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Abstract
Characterization of the oropharynx, a subdivision of the pharynx between the soft 
palate and the epiglottis, is limited to simple measurements. Structural changes in 
the oropharynx in whiplash- associated disorder (WAD) cohorts have been quantified 
using two- dimensional (2D) and three- dimensional (3D) measures but the results are 
inconsistent. Statistical shape modelling (SSM) may be a more useful tool for system-
atically comparing morphometric features between cohorts. This technique has been 
used to quantify the variability in boney and soft tissue structures, but has not been 
used to examine a hollow cavity such as the oropharynx. The primary aim of this pro-
ject was to examine the utility of SSM for comparing the oropharynx between WAD 
cohorts and control; and WAD severity cohorts. The secondary aim was to determine 
whether shape is associated with sex, height, weight and neck length. Magnetic reso-
nance (MR) T1- weighted images were obtained from healthy control (n = 20), acute 
WAD (n = 14) and chronic WAD (n = 14) participants aged 18– 39 years. Demographic, 
WAD severity (neck disability index) and body morphometry data were collected 
from each participant. Manual segmentation of the oropharynx was undertaken 
by blinded researchers between the top of the soft palate and tip of the epiglottis. 
Digital 3D oropharynx models were constructed from the segmented images and 
principal component (PC) analysis was performed with the PC weights normalized 
to z- scores for consistency. Statistical analyses were undertaken using multivariate 
linear models. In the first statistical model the independent variable was group (acute 
WAD, chronic WAD, control); and in the second model the independent variable was 
WAD severity (recovered/mild, moderate/severe). The covariates for both models in-
cluded height, weight, average neck length and sex. Shape models were constructed 
to visualize the effect of perturbing these covariates for each relevant mode. The 
shape model revealed five modes which explained 90% of the variance: mode 1 ex-
plained 59% of the variance and primarily described differences in isometric size 
of the oropharynx, including elongation; mode 2 (13%) primarily described lateral 
(width) and AP (depth) dimensions; mode 3 (8%) described retroglossal AP dimension; 
mode 4 (6%) described lateral dimensions at the retropalatal- retroglossal junction 
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1  |  INTRODUC TION

The oropharynx is a subdivision of the pharynx between the soft 
palate and the epiglottis. It is bounded by the soft palate and tongue 
anteriorly and the muscles of the pharyngeal wall posteriorly.  
The oropharyngeal cavity is a common pathway for food to the 
oesophagus and air to the lungs. The function of the oropharynx 
can be affected by structural changes including narrowing antero- 
posteriorly and laterally as well as elongation resulting in decreased 
volume (Passos et al., 2019; Whyte & Gibson, 2020). However, thus 
far characterization of the oropharynx has been limited to simple 
measurements and not the analysis of shape.

In whiplash- associated disorder (WAD), it has been suggested 
that oropharyngeal size is reduced and these morphometric 
changes may be responsible for swallowing- related problems (Elliott 
et al., 2008; Elliott et al., 2012; Stone et al., 2021b). Further, one 
study has determined that the severity of symptoms following whip-
lash are related to oropharyngeal size (Elliott et al., 2012). These 
findings have been made using 2D MRI measurements at nominal 
vertebral sites, or 3D measurements of volume which were not rep-
licated in a follow- up study (Stone et al., 2020; Stone et al., 2021a).

Structural changes in the oropharynx in WAD have been 
quantified using 2D and 3D magnetic resonance image (MRI) 
measurements of cross- sectional area, anteroposterior (AP) and 
lateral dimensions and volume (Elliott et al., 2008, 2012; Stone 
et al., 2020). 2D measures are intrinsically limited resulting in a 
wide variation of reported single- level CSA measures (Welch 
et al., 2002). 2D measures are affected by the alignment of the 
oropharynx within the axial plane (Aboudara et al., 2009; Guijarro- 
Martinez & Swennen, 2011; Welch et al., 2002) and the cervical 
spine or soft tissue level used as the reference point (Guijarro- 
Martinez & Swennen, 2011). 3D measurements of the oropharynx 
identify volumetric status but do not enable the identification of 
where the underlying changes or differences have occurred. For 
example, the location of any narrowing and whether it is consistent 

within a cohort compared to another. 3D models of the orophar-
ynx have been constructed in control and patient groups (Chen 
et al., 2018; Garcia- Usó et al., 2021; Zheng et al., 2014), but shape 
has not been used to describe the oropharynx or identify differ-
ences between cohorts.

Statistical shape modelling (SSM) is emerging as a useful tool for 
systematically comparing morphometric features and determining 
whether there are systematic differences between cohorts. Shapes 
are decomposed into modes which describe the main ways in which 
the shape varies across the population (Cootes et al., 1992; Dryden 
& Mardia, 1998). By understanding the way shapes vary and whether 
separate cohorts vary differently, subtle changes can be uncovered. 
This technique has been used to quantify the variability in boney 
and soft tissue structures such as the lumbar spine, hip, knee, ankle, 
orbit, ossicles and levator ani (Bartling et al., 2021; Gass et al., 2022; 
Pavlova et al., 2017; Vafaeian et al., 2022; Vrancken et al., 2014). 
However, SSM has not been used to examine a hollow cavity such as 
the oropharynx in vivo.

Because SSM can be used to differentiate between cohorts, it 
may prove to be a useful tool for examining the oropharynx after 
whiplash and other pathologies such as obstructive sleep apnoea 
(OSA) (Rodrigues et al., 2017). The primary aim of this study was to 
examine the utility of SSM for comparing the oropharynx between 
cohorts. Specifically, whether SSMs can differentiate between acute 
and chronic WAD and control cohorts; and WAD severity based on 
neck disability index (NDI) score. The secondary aim was to deter-
mine whether shape is associated with sex or body morphometry, 
specifically height, weight and neck length.

2  |  METHODS

The institutional human research ethics (HREC) committees (ACT 
Health HREC protocol number ETH.11.12.285; ANU HREC proto-
col number 2013/015) approved the study. All participants provided 

and mode 5 (4%) described the lateral dimension at the inferior retroglossal region. 
There was no difference in shape (mode 1 p = 0.52; mode 2 p = 0.96; mode 3 p = 0.07; 
mode 4 p = 0.54; mode 5 p = 0.74) between control, acute WAD and chronic WAD 
groups. There were no statistical differences for any mode (mode 1 p = 0.12; mode 
2 p = 0.29; mode 3 p = 0.56; mode 4 p = 0.99; mode 5 p = 0.96) between recovered/
mild and moderate/severe WAD. Sex was not significant in any of the models but 
for mode 1 there was a significant association with height (p = 0.007), mode 2 neck 
length (p = 0.044) and in mode 3 weight (p = 0.027). Although SSM did not detect 
differences between WAD cohorts, it did detect associations with body morphology 
indicating that it may be a useful tool for examining differences in the oropharynx.
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written informed consent. The data analysed in this study come 
from a larger WAD imaging study.

2.1  |  Participants

Participants aged 18– 39 years were prospectively recruited to the 
study during 2014– 19. The inclusion criteria included no known 
cervical spine disease or surgery and no contraindications for MR 
scanning. These data were achieved using a participant screening 
form which included questions about their medical history. Non- 
WAD control participants, without history of neck pain or previ-
ous MVT, were recruited from the community via flyers and word 
of mouth. Acute WAD participants (<3 weeks since MVT) were 
recruited from the admissions database of an Australian tertiary 
hospital's Emergency Department; and chronic WAD participants 
(12 weeks– 3 years since MVT) (Sterling, 2014) were recruited from 
the community. All were classified as Quebec Task Force classifi-
cation WAD II (defined as having neck pain and neck stiffness, re-
duced neck movement or tenderness in the neck region) (Spitzer 
et al., 1995) after motor vehicle trauma (MVT) (Sterling, 2014).

2.2  |  Data collection

Demographic, MVT history and health data were collected from each 
participant using a questionnaire administered by the research team 
(AW, DP). WAD severity was measured using the NDI (Vernon & 
Mior, 1991) and previously published thresholds were used to group 
the WAD participants as either recovered/mild (0– 28% NDI) or moder-
ate/severe (>28% NDI) (Elliott et al., 2012). Standing height was meas-
ured using a stadiometer and body mass using a mechanical scale to 
calculate BMI (body mass [kg]/height squared [m2]). Neck length was 
measured with the subject seated, using a flexible non- stretch meas-
urement tape (Webb et al., 2011). Neck length was calculated from the 
average of the anterior (gnathion to the suprasternal notch) and poste-
rior (inion to the tip of the C7 spinous process) neck lengths. All meas-
urements were repeated three times and an average value calculated.

2.3  |  MRI protocol

Participants were positioned supine in a 3- Tesla Skyra scanner 
(Siemens, Erlangen, Germany) with a head and neck coil and the head 
positioned on a rest with foam pads laterally to minimize motion 
during scanning. Each participant was instructed to remain awake 
and alert with regular breathing. MR images, from the occiput to 
T1 level, were attained using an axial T1- weighted spin echo (15 ms 
echo time, 827 ms repetition time, 45 slices, 4 mm slice thickness, no 
inter- slice gap) sequence. The axial slices were positioned parallel to 
the C2/3 intervertebral disc. Phase oversampling was employed to 
reduce the wrap- around effect. All imaging was conducted at the 
same facility on the same machine by qualified radiographers.

2.4  |  Oropharynx segmentation and morphometry 
measurements

The border of the oropharynx lumen was manually segmented on 
each axial MR image using a Matlab (Mathworks VR) graphical user 
interface (Al Suman et al., 2019) specifically designed for this pur-
pose. Anteriorly, the soft palate and tongue and posteriorly the 
pharyngeal muscles were used to define the borders of the oro-
pharynx. The segmentations were performed from the top of the 
soft palate superiorly to the tip of the epiglottis inferiorly (Welch 
et al., 2002, Alves Jr. et al., 2012, Ma et al., 2016, Standring, 2016, 
Martins et al., 2018, Alkhader & Geijer, 2019). Digital 3D models 
were constructed from the segmented images. The researcher (AW) 
undertaking the segmentation was blind to the clinical presentation 
of each participant.

Ten subjects were randomly selected for the determination of 
intra- observer reliability (measurements made on two different 
occasions 2 weeks apart by the same observer) and inter- observer 
reliability (measurements made on the same day by a second ob-
server) trained and blinded to the results of the first observer. 
Based on 89 axial segmentations, the reliability of this method 
was determined to be excellent (intra- rater ICC = 0.98; inter- rater 
ICC2,1 = 0.90).

Statistical shape modelling (SSM) was used to characterize the 
oropharynx shape. SSM is a machine learning technique which uses 
principal component analysis (PCA) to investigate and compare the 
variations within geometries of very complex structures. The tech-
nique used for this analysis was based on a previously developed 
technique (Zhang et al., 2014). First, a template mesh, based on a sin-
gle mesh from one oropharynx in the dataset, was created using a se-
ries of radial basis functions to parameterize each oropharynx (Zhang 
et al., 2018). This template was iteratively fit with a series of coarse 
to fine fits to all meshes in the dataset, which resulted in maximum 
correspondence between meshes. Next, corresponding meshes were 
rigidly aligned, using a Procrustes analysis, allowing for both the shape 
and size variability to be included in the model (Zhang et al., 2014). 
Finally, a PCA was run on the nodal coordinates of the aligned meshes 
to create a shape model. PCA allows for any shape in the dataset to 
be approximated as the sum of the mean shape plus the weighted 
sum of the principal components (PC) (Heimann & Meinzer, 2009).

The fitting process was then repeated using the mean shape 
as the template. Following this, the fitting process was further re-
fined for individual shape differences by incorporating PCA fitting 
using the previous SSM generated from the dataset. A final PCA was 
performed on the nodal coordinates to generate an SSM which de-
termined the principal component weights used in the subsequent 
analysis. One model was created which contained acute, chronic and 
control oropharynx shapes. The principal components, or modes, 
which accounted for 90% of accumulated variance were retained. 
The PCA was performed to create shape models which generated 
PCs accounting for 90% of the cumulative variance and their sub-
sequent weights. All PC weights were then normalized to z- scores 
for consistency and used in further analyses (Lynch et al., 2019). The 
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z- scores were developed post- hoc using SPSS statistical package, 
version 25 (IBM Inc.).

2.5  |  Statistical analysis

Multivariate linear models were performed for analyses. The de-
pendent variables were z- scores for each mode (principal compo-
nents 1– 5). In the first model, the independent variable was WAD 
group (acute, chronic) and control. The covariates included height 
(cm), weight (kg), average neck length (cm) and sex. In the second 
model, the independent variable was WAD severity group deter-
mined by NDI score of the acute and chronic WAD participants 
(recovered/mild, moderate/severe). The covariates were the same 
as the first model. Shape models were constructed to visualize the 
effect of perturbing these variables for each relevant mode. All mod-
els were assessed for linearity using Q- Q plots of the residuals. All 
statistical analyses were performed using SPSS statistical package, 
version 25 (IBM Inc.).

3  |  RESULTS

Demographic and clinical characteristics for the 48 participants, by 
control and WAD groups, are shown in Table 1.

The 3D models of the air- filled space of the oropharynx demon-
strated an ‘hourglass’ shape in the anterior view and a ‘telephone 
handset’ shape in the lateral view concave anteriorly in the midsec-
tion (Figures 1 and 2). The surrounding structures describing this 
shape are shown in Figure 3.

The shape model revealed five modes which explained 90% of 
the variance (Figure 4). Mode 1 explained most of the variance (59%). 
Mode 1 represented the isometric size component, however, it also 
demonstrated variance in elongation of the oropharynx (Figure 5) 
notably retroglossally, with greater elongation at −2SD compared 

to +2SD. Mode 2 explained 13% of the variance. Mode 2 primar-
ily described the relative lateral (width) and AP (depth) dimensions 
(Figure 5) with the dimensions at +2SD being much narrower, most 
notably retropalatally. Mode 3 explained 8% of the variance. Mode 
3 primarily described the relative AP dimension of the retroglossal 
region with −2SD being much narrower (Figure 5). Mode 4 explained 
6% of the variance. Mode 4 primarily described the relative lateral 
dimensions at the junction between the retropalatal and retroglossal 
regions (Figure 5) with the dimensions at −2SD being much narrower 
compared to +2SD. Mode 5 explained 4% of the variance. Mode 5 
described the relatively larger lateral dimension at the inferior retro-
glossal region where it borders the epiglottis (Figure 5).

There was no difference in shape between control, acute WAD 
and chronic WAD groups (mode 1 p = 0.52; mode 2 p = 0.96; mode 
3 p = 0.07; mode 4 p = 0.54; mode 5 p = 0.74) (Figure 1). When the 
acute and chronic WAD participants were grouped according to their 
NDI score (recovered/mild = 0– 28% NDI; moderate/severe = >28% 
NDI) there were no statistical differences between groups for any 
mode (mode 1 p = 0.12; mode 2 p = 0.29; mode 3 p = 0.56; mode 4 
p = 0.99; mode 5 p = 0.96).

Body morphometry and sex were interrogated in the first 
model only (n = 48). Sex was not significant in any of the modes. 
In mode 1, height (mean 170.5 cm) was significant (p = 0.007); for 
every increase of 1 cm in height the z- score decreased by 0.042. 
This is illustrated in Figure 2 which shows the mode 1 shape dif-
ferences for ±10 cm in height. For mode 2, neck length (mean 
14.5 cm) was significant (p = 0.044); for every increase of 1 cm  
in neck length the z- score decreased by 0.173. This is illustrated in 
Figure 2 which shows the mode 2 shape differences for ±2 cm in  
neck length. In mode 3 weight, was the most important variable  
in the model. Weight (mean 70.5 kg) was significant (p = 0.027) for 
every increase of 1 kg in weight the z- score increased by 0.023. 
This is illustrated in Figure 2 which shows the mode 3 shape dif-
ferences for ±20 kg. Morphological variables were not important 
in modes 4 and 5.

TA B L E  1  Demographics presented as counts or mean (SD) for control, acute WAD (<3 weeks since MVT) and chronic WAD 
(12 weeks- 3 years since MVT); and recovered/mild (0– 28% NDI) and moderate/severe (>28% NDI) for WAD participants

WAD Groups NDI Groups (no control)

Control (n = 20) Chronic WAD (n = 14) Acute WAD (n = 14)
Recovered/mild WAD 
(n = 12)

Moderate/severe 
WAD (n = 16)

Age (years) 27 (3) 27 (4) 26 (7) 27 (6) 27 (5)

Sex (M/F) 9:11 3:11 3:11 4:8 2:14

Height (cm) 175 (11) 171 (11) 167 (8) 171 (13) 167 (7)

Mass (kg) 69 (14) 77 (19) 68 (14) 74 (22) 71 (12)

BMI (kg/m2) 23 (3) 27 (5) 24 (5) 25 (6) 25 (5)

Neck length (cm) 15 (2) 15 (2) 14 (1) 15 (2) 14 (2)

Days since MVT NA 334 (284) 8 (5) 33 (40) 19 (28)

Acute:Chronic NA NA NA 6:6 8:8

NDI (%) 2 (3) 33 (17) 29 (16) 16 (8) 45 (10)

Abbreviations: BMI, body mass index; MVT, motor vehicle trauma; NDI, neck disability index; WAD, whiplash- associated disorder.
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4  |  DISCUSSION

This study examined the utility of SSM for comparing the shape of the 
oropharynx between cohorts. There were no differences in shape 
between acute WAD, chronic WAD and control groups. Similarly, 
there was no difference between WAD participants grouped by NDI 
severity. However, there were associations between oropharynx 
shape and morphological factors including height, neck length and 
weight.

In this study, we found no association between oropharynx 
shape and WAD. Previous studies have observed differences in 
oropharynx CSA at the C1- 2 level between cohorts of chronic 
WAD and control (Elliott et al., 2008), and also differences 

between recovered and non- recovered WAD based on NDI (Elliott 
et al., 2012). This evidence was used to postulate that swallow-
ing difficulties after whiplash may be due to changes in the shape 
of the oropharynx. However, more recent studies which have 
compared volume between cohorts have not detected the same 
differences (Stone et al., 2020; Stone et al., 2021a). In this study, 
we specifically examined shape parameters as opposed to simple 
dimensional data, and found no association between oropharynx 
shape and WAD. Nor was there any impact of WAD severity status 
based on NDI score.

Our models revealed an association between body morphom-
etry and oropharyngeal shape. Increased height was associated 
with an elongated oropharynx. Increased neck length was associ-
ated with a narrower oropharynx. Increased weight was associated 

F I G U R E  1  Mean oropharynx shape models (anterior view [left model] and lateral view [right model]) for the healthy control (n = 20) and 
the acute (n = 14) and chronic (n = 14) whiplash- associated disorder (WAD) groups

F I G U R E  2  Representation of mean oropharyngeal shape variation (anterior view [left model] and lateral view [right model]) as a function 
of height (−10 cm represented by the dotted blue line and +10 cm by the dashed red line), neck length (−2 cm represented by the dotted blue 
line and +2 cm by the dashed red line) and weight (−20 kg represented by the dotted blue line and +20 kg by the dashed red line)
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with an increased A- P diameter, especially in the retroglossal region 
(Figures 3 and 5). There have been no previous reports of height 
being associated with oropharynx elongation, nor of increased neck 
length being associated with a narrower oropharynx. However, there 
have been reports of weight being associated with tongue size and 
diminished oropharynx airway dimensions. A previous laryngoscopy 
study detected that reduced oropharyngeal size, especially at the 

base of the tongue, was related to obesity (Voyagis et al., 1998). This 
relationship between the size of the tongue and obesity was verified 
by Kim et al. (2014) who reported enlarged tongue volume and in-
creased fat within the tongue of obese apneics; and more recently 
by Wang et al. (2020) who demonstrated that weight loss decreases 
tongue fat in patients with sleep apnoea. In contrast, we found that 
increased weight was associated with an increase in AP dimension, 

F I G U R E  3  Oropharynx shape model in the context of a T2- weighted sagittal MRI image. The oropharynx is defined superiorly by the top 
of the soft palate and inferiorly by the tip of the epiglottis and subdivided into the retropalatal and retroglossal regions posterior to the soft 
palate and tongue, respectively

F I G U R E  4  The contributions of modes 1 to 5 that accounted for 90% of the variance of the oropharynx shape model
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especially in the retroglossal region. This is not consistent with ei-
ther Wang et al. (2020) or Kim et al. (2014) possibly because our co-
horts were less obese (mean BMI 23– 27 (SD 3– 5); Wang et al., 2020 
42.6 (8.5); Kim et al., 2014 39 (8.3)). This finding is interesting and 
requires more investigation. In this study, we modelled height and 
weight separately rather than BMI which may explain the difference, 
but it is possible that the relationship between obesity and orophar-
ynx size is not linear.

The literature indicates that males generally have a larger oro-
pharynx than females (Brooks & Strohl, 1992; Inamoto et al., 2015; 
Mohsenin, 2001; Shigeta et al., 2008), however, some stud-
ies report no difference (Daniel et al., 2007). In agreement with 
Daniel et al. (2007), none of our models detected any difference 
in shape due to sex unlike Shigeta et al. (2008), who found that 
sex predicted oropharynx length after normalizing for body height. 
However, their male- to- female ratio was equal, whereas our WAD 
cohort had twice as many females than males. The strongest pre-
dictor of oropharynx elongation in our participants was height, in-
dicating that previous findings of sex differences may have been 
due to the height of the participants.

This study needs to be considered in the light of the method-
ological limitations. First, although all participants were imaged 
awake in supine with their heads resting on a standard neck rest and 

an instruction to breathe normally, we did not control factors such 
as tongue position and nasal/oral breathing. Because the orophar-
ynx is a dynamic space, the shape could have been systematically 
affected by these factors (Hsu et al., 2021; Inamoto et al., 2015; 
Passos et al., 2019; Stone et al., 2020). Therefore, further research 
should attempt to use detailed standardized protocols. The sample 
size was not large and therefore may have failed to detect differ-
ences in our cohorts where differences did exist. Power analyses 
for CSA in a previous study (Webb, A.L., Lo, L., Pickering, M., & 
Perriman, D.M., unpublished data) determined that 11 participants 
in each group were required to detect a difference and so the num-
bers presented here should theoretically be sufficient. However, in 
this case, shape was the outcome and we did not have data to de-
termine an a priori sample size. Therefore, it is recommended that 
further studies using the same methodology be undertaken with 
larger samples, as well as patient groups with different oropharyn-
geal disorders such as obstructive sleep apnoea, to further explore 
the utility of SSM in differentiating between cohorts.

5  |  CONCLUSIONS

Although SSM did not detect differences between our WAD or NDI- 
based severity groups, it did detect associations between shape and 
morphological differences. This finding supports the use of SSM for 
the oropharynx but issues such as standardization of imaging proto-
cols need to be established.
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