) was the
difference in the bihamular width. George et al. (2018) reported no significant differences in
bihamular width between adults with and without cleft palate. In the present study,
participants with 22q11DS demonstrated a significantly greater bihamular distance, on
average 3 mm greater than that of control participants. The bodily structures primarily
affected in 22q11DS are derivatives of the embryonic pharyngeal arches and pouches, and
therefore, 22q11DS has been described as a developmental field defect of the pharyngeal
apparatus (Yamagishi, 2002). Based on studies involving the Pax3and endothelin-1 genes in
animals, it is believed that that 22g11DS results in part from abnormal development of the
neural crest cells within the pharyngeal arches (Kirby et al., 1983; Kirby & Waldo, 1995;
Kurihara et al., 1995; Conway et al., 1997). The pterygoid hamulus, part of the basi-pre-
sphenoid that originates from the neural crest cells of the first pharyngeal arch, is likely
impacted during embryonic development in 22q11DS (Catala, 2003). In contrast,
nonsyndromic cleft palate, such as that examined by George et al. (2018), most commonly
results from a failure of the palatal shelves to fuse at midline and has not been related to
neural crest cell deficiency or the development of the pharyngeal arches (Yu et al., 2009).
This may explain why differences in bihamular distance are present in the participants with
22011DS but not in participants with nonsyndromic repaired cleft palate. It may also explain
the greater degree of TVP dysmorphology observed in participants with 22q11DS compared
to nonsyndromic cleft palate. Future research is needed to make comparisons between these
two populations using age-matched groups. Because our relatively small sample size, we
were not able to compare growth differences between our study groups. Future research is
should consider if these observed differences in the TVP are observed across the age span or
if differences emerge at particular timepoints during growth.

The review of the literature provided by Verheij et al. (2017) supports a likely multifactorial
cause to hearing loss among patients with 22q11DS. This study contributes to the literature
by providing evidence of TVP hypoplasia in patients with 22q11DS and preliminary support
for the association of patient hearing and otologic severity and TVP dysmorphology.
However, even with a negative hearing history, participants with 22q11DS still demonstrated
hypoplasia of the TVP. Hypoplasia of the levator muscle has also been reported in the
literature as an associated feature of patients with 22q11DS (Kollara et al., 2017). Fuchs et
al. (2015) observed a relationship between OME and a hypoplastic levator muscle using two
mice models of 22q11DS (Df1/+and TbxI*/~). Of particular interest, in the mice with
unilateral OME, a significantly smaller levator muscle was observed on the same side as the
affected ear when compared to the levator muscle on the side of the unaffected ear. However,
Finkelstein et al. (1990) did not observe contribution of the levator P to ET function among
children. Differences in observations between studies (Finkelstein et al., 1990 and Fuchs et
al., 2015) may be related to differences in animal and human studies. Nonetheless, this may
demonstrate a possible association of palatal muscle dysmorphology and OME and
subsequent hearing loss commonly seen in children with 22q11DS. Although the TVP and
levator have different muscle functions, the two muscles course parallel, are both classified
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as palatal muscles, and arise from the pharyngeal arches. As such, it is possible there is a
positive correlation between TVP and levator muscle morphology. Such findings may
indicate a strong correlation between hearing and ear health, and velopharyngeal function
for speech (i.e., resonance issues). Future studies are needed to explore these relationships
and to examine the clinical significance of such findings.

Conclusion

The current study provides new insights into the morphology of the TVP in individuals with
and without 22g11DS using MRI. A comparison of 40 control participants to 13 participants
with 22q11DS found that the TVP is significantly shorter, thinner, and less voluminous than
in participants without 22q11DS. Findings serve as preliminary support for the association
of patient hearing and otologic severity and TVP dysmorphology. Results also showed an
increased bihamular distance in the group with 22g11DS. These findings suggest that known
differences in embryologic development in individuals with 22q11DS may alter the form of
the TVP. Future longitudinal research is needed to understand the impact of the TVP on ET
function and middle ear health over time.
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Figure 1.
Demonstration of the measures including 1. TVP length, 2. TVP thickness, and 3. Bihamular

distance. TVP volume is extracted using sequential images and manually segmenting the
TVP length.
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Audiologic and otologic history data used to inform the overall severity index score used for participants with
22011DS and laterality of hearing/ear issues for each participant. Children whose laterality of hearing/ear
issues changed over time were labeled as “fluctuant”.

Participant | Proportion Abnormal | Proportion Abnormal | Severity Index | Hearing/Ear Laterality
ID ENT Exams Audiology Exams Score

01 1.00 1.00 1.00 Fluctuant

02 0.00 1.00 0.50 Bilateral

03 0.75 0.50 0.63 Unilateral- Left
04 1.00 1.00 1.00 Unilateral- Left
05 0.00 0.00 0.00 NA

06 0.87 0.71 0.79 Bilateral

07 0.78 0.50 0.64 Unilateral- Right
08 NA 0.00 0.00 NA

09 NA NA 0.00 NA

10 0.50 0.50 0.50 Bilateral

11 0.78 0.88 0.83 Fluctuant

12 0.00 NA 0.00 NA

13 0.00 NA 0.00 NA

NA=not applicable, indicating the parent report did not warrant concerns with patient hearing to warrant such testing.
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Descriptive statistics and test statistics comparing control participants (n = 40) to participants with 22q11DS (n

= 13) across TVP variables. Volume measures are in mm3 while all other measures are in mm.

Descriptive Statistics

Welch’s T-Test

Variable Control 22q11DS t df p value
TVP Volume 667.3+96.0 | 457.5+132.1 5.289 16.326 <.001
TVP Length 19.0+.6 17.3+x1.8 3.384 | 12.829 .005
TVP Thickness 1.8+.2 1.1+2 10.238 | 20.622 | <.001
Bihamular Distance 24.7£2.2 27.7£3.2 -3.136 | 15.749 .006
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Comparison of means and standard deviations (noted in parentheses) for control participants to participants

with 22q11DS subdivided into audiologic and otologic severity scores as showing either a minimum,

moderate, or severe audiologic and otologic hearing history.

Control 22q11DS 22911DS 22q11DS
participants | Minimal-to-no history | Moderate history | Severe history (score of
n=40 (score of < 0.5) (score of 0.5-.69) —
Variable n=5 n=4 n=4
TVP volume 667.3 (96) 650.3 (16) 429.6 (70) 414.3 (80)
TVP length 19.0 (.6) 18.9 (.1) 17.0 (.9) 16.8 (.9)
TVP thick 1.8(.2) 1.7 (.05) 1.2(.1) 1.1(.2)
Bihamular distance 24.7 (2.2) 252 (4) 27.4(.9) 26.1(1.4)
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