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Abstract
Identifying normative data related to velopharyngeal muscles and structures may have clinical significance for infants born with cleft palate, especially as they relate to selection of surgical intervention and post-surgical outcomes. Previous studies suggest that patients whose anatomy post-surgically is dissimilar to that of their normative counterparts are at risk for hypernasal speech. However, studies have not documented what constitutes “normal” anatomy for the clinically relevant population—that is, the infant population. The purpose of this study is to examine an MRI database (n = 29) related to normative velopharyngeal structures and provide a preliminary comparison to two selected patients with repaired cleft palate. Twenty-nine healthy infants between 9-23 months of age (Mean = 15.2 months) with normal craniofacial and velopharyngeal anatomy were recruited to participate in this study. Normative data were compared to two infants with repaired cleft palate between 13-15 months of age (Mean = 14 months). Quantitative craniometric and velopharyngeal measures from the sagittal and oblique coronal image planes were collected. Variables of interest included: levator muscle, velum, and craniometric measures. Females demonstrated significantly larger intravelar segments compared to males. White infants demonstrated significantly larger levator muscles compared to non-white infants. Infants with repaired cleft palate demonstrated increased overall levator muscle length and levator extravelar length compared to infants with normal velopharyngeal anatomy.
Data from the present study provide a normative database for future investigators to utilize as a comparative tool when evaluating infants with normal and abnormal velopharyngeal anatomy.
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Normative Velopharyngeal Data in Infants: Implications for Treatment of Cleft Palate
Magnetic resonance imaging (MRI) studies have examined the anatomical position and variation of the velopharyngeal structures and muscles among adult participants.1-6 Ettema et al2 used MRI to provide quantitative data on velopharyngeal measures in adults with normal anatomy during speech tasks and at rest. Ha et al3 conducted a similar study in adults with repaired cleft palate and found significant differences in levator thickness, length, and angles of origin compared to the normative measurements reported by Ettema et al.2 These studies used MRI to provide preliminary data to investigate differences in velopharyngeal anatomy between the non-cleft adult population and adults with repaired cleft palate.				
Studies have also examined variations in velopharyngeal anatomy among the child population. Kollara, Perry, and Hudson (2015-under review)7 evaluated sexual and racial differences in craniometric and velopharyngeal structures in 32 children (16 white, 16 Black) between 4-8 years of age. Males were found to have a greater velar insertion distance compared to females and Black children were found to have longer and thicker velums compared to white children. Perry et al. (2015-under review)8 assessed similar measures in 91 children from three racial groups (white, Black, Asian) and demonstrated multiple racial effects for velopharyngeal structures including levator length, velar insertion distance, and velar length. No effects for sex were observed in velopharyngeal structures. Tian et al9 compared velopharyngeal structures between 10 children with normal speech and no history of cleft palate, 10 children with normal speech and repaired cleft palate, and 10 children with repaired cleft palate and velopharyngeal dysfunction (VPD). All children demonstrated a complete levator muscle sling through the velar midline. However, children with repaired cleft palate presented with thinner levator muscle bundles compared to children with no history of cleft palate. These studies demonstrate the clinical utility of MRI for investigating the velopharyngeal musculature in children.  
Investigations among the infant population have primarily included participants with cleft palate. Kuehn et al10 used MRI to examine two infants with occult submucous cleft palate to guide surgical treatment decisions. Both participants displayed a disruption of the levator fibers through the velar midline and an abnormal attachment of the levator muscle to the posterior and lateral borders of the hard palate. Results demonstrated that MRI could be of clinical value in identifying anatomic variations in the infant submucous cleft palate clinical populations.  Perry et al11 utilized MRI to examine the integrity of the levator muscle in an infant who also presented with physical markers of submucous cleft palate and signs of potential velopharyngeal dysfunction (i.e., nasal regurgitation) at a 1-month feeding evaluation. Similar to Kuehn et al,10 results indicated a disruption of the levator fibers at the midline and an attachment of the bilateral muscle bundles to the posterior margin of the hard palate. Previous investigations have suggested that a muscle attached to the posterior margin of the hard palate would not allow for movement of the velum.2,3,12-15  These studies among infants with submucous cleft palate have been limited to small sample sizes.   	
Kuehn et al12 examined the levator muscle before and after primary palatoplasty in seven infants with cleft palate (3 males and 4 females) with one age-matched non-cleft control (female) and demonstrated that MRI was a successful method for evaluating velar measurements and levator integrity before and after primary palatoplasty. It was suggested that infants with cleft palate may possess levator volumes that are proportionately similar to infants with normal velopharyngeal anatomy. However, there was only one age-matched control to demonstrate this comparison. Perry et al14 used MRI and three-dimensional computer visualization software to examine velopharyngeal (e.g., levator length and angles of origin) and craniometric measurements (e.g., nasion-sella-basion angle and cranial width) in two infants with cleft palate (1 male and 1 female) and two non-cleft controls (2 females). Findings suggested differences in the levator muscle between infant participants with cleft palate and non-cleft control participants. However, due to a small sample size, interpretations to the general infant population are limited.	
Investigations of infant velopharyngeal anatomy provide valuable insight into the variations between cleft and non-cleft anatomy. In order to provide comparisons between cleft and non-cleft anatomy, however, studies are needed to define what constitutes “normal” anatomy.2  A more complete understanding of what constitutes “normal” velopharyngeal anatomy would allow for translational continuity and promote quantitative and qualitative comparisons to infants with unrepaired and repaired cleft palate. These comparisons between typically developing infants and infants with unrepaired and repaired cleft palate are critical for improving our understanding of cleft palate anatomy and developing surgical approaches based on anatomical differences. 
To the best of our knowledge, no studies have used MRI to examine velopharyngeal and craniometric measurements at rest in a large sample of typically developing infants between 9-23 months of age.  The present study was designed to provide preliminary levator and velopharyngeal data for typically developing infants. Improved knowledge of normal velopharyngeal and craniometric data is critical for infants born with cleft palate, and a normative database can also be used to make age, sex, and racial comparisons. The second aim of this study was to determine if the prominent sex and racial variations in the velar, levator, and craniometric variables observed among the non-cleft adult population5,6 are evident in the infant population. Vorperian et al16 demonstrated no pre-pubertal sexual dimorphism in structures of the oral and pharyngeal portions of the vocal tract in children between the ages of birth to 4 years, 11 months. Levator muscle and velar measures have been found to differ significantly among racial groups for child and adult populations (Perry et al., 2015-under review).7,17 Based on these investigations, it was hypothesized that 1) craniometric and velopharyngeal measures would not vary significantly based on sex and 2) craniometric and velopharyngeal measures would vary significantly based on race.
MATERIALS AND METHODS
Participants											
In accordance with the Institutional Review Board, 29 healthy infants between 9-23 months of age (15.2 ± 3.9 months) were recruited to participate in the study. Participants were recruited from a subject pool of infants already scheduled for a clinical MRI scan at East Carolina Neurology (Greenville, NC). These infants were scheduled for a clinical MRI by medical providers not associated with the present study. The MRI protocol in the present study was completed as an “add-on” portion to the clinical MRI sequence typically used by the scanning facility. Fourteen participants were male (14.0 ± 4.3 months) and 15 participants were female (16.3 ± 3.3 months). Twenty-one participants were white, six participants were Black, one participant was Hispanic, and one participant was Biracial (White/Black). All participants were similar in weight and head circumference (Tables 1 and 2) with the exception of the Hispanic female, who weighed less and presented with a smaller head compared to other participants. Caregivers reported no history of swallowing, musculoskeletal, or genetic disorders. Participants were excluded from the study if they had a history of cleft palate, craniofacial anomalies, or any condition potentially affecting the nasopharyngeal and/or velopharyngeal area(s). Informed consent was obtained from each caregiver to release the child’s de-identified MRI data to the researchers. Studies have reported sex and age effects on vocal tract dimensions, craniometric, velar, and levator muscle measures (Perry et al., 2015-under review).2,16-22 For this reason, near-equal comparison groups (male and female) were selected with narrowed age range (i.e., 9-23 months).
Imaging Protocol and Areas of Interest							
Infants in the present study were scheduled for a clinical MRI by medical providers not associated with the present study. All infants were sedated using either chloral hydrate: 50-100 mg/kg PR with a maximum dose of 2000 mg, Demerol 1-2 mg/kg IM, Phenergan 0.5-1.0 mg/kg IM, or a combination of the three drugs. Magnetic resonance images were acquired with participants in the supine position using a Philips Intera 1.5 Tesla scanner (Eindhoven, Netherlands), and a Philips 4-channel Philips SENSE (Sensitivity Encoding) head coil. A high resolution, T2-weighted fast-spin echo 3D anatomical scan utilizing SENSE with a large field of view designed to capture the entirety of the oropharyngeal anatomy (150 mm X 127 mm) with 0.3 mm isotropic resolution was used during this study. Acquisition time was slightly less than 4 minutes (3:38). Image planes obtained during the scan included sagittal, axial, coronal, and oblique coronal. Table 1 outlines the imaging protocol used in this study. 	
Measurements of Craniometric and Levator Muscle Dimensions		
Following similar methods reported by Perry et al14,23 images were transferred from CD-ROM into Amira 4 Visualization and Volume Modeling software (Visage Imaging GmbH, Berlin, Germany), which contains a built-in native DICOM support program. This program ensures that MRI data can be directly transferred into Amira while maintaining the anatomic geometry (e.g., aspect ratio, scaling dimension, and image resolution). Head circumference (distance around the head at the point of maximal head diameter) was included to determine if cranial size had any effect on levator muscle variations between males and females. Quantitative craniometric and velopharyngeal measurements obtained on the two-dimensional (2D) sagittal image plane (Figure 1) included nasion to sella, sella to basion, basion to opithsion, hard palate length (anterior nasal spine to posterior nasal spine), pharyngeal depth (posterior nasal spine to posterior pharyngeal wall), basion pharyngeal depth (posterior nasal spine to basion), velar length (posterior nasal spine to tip of uvula), velar thickness (velar dimple to velar knee), nasion-sella-basion angle, and sella-basion-opithsion angle. These measures are commonly used to assess craniofacial morphology and have been previously reported in the literature.24-28 Quantitative measurements obtained on the 2D axial plane included head circumference (as previously mentioned). Quantitative measures obtained on the oblique coronal plane (Figure 2) included the distance between each levator bundle origin at the base of the skull, muscle length (average of bilateral muscle bundles), mean angle of origin (average of both angles), mean extravelar muscle length, intravelar muscle length, and the distance between the velar insertion points of the levator. The measures of velopharyngeal structures, including the levator muscle, represent commonly selected measures previously reported.2,5,29,30 Definitions of craniometric and velopharyngeal measures have been previously reported.4,5					
Two trained raters (one primary, one secondary) with experience measuring the velopharyngeal structures of interest examined the images in Amira to determine appropriate reference points for accurate measurements. Prior to data collection, both raters made independent measures utilizing a separate dataset with participants not examined in the present study and then compared measurements to create salient definitions of measurement boundaries. Three months after data collection, both raters re-measured data from eight randomly selected participants (i.e., 40% of the participants) for comparisons of intra and inter-rater reliability. A Pearson product moment correlation (α = .05) was used to examine reliability. Inter/intra rater reliability ranged from r = .74 to r = .93, with the lowest reliability (r = .74) for measures of the angles of origin.  		       
Statistical Treatment						
To examine comparisons between racial groups, Black (n = 6), Hispanic (n = 1), and Biracial (n = 1) participants were combined into one, non-white (n = 8) group and compared to white participants (n = 21). Multiple independent two-sample t-tests were used to examine gender differences between mean velopharyngeal, levator, and craniometric measures. Assumptions of normality for gender comparisons were met for males and females for all dependent variables as assessed by Shapiro-Wilk’s test (P > .05) with the exception of angle of origin for males [t(14) = .87, P = .04)]. Following a square root transformation, assumptions of normality were met for angle of origin [t(14) = .89, P = .07)]. Assumptions of homogeneity of variance for gender comparisons were met for all dependent variables as assessed by Levene’s Test of Equality of Variance with the exception of velar length (F = 5.22, P = .03). Thus, P values for the independent two-sample t-tests with equal variances not assumed are reported in the present study. Assumptions of normality for racial comparisons were met for all dependent variables as assessed by Shapiro-Wilk’s test (P > .05) with the exception of sella to basion [t(8) = .71, P = .003] and hard palate length [t(8) = .62, P = .000]. Attempted transformations of these variables were unsuccessful. Due to this violation of normality, the independent samples Mann-Whitney U test was used to examine racial differences between velopharyngeal, levator, and craniometric measures. Distributions of dependent variables for white and non-White infants were not similar, as assessed by visual inspection.		
RESULTS
Qualitative Analysis
All participants were successfully scanned utilizing the MRI protocol outlined in this study (Table 1) and the resulting images were of high quality and suitable for data analyses. As seen in Figure 3, the nasal surface of the velum was easily visualized and all infants demonstrated a complete levator muscular sling with no indication of an attachment to the posterior margin of the hard palate. Additionally, there was no evidence of a septum or separation between the levator muscle bundles in the midline. Fifty-two percent of infants demonstrated a more U-shaped muscle configuration while others demonstrated a more V-shaped configuration (Figure 4). Image quality in 28 of the 29 participants was sufficient enough to visualize additional velopharyngeal structures including the palatoglossus and musculus uvulae fibers (Figure 5). The musculus uvulae can be seen along the nasal side of the velum at the level of the levator muscle and coursing along the length of the nasal velar surface. The palatoglossus can be seen in Figure 5 as the muscle coursing opposite but in the plane of the levator muscle, giving rise to the antagonistic nature of the muscle to the levator. There was no consistent levator shape or course that was unique to age, race, or sex.
Quantitative Analysis
Comparisons between males (n = 14) and females (n = 15) demonstrated no statistically significant differences (α = .05) for the craniometric measures (Tables 3 and 4). Weight (males = 10.5 ± 1.3 kg; females = 10.4 ± 1.8 kg) and head circumference (males = 471.4 ± 21.2 mm; females = 459.9 ± 30.4 mm) were similar between sexes, demonstrating groups were similar in age and overall size for making sex comparisons. Males tended (although non-significant) to display larger craniofacial dimensions compared to females including larger head circumference (males = 471.4 ± 21.2 mm; females = 459.9 ± 30.4 mm), cranial base angle (males = 220.1 ± 10.7º; females = 218.9 ± 5.9º), and pharyngeal depth (males = 11.6 ± 2.1 mm; females = 10.7 ± 2.0 mm). Measures of basion pharyngeal depth (males = 34.9 ± 3.1 mm; females = 34.3 ± 2.0 mm), nasion to sella (males = 50.9 ± 2.9 mm; females = 50.4 ± 2.7 mm), sella to basion (males = 31.1 ± 2.8 mm; females = 30.4 ± 1.9 mm), basion to opithsion (males = 29.0 ± 2.9 mm; females = 29.7 ± 2.7 mm), and hard palate length (males = 41.6 ± 1.9 mm; females = 42.0 ± 3.1 mm) were very similar between sexes and differences were not statistically significant. Overall, craniofacial measures did not display a sex effect. 
Velopharyngeal and levator comparisons between males and females demonstrated a statistically significant difference (α = .05) for the intravelar levator muscle length [t(26.0) = -2.1, P = .04] (Table 5). Minimal, non-significant differences were noted between measures of muscle length (males = 28.9 ± 2.3 mm; females = 28.8 ± 1.8 mm), extravelar segment length (males = 19.0 ± 1.6 mm; females = 19.0 ± 1.9 mm), origin to origin distance (males = 43.2 ± 3.0 mm; females = 44.0 ± 2.8 mm), angle of origin (males = 47.7 ± 4.3 mm; females = 47.1 ± 4.2 mm), velar thickness (males = 8.3 ± 0.9 mm; females = 7.9 ± 1.1 mm), and velar length (males = 22.6 ± 3.0 mm; females = 22.3 ± 2.0 mm). Overall, the extravelar portion of the levator muscle accounted for approximately 66% (± 6%) of the total muscle length. Intravelar length [t(26.0) = -2.1, P = .04], was found to be significantly different between males and females, with females demonstrating larger intravelar segments (17.5 ± 2.8 mm) compared to males (15.8 ± 2.3 mm). Overall, the intravelar portion of the levator muscle accounted approximately 59% (± 8%) of the total muscle length. Females presented with a larger distance between velar insertion points of the levator muscle (15.5 ± 2.7 mm) compared to males (14.1 ± 2.3 mm); however this difference was not statistically significant.
Comparisons between non-white participants (n = 8) and white participants (n = 21) and demonstrated no statistically significant (α = .05) differences for the craniometric measures (Table 6). Weight (non-white = 10.5 ± 2.0 kg; white = 10.5 ± 1.4 kg) and head circumference (non-white = 459.1 ± 24.1 mm; white = 467.9 ± 27.6 mm) were similar between racial groups. White participants displayed a trend toward larger head circumference, nasion to sella, pharyngeal depth, and nasion-sella-basion angle. However, these differences were not significant. Other craniofacial variables were very similar between racial groups and differences were not statistically significant. Overall, craniofacial measures did not display a racial effect, although groups were of unequal sample sizes. Velopharyngeal and levator comparisons between white participants and non-white participants demonstrated a statistically significant difference (α = .05) for muscle length U = 22.0, z = -3.0, P = .002, using an exact sampling distribution for U31 (Table 7), with white participants demonstrating longer muscles. White participants demonstrated a trend toward larger levator dimensions in other measures, however, these differences were not statistically significant. Measures of velar length were very similar between racial groups.
DISCUSSION
Normal velopharyngeal anatomy
Studies examining similar craniometric and velopharyngeal dimensions are limited. However, Subtelny32 and Coccaro et al33 assessed similar craniometric and velopharyngeal measures in infants and children with normal velopharyngeal anatomy including pharyngeal depth, velar length, and velar thickness using lateral cephalometry. Mean values from the present study were within the mean and standard deviation for all measures previously reported for infants 9-24 months of age for pharyngeal depth (15.4 ± 3.1 mm), velar length (23.5 ± 1.7 mm), and velar thickness (7.4 ± 0.6 mm).32,33 These findings suggest that measures from the present study obtained via MRI are accurate and reproducible compared to normative findings obtained via cephalometry. 
In the present study, we observed all infants to have a complete levator muscle sling with no muscle discontinuity or attachment to the lateral or posterior margins of the hard palate. Kuehn et al12 demonstrated continuity of the levator muscle with sufficient muscle bulk in a 2-month-old infant with normal velopharyngeal anatomy compared to seven infants with unrepaired cleft palates of varying severity. Perry et al14 demonstrated a complete levator sling with no muscle discontinuity across the velar midline in two infants with normal velopharyngeal anatomy when compared to two infants with unrepaired cleft palate, providing additional evidence that a continuous muscular sling is a key component of normal velopharyngeal anatomy for speech. The cohesive sling arrangement noted in the present study has also been demonstrated across a normative adult population from MRI and cadaver dissection studies.2,29,34 MRI studies in infants with overt cleft palate,14 classic submucous cleft palate,11 and occult submucous cleft palate12 demonstrated midline separation of the levator muscle in cases pre-surgically. These findings in individuals with cleft palate and VPD further suggest that a complete and continuous levator sling is required for adequate velopharyngeal function and a component of normal velopharyngeal anatomy in the infant population. Studies are needed to investigate levator dysmorphology in non-cleft individuals (such as submucous cleft palate) to determine if an infant or child with a discontinuous levator muscle can have normal speech. Current clinical protocols in submucous cleft palate often require a speech assessment at 3 or 4 years of age before consideration of surgical intervention. Kuehn et al10 proposed the use of MRI in infants with submucous cleft palate who do not display overt clinical features. In such, MRI may be used to identify the presence of muscle dysmorphology and when evident, provide diagnostic criteria for justifying earlier surgical intervention.
In the present study, we observed qualitative differences in the configuration of the levator muscle. Fifty-two percent (15 out of 29 participants) of infants demonstrated a U-shaped levator configuration and 48% (14 out of 29 participants) demonstrated a V-Shaped levator configuration (Figure 4). These variations can likely be attributed to differences in the angle of origin measure where more acute angles of origin at the base of the skull results in a more V-shaped configuration compared to a more U-shaped muscle configuration in individuals with more obtuse angles of origins. It has been suggested that a V-shaped muscle course would be more favorable for improving leverage on the velum.12 Perry et al14 demonstrated that infants with normal velopharyngeal anatomy have smaller angles of origin and a more V-shaped muscle configurations compared to infants with unrepaired cleft palate. Perry et al14 proposed that a broad U-shaped configuration in children with repaired cleft palate may also be related to a lack of dissection around the hamular process. In such, a lack of radical dissection of the cleft muscles around the hamulus35 may result in a tethering effect of the levator at the bihamular processes.5 This would result in a less favorable muscle shape compared to a steeper, V-shaped muscle. Future research is needed to examine the muscle configurations related to cleft surgery type using MRI to visualize the muscle morphology. 
Craniometric variations based on sex and race are negligible in infants
There were no statistically significant craniometric differences based on sex in the present study. Results are not in agreement with previous studies examining head circumference demonstrating sexual dimorphism in the infant population.36,37 Joffe et al36 measured head circumference in 1,427 infants (52% male) and observed sexual dimorphism with males demonstrating larger dimensions at birth, 6 months, and 12 months of age. Meyer-Marcotty et al37 analyzed growth patterns in 52 white infants between the ages of 6 and 12 months and demonstrated sexual dimorphism in measures of head circumference with male infants displaying significantly higher head circumference and length at 6 and 12 months of age. Vannucci et al38 examined developmental changes in brain volume and shape using craniometric measures including head circumference in approximately 48 infants between birth and 24 months of age. No significant sex differences in head circumference were reported. However, additional craniometric measures such as those assessed in the present study (e.g., nasion-sella, basion pharyngeal depth) were not examined. It is likely that sexual dimorphism of the head circumference was not observed in the present study because we had a significantly smaller sample size (n = 29) compared to the 1,427 infants examined by Joffe et al.36  
Previous studies in adults have demonstrated craniofacial differences based on race.6,39,40 Perry et al6 used MRI to assess the velopharynx and related craniometrics dimensions in white, Black, and Japanese adults. Significant racial variations were observed for nasion to sella, sella to basion, and nasion-sella-basion angle measures. Harris et al40 assessed craniofacial structures in Black and white adults and documented greater mandibular and ramal width, and larger alveolar height and length in Black adults compared to white adults. Few studies have assessed craniofacial differences based on race in infants. Kollara, Perry, and Hudson (2015-under review)7 documented greater sella to basion, basion pharyngeal depth, and facial height in Black children compared to white children between 4-8 years of age. Although racial differences in the present study were not statistically significant, non-white participants were found to have slightly greater sella to basion measures (31.0 ± 2.3 mm) compared to white participants (30.6 ± 2.4 mm), similar to findings reported by Kollara, Perry, and Hudson (2015-under review).7 However, comparisons between racial groups in the present study and those presented in Kollara, Perry, and Hudson (2015-under review)7 are limited because Black, Hispanic, and Biracial infants were combined into one group due to the small, uneven sample sizes to approximate near equal groups. The relatively small sample size may also have contributed to the lack of significant findings. Future studies assessing craniofacial differences in the infant population based on race should employ equally sized groups for more accurate comparisons across different studies.  
Muscle variations based on sex and race are negligible in infants
Sexual dimorphism of levator and velar measures has been observed in adults1,2,5 but is not evident in children (Perry et al., 2015-under review).8 However, in the present study, it is possible that females demonstrated increased intravelar length compared to males due to chronological age differences. Although mean ages for groups were similar, females in the present study were, on average, 2.3 months older than males, and previous studies have demonstrated craniometric and velar differences as a function of chronological age.18,20,41,42	
 Comparing levator muscle values from the present study to previous studies1,2,5,6 is challenging because no studies to date have examined levator parameters in a large sample of typically developing infants. Anthropometric studies demonstrating the occurrence of female growth spurts during earlier years of age (e.g., 1-2 years of age) compared to males (e.g., 2-3 years of age) may explain why females were observed to have larger velar insertion distances in the present study.43 Interestingly, investigations in the adult6 and child7 populations found no effect for race for measures of muscle length. However, the combination of Black, Hispanic, and Biracial infants into one comparison group make comparisons to white infants and across findings from previous studies difficult. Thus, the results from the present study may not accurately represent racial differences in velopharyngeal measures in the general infant population.  Findings from the present study may suggest, however, that white infants demonstrate longer levator muscles compared to Black, Hispanic, and Biracial infants. Interestingly, although total muscle length was found to be significantly different between white infants and non-white infants, measures of individual components of total muscle length (i.e., extravelar length and intravelar length) were not. These findings suggest that overall differences in total muscle length are accounted for by approximately equal contributions in both extravelar and intravelar length when comparing total muscle length between racial groups in infants. The extravelar segment accounted for approximately 66% (± 6%) of the entire levator muscle in the present study, closely approximating findings in adults (64% ± 4%).4 As suggested by Perry et al,4 future studies should assess contributions of the intravelar and extravelar segments separately in individuals with cleft palate and VPD to determine each segment’s respective contribution. 
With the exception of intravelar length (sex difference) and total muscle length (racial difference) there were no other statistically significant sex or racial variations in velopharyngeal and levator muscle measures between infants in the present study. The lack of significant sex differences observed between infants is similar to findings in the child population (Perry et al., 2015-under review)8 and suggests no effects of sexual dimorphism for velopharyngeal structures in typically developing infants between the ages of 9-23 months. Previous studies have demonstrated that sex differences for structures of the nasopharyngeal area only become significant after 13 years of age.44 Perry et al14 demonstrated negligible racial differences between infants with normal velopharyngeal anatomy, similar to findings from the present study. Racial differences related to velopharyngeal musculature should be carefully explored in future studies utilizing equally matched racial groups with larger sample sizes. 
Comparison to infants with repaired cleft palate
For preliminary comparison, we analyzed data from two infants with repaired cleft palate using the same methodology. Infants included a 13 month old male born with bilateral cleft lip (Cleft 1) and a 15 month old female with unilateral cleft lip and palate (Cleft 2). Both infants were imaged after primary palate repair. Both participants underwent V-Y palatoplasty by the same surgeon. Craniometric measures for Cleft 1 were within the mean and standard deviation of the infant control group for nasion to sella (48.1 mm), sella to basion (28.3 mm), sella basion opithsion angle (224 degrees), and basion pharyngeal depth (35.8 mm) (Table 8). Measures of the levator muscle that fell within the mean and standard deviation of the infant control group included muscle length (29.1 mm), extravelar length (20.2 mm), intravelar length (16.1 mm), and distance between muscle insertion (15.3 mm). Cleft 1 demonstrated a larger angle of origin (61 degrees) compared to the normative control group (47.4 degrees) and a larger origin to origin distance (47.2 mm) compared to the normative control group (43.6 mm) (Table 9). Despite having a smaller head circumference (434 mm) than the normative control group (465.4 mm), it is interesting that the angle of origin and origin to origin distance were larger in Cleft 1. This may be due in part to the diagnosis of a bilateral cleft lip and palate, where it would be expected that the muscle bundles would insert more laterally on the posterior margin of the hard palate, resulting in a less steep angle of origin, more U-shaped muscle configuration, and increased origin to origin distance due to the wideness of the bilateral cleft. Findings also provide evidence for the notion that head circumference cannot be reliably used as a predictor for levator structures in infants with cleft palate, as Cleft 1 demonstrated larger levator measures compared to normative controls despite presenting with a smaller cranium. Levator muscle length post-surgically may be more related to the pre-surgical lengths, type of cleft, and surgical procedures used (e.g., overlapping fibers or end-to-end approximation of the levator bundles). 
Cranial measures for Cleft 2 were within the mean and standard deviation of the infant control group for nasion to sella (52.0 mm) and basion pharyngeal depth (35.2 mm) (Table 10). Cleft 2 demonstrated a larger head circumference (414 mm) compared to the control group (465.4 mm), and a smaller hard palate (29.4 mm) compared to the control group (41.8 mm). Velopharyngeal and levator muscle measures that fell within the mean and standard deviation of the control group included velar length (21.1 mm), extravelar length (19.4 mm), intravelar length (14.8 mm), distance between muscle insertion (15.1 mm) and origin to origin distance (42.1 mm) (Table 11). The diagnosis of a unilateral cleft palate as opposed to a bilateral cleft palate could be a possible explanation for the similar levator values demonstrated between Cleft 2 and the infant control group. Previous studies have shown that individuals with bilateral cleft palates demonstrate more lateral attachments of the levator bundles to the posterior margins of the hard palate compared to unilateral cleft palates in the infant population.14
Future Research
Our research group is continuing to assess craniofacial, velopharyngeal structure, and velopharyngeal muscle variations between individuals with normal and cleft palate anatomy.  These ongoing investigations seek to define what constitutes “normative” values for craniofacial and levator measures between sexes and across different racial groups, as the majority of studies thus far are limited by heterogeneous samples with limited statistical power. Additionally, correlations between levator measures/configurations and clinical presentations of speech and resonance are not well represented in the literature. 
To the best of our knowledge, this study is the first to utilize MRI to evaluate the velopharyngeal mechanism utilizing quantitative and qualitative measures in a group of typically developing infants with a relatively large sample size. However, there are limitations in our study design that may limit interpretations to the general infant population. Because the velopharyngeal mechanism is a three-dimensional port, utilization of static images and measures from two-dimensional image planes for quantitative analyses does not provide a comprehensive understanding of velopharyngeal structure and function. Additionally, because infants in the present study were not old enough to produce speech stimuli, we were unable to gain insights in the velopharyngeal function. Future studies should consider inclusion of longitudinal analyses to evaluate muscular changes related to cranial and soft tissue growth in infants. Additionally, utilization of dynamic MRI during speech tasks may provide investigators with insight into muscular dimensional changes during speech and the effect of various speech tasks on velopharyngeal closure. Such investigations are especially warranted for individuals with VPD, including those with repaired cleft palate and other underrepresented populations in the literature including individuals with 22q11.2 deletion syndrome, symptomatic submucous cleft palate, and non-cleft VPI. 
Conclusion
Additional MRI studies are needed for typically developing infants to evaluate differences in the velopharyngeal mechanism related to sex and race, and to aid in the development of a normative database with velopharyngeal and craniofacial data. A thorough understanding of what constitutes “normal” velopharyngeal anatomy would allow for translational continuity and promote quantitative and qualitative comparisons to infants with unrepaired and repaired cleft palate. Future studies should also continue to evaluate the impact of sex and race on craniofacial morphology and determine if these craniofacial differences can be used to predict soft tissue changes. Data from the present study provide a clinical foundation for future investigators to utilize as a comparative tool when evaluating infants with normal and abnormal velopharyngeal anatomy. Investigations examining different velopharyngeal anatomical configurations (e.g., U-shape versus V-shape levator configuration) and their effect(s) on muscle physiology, speech and swallowing mechanics, and post-surgical outcomes are limited. Additional studies are necessary to evaluate these effects and extrapolate findings to disordered populations including individuals with cleft palate and craniofacial disorders.
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Figure Legends

Figure 1. Sagittal image plane demonstrating craniometric and velopharyngeal measures.

Figure 2. Oblique coronal image plane demonstrating levator measures.

Figure 3. Oblique coronal image plane demonstrating visualization of the nasal surface of the velum and complete levator sling with bilateral muscle bundles (arrows) and no evidence of attachment to the hard palate in four infants. Subjects include a 9 month old white male (top left), 12 month old white female (top right), 13 month old Black female (bottom left), and a 20 month old white male (bottom right). 

Figure 4. Side by side comparison of a U-Shaped levator muscle configuration (18 month old white male, left) and V-Shaped levator muscle configuration (13 month old Black female, right). Dual headed arrow depicts origin to origin distance and single headed arrows depict bilateral levator muscle bundles.

Figure 5. Side by side images of an 18 month old white male (left) and 13 month old Black female (right) demonstrating visualization of vertically-oriented musculus uvulae fibers (circled) and obliquely-oriented palatoglossus fibers.      
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