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With increased tablet ownership in the United States comes increased levels of
neck ﬂexion compared to desktop or laptop computer use, and these neck postures have been linked to increases in neck pain. Importantly, tablet viewing
postures can be achieved in multiple ways and could be determined by the morphology of the individual and/or other extraneous factors. In this study, we aim
to preliminarily evaluate how neck postures vary during tablet use among individuals and link this variation to other factors such as sex, height, weight, presence/absence of temporomandibular joint disorder (TMD), and morphology of
the head and neck. We analyzed two-dimensional landmarks placed on lateralview radiographs of 22 participants (10 female and 12 male) seated in neutral,
upright, fully ﬂexed, semi-reclined, and reclined postures. We utilize geometric
morphometric techniques, which are advantageous for evaluating shape variation and have not been extensively applied to biomechanical analyses. We found
skeletal morphology to be signiﬁcantly related to sex and height in all but the
neutral posture (P < 0.05), and weight was marginally signiﬁcantly related to
shape in the semi-reclined posture (P = 0.047). Morphologically, male participants exhibited more ﬂexion at the articulatio atlantooccipitalis than females,
and females showed greater mandibular protrusion than males, although this
result is likely related to height. No relationship was found between posture and
TMD. This research establishes a framework for future work that uses geometric
morphometric analyses to evaluate how neck postures vary in relation to TMD.
Clin. Anat. 00:000–000, 2019. © 2019 Wiley Periodicals, Inc.
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INTRODUCTION
In the United States, ownership of handheld devices
such as tablets and smartphones has increased from
4% to >50% from 2010 to 2018 (Pew Research Center,
2018). Pearson (2015) and Gallup (2015) show that
tablet usage surpasses laptop/desktop usage in elementary schools and 49% of adults use tablets occupationally. Typically, people use neck ﬂexion when interacting
with mobile devices (Steelcase, 2015; Young et al.,
2012; Gold, 2012). This posture is linked to neck pain
development (Lau et al., 2010; Grob et al., 2007; Ariens
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et al., 2011) and the total time spent using a mobile
device on a typical day is signiﬁcantly associated with
neck pain reporting (Berolo et al., 2011). Several studies
have focused on the risks and beneﬁts associated with
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workplace tablet use (Vasavada et al., 2015; Douglas
and Gallagher, 2017, 2018; Weston et al., 2017); however, little research exists regarding how this affects the
comorbid diseases of temporomandibular disorder
(TMD) and cervical spine disorder (CSD). While TMD and
CSD are diagnosable conditions, the underlying causes
of both are relatively unknown, although many authors
suggest that height and sex are potential causal factors.
Via assessment of cervical spine posture as documented
in radiographic images, this study aims to assess how
factors such as sex, height, weight, and TMD status are
related to neck posture during handheld device use.

Links between TMD and Lordosis Cervicis
Lordosis cervicis (the natural forward curvature of the
vertebrae in the neck region) in modern humans is
related to a greater range of motion, while in neck ﬂexion
and extension compared to other primates and this morphology has been linked to the unique bipedal locomotion found in humans (Manfreda et al., 2006; Arlegi
et al., 2017). Many authors have established that proper
lordosis cervicis is essential for oral breathing
(as opposed to nasal breathing), upright posture, a forward gaze, mastication, vocal production, and shockabsorption during movement (Laskin et al., 2006;
Straker et al., 2008; Young et al., 2012; Huggare and
Houghton, 1996; Cuccia et al., 2008; Diebo et al., 2016;
Been et al., 2017). There are signiﬁcant differences in
lordosis cervicis by sex, with females having greater lordosis at the topmost portion of the spine (Foramen magnum to C3) while male lordosis is greater at the base of
the cervical vertebrae (C3-C7) (Grave et al., 1999; Been
et al., 2017; Ezra et al., 2017). Loss of lordosis in many
patients has been associated with neck and back pain,
TMD, rapid maxillary expansion, an inability to maintain a
horizontal gaze, malocclusion, and changes in growth
patterns of the dentofacial and craniofacial regions (Lau
et al., 2010; Shan et al., 2013; Silva et al., 2009; Festa
et al., 2003; Grob et al., 2007; Sonnesen et al., 2007;
Cuccia et al., 2008; Diebo et al., 2016; Been et al., 2017).
Disorders of the articulatio temporomandibularis
(also known as the temporomandibular joint or TMJ)
involve a general description of pain or pathologies
affecting the masticatory apparatus and the TMJ and/or
related structures (Kraus, 2007; Armijo-Olivo et al.,
2010; Speciali and Dach, 2015). Frequently, the etiology of TMD in any given patient is unclear and this disorder may be caused by many factors (Kraus, 2007;
Armijo-Olivo et al., 2010). Importantly, TMD is frequently associated with headaches, lumbar back pain,
neck pain, ear aches, altered cervical posture, malocclusion, mandibular condylar hypoplasia, and many
general bodily “imbalances” (Shan et al., 2013; Silva
et al., 2009; Drangsholt and LeResche, 1999; Sonnesen
et al., 2007; Armijo-Olivo et al., 2010; Sancini et al.,
 ska-Dragon et al., 2014:1; Speciali and
2013; Walczyn
Dach, 2015; Suriani Ribeiro et al., 2015). These conditions are comorbid with TMD, with causal relationships
often unclear. Connections between these ailments are
often attributed to cervical and masticatory muscle dysfunction (Fricton et al., 1985; De Wijer et al., 1996a,

1996b; Simons, 1999; Visscher et al., 2001; Fink et al.,
2002; Armijo-Olivo et al., 2010; Arlegi et al. 2017) and
the convergence of nerves receiving stimulus from the
craniofacial and cervical regions (Kerr, 1972; Hu et al.,
1984, 1992, 1993; Sessle et al., 1986; Sonnesen et al.,
2007; Spadero et al., 2014; Speciali and Dach, 2015).
Many reports show higher instances of cervical pain in
patients with TMD, with speciﬁc focus on pain at C1-C3
(Armijo-Olivo et al., 2010; Suriani Ribeiro et al.,
2015). Notably, some studies have found that the
most severe cases of TMD occur in females (Paolo
et al., 2013; Silveira et al., 2007), but TMD may be
independent of sex (Suriani Ribeiro et al., 2015). Sex
also may be related to neck pain development, as
Grade I TMD (low intensity and few activity limitations)
is more common in females compared to males
(Cote, 2004).
Previous research focuses on static radiographic
images and the use of either linear or angular measurements to statistically determine correlations between
neck posture, sex, height, and mandibular pain. However, little previous research has used a comprehensive
analysis, like landmark or three-dimensional analysis, of
skeletal morphology in the angulation of cervical vertebra in patients with TMD. Pachioni et al. (2013) concluded that there is no statistical difference in head and
cervical spine posture in patients with and without TMD.
However, a longitudinal study conducted by Paolo et al.
(2013) found that up to 46% of patients with TMD had
spinal pain in relation to posture. Similarly, Rakesh et al.
(2014) and Pereira de Farias Neto et al. (2010) suggest
that abnormal head and body posture may be an initial
cause of TMD, with their patients also exhibiting cervical
hyperlordosis. The relationship between angulation of
the cervical spine in relation to the TMJ has yet to be
explored, but two- or three-dimensional shape analysis
can help explore the workings and constraints on skeletal form and function (O’Higgins et al., 2010).

Geometric Morphometrics as a Way to
Examine Cervical Spinal Postures
Geometric morphometric (GM) analysis has been
used in anthropological, biological, and morphological
studies to assess patterns of shape variation (e.g.,
Adams et al., 2004; Mitteroecker and Gunz, 2009;
Cooke and Terhune, 2015). These methods use landmark data to quantify variations in form (i.e., size +
shape) among specimens/groups using multivariate
methods (O’Higgins et al., 2010; Cooke and Terhune,
2015). Various studies have used GM to assess sexual
dimorphism, character displacement, craniofacial
shape, and beyond in both extant and extinct species
(Adams and Rohlf, 2000; Franklin et al., 2006;
Kaliontzopoulou et al., 2007; Pierce et al., 2008) to
attempt to discern relationships and/or evolutionary
trends. No study at present has used these techniques
to assess cervical spinal morphology and head/neck
postures in humans, and the use of GM in biomechanical
and/or kinematic analyses has been limited (but see
Manfreda et al., 2006; Arlegi et al., 2017; TorresTamayo et al., 2017). With such a drastic increase in
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handheld device usage in the past decade, further investigation into its effect on bone morphology is warranted.
Furthermore, comorbid diseases TMD and CSD can
impact jaw positioning and neck posture during tablet
use. Given its potential advantages, the purpose of
this study is to use GM to examine how neck postures may be related to jaw positioning and external
factors such as TMD, height, weight, and sex using
GM techniques.

MATERIALS AND METHODS
Participant Information
Twenty-two participants (12 male and 10 female)
were included in this study. Participants were screened
to determine absence of previous neck or spinal injuries, chronic headaches, allergy to rubbing alcohol,
pregnancy, and exposure to any of the following within
the past 2 years: lumbar spine x-ray, upper GI tract xray, barium enema x-ray, or any CT scans. Participants
were asked a series of questions that correspond to
the variables listed in Table 1. All methods were
approved by the University of Arkansas Institutional
Review Board and Arkansas Department of Health,
and participants provided written informed consent.

Radiograph Information
A licensed radiologist technician at the Pat Walker
Health Center on the University of Arkansas campus

TABLE 1. Variables for subjects in sample
Variables
Sex
Age
Weight
Height
TMD

Neck postures
Neutral
Maximum
neck ﬂexion
(full ﬂexion)
Upright seated
Semi-reclined

Reclined

Description
Female or male
Age of subject (in years)
Weight of subject (in pounds)
Height of subject (in centimeters)
Presence or absence of pain at the
TMJ (yes/no)
Pain with jaw movement (yes/no)
Noise with TMJ movement (yes/no)
If TMJ pain was present, had they
consulted a doctor to address the
discomfort? (yes/no)
Participant seated with arms in lap
looking straight forward at a ﬁxed
point on the wall
Participant seated with their neck
bent forward as far as possible
Reading a tablet in a seated posture
Reading a tablet when seated in a
semi-reclined position, with the
participant’s truck reclined at 15
relative to the vertical
Reading a tablet when seated in a
reclined position, with the
participant’s trunk at 30 relative
to the vertical

took all radiographs at an average distance of 1.82 m
away from the participant. Disposable lead 2 mm biomarkers (Penn-Jersey X-Ray, Morrisville, PA) were
placed on the spinous process of C7, sternum, commissura lateralis palpebrarum (outer canthi), and
meatus acusticus externus (external auditory meatus). Lateral-view radiographs were taken with each
participant in ﬁve neck postures as deﬁned in Table 1.
Images were taken in the following order: neutral,
full-ﬂexion, and a randomization of the tablet postures (i.e., upright, semi-reclined, and reclined). For
the semi-reclined and reclined posture, the chair back
was reclined to 15 and 30 , respectively. The participant sat while holding the tablet in their hand, with no
instructions as to the angle of the tablet to allow for a
natural posture. While the radiograph was taken, participants were instructed to look at a piece of tape in
the center of the tablet and were given a 30 second
rest after each radiograph.

Landmark Placement
X-ray images were initially generated as DICOM ﬁles
to retain its original dimensions. However, DICOM ﬁles
are not compatible with the software used to collect
landmarks for this analysis (tpsDig; Rohlf, 2016). Thus,
for each image, a scale factor was measured three times
by author CM on the original DICOM in the software
ImageJ (Rasband, 2012). Images were then exported
from ImageJ for further analysis. An error study, where
a subset of images from three individuals were
landmarked three separate times by author CM, was
performed to determine that landmarks could be reliably
placed on the radiographic images. Landmarks were
placed on images using the program tpsDig (Rohlf,
2016). For each image (n = 110; 5 images/participant),
the scale was set based on the mean of the three scale
factors measured in ImageJ. A total of 43 ﬁxed landmarks established by various sources (e.g. Buikstra &
Ubelaker, 1994; Howells, 1973, etc.) (Table 2) represented the shape of the cervical spine, cranium, and
mandible, and 44 semi-landmarks were employed to
more fully describe mandibular shape and position
(Fig. 1). All landmarks were inspected and (if necessary)
adjusted by authors CBY and CET.

Statistical Analysis
Landmark data were analyzed using GM techniques
(Rohlf, 1999). First, the entire data set (i.e., all
participants/postures) was subjected to a generalized
Procrustes analysis (GPA) that translates all the landmark conﬁgurations to the same location, scales the
landmark conﬁgurations to the same size, and orients
the landmark conﬁgurations to the same position;
size of the conﬁguration is retained as a separate variable, centroid size (CS). In this analysis, semilandmarks were allowed to slide to minimize bending
energy (Gunz et al., 2005; Gunz and Mitteroecker,
2013). Following GPA, principal component analysis
(PCA) was performed to visualize shape variation.
Thin plate splines (TPS) and wireframe diagrams were
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TABLE 2. Landmark placement deﬁnitions
Landmark
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Landmark deﬁnition
Commissura palpebraruma
Tragusa
Prominentia laryngeaa
Sternuma
Spinous process of C7a
Protuberantia occipitalis externaa
Nasospinale
Prosthion
Tip of upper central incisor (incision)
Tip of lower central incisor
Infradentale
Gnathion
Posterior-most point behind last
upper molar
Center of occlusal surface on last
upper molar
Center of occlusal surface on last
lower molar
Posterior-most point behind last lower molar
Gonial angle
Superior-most point on the condylus
mandibulae
Center of articulatio atlantooccipitalis
Anterior tubercle of C1
Posterior tubercle of C1
Anterosuperior corner of C2 vertebral body
Anteroinferior corner of C2 vertebral body
Posteroinferior corner of C2 vertebral body
Posterosuperior corner of C2 vertebral body
Spinous process of C2
Anterosuperior corner of C3 vertebral body
Anteroinferior corner of C3 vertebral body
Posteroinferior corner of C3 vertebral body
Posterosuperior corner of C3 vertebral body
Spinous process of C3
Anterosuperior corner of C4 vertebral body
Anteroinferior corner of C4 vertebral body
Posteroinferior corner of C4 vertebral body
Posterosuperior corner of C4 vertebral body
Spinous process of C4
Anterosuperior corner of C5 vertebral body
Anteroinferior corner of C5 vertebral body
Posteroinferior corner of C5 vertebral body
Posterosuperior corner of C5 vertebral body
Spinous process of C5
Anterosuperior corner of C6 vertebral body
Anteroinferior corner of C6 vertebral body
Posteroinferior corner of C6 vertebral body
Posterosuperior corner of C6 vertebral body
Spinous process of C6
Anterosuperior corner of C7 vertebral body
Anteroinferior corner of C7 vertebral body
Posteroinferior corner of C7 vertebral body
Posterosuperior corner of C7 vertebral body
Os hyoideum
Mandible semi-landmarks

Removed from ﬁnal analysis.

Fig. 1. Landmark and semi-landmark placement. Fifteen semi-landmarks were placed along the curve from
the processus coronoideus to gonial angle, 15 semilandmarks were placed along the curve from the gonial
angle to the tuber omentale, and 10 were placed from the
tuber omentale to infradentale. These semi-landmarks are
represented with a yellow line. [Color ﬁgure can be viewed
at wileyonlinelibrary.com]

The data set was subsequently subdivided by position and separate GPA and PCA (with corresponding
TPS grids) were conducted for each subset. For each
position, a series of additional analyses were run. First,
one-way Procrustes analysis of variance (ANOVA) was
used to examine the impact of sex and TMD on shape
variation. Second, separate multivariate regressions of
the Procrustes coordinates of shape on the natural logtransformed CS, weight, and height were conducted to
examine the inﬂuence of these independent variables
on shape variation in the neck and cranium. For both the
ANOVAs and the multivariate regressions, signiﬁcance
of the observed relationships was assessed via permutation tests (10,000 iterations).
All analyses were conducted using the R package
geomorph (Adams et al., 2018) and the program MorphoJ (Klingenberg, 2011). Critical alpha was set at
P = 0.05 for all analyses.

a

used to describe shape variation along each PC axis.
Procrustes distances between the means of each posture were calculated, with a permutation test (10,000
iterations) employed to assess the signiﬁcance of
these differences.

RESULTS
Males in our sample are signiﬁcantly taller than females
(t = 4.55, P < 0.001), with an average height of
181.59  8.61 and 166.91  5.96 cm, respectively.
Males are also slightly older than females (t = 2.33,
P = 0.03), with an average age of 21.83  1.27 and
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20.70  8.61 years, respectively. Weight averages are
also slightly higher in males than females at 172.97 
26.64 and 144.20  23.87 lbs. Only three participants
reported TMD presence (one male and two females).

All Neck Postures
The PCA clearly separated neck postures along PC1
(Fig. 2), where the neutral neck and fully ﬂexed neck
postures were completely nonoverlapping and falling
at either end of this axis. All other neck postures overlapped and were indistinguishable on PC1. Shape variation along this axis (which represents 40.65% of
sample variance) thus represents variation in neck
posture among individuals (Figs. 2 and 3).
PC2 (21.36% of sample variance; Figs. 2 and 3)
appears to represent interindividual differences, since
participants remain in roughly the same position along
this axis regardless of neck posture. This axis also represents some components of mandibular size and shape;
individuals with increased mandibular robusticity tend
to fall more negatively on this axis than individuals with
more gracile mandibular morphology.
PC3 (12.67%; Fig. 3) partially separates participants
based on cervical and os hyoideum (hyoid bone) morphology related to sex, with participants displaying a more
inferiorly placed os hyoideum, robust mandible, and neutral neck posture falling more positively. PC4 (4.4%)
mostly shows variation in mandibular protrusion with
some component of mandibular shape and neck posture (Fig. 3).
Procrustes distances (Table 3) between group means
for each posture reﬂect shape variation primarily
observed on PC1, with neutral and fully ﬂexed postures

signiﬁcantly different from each other (P < 0.0001) but
statistically indistinguishable from all other postures.

Neutral
In the neutral neck position, PC1 represents 41.58%
of the sample variance. Variation along this axis represents differences in cervical curvature and length and
mandibular position relative to the cervical spine
(Fig. 4). For example, the negative end of PC1 shows a
lesser degree of cervical spine curvature and shorter
cervical spine with a mandible positioned more anteriorly relative to the cervical spine. Subsequent PCs
explain 18.31%, 10.67%, 6.15%, and 4.35% of the
variation in the neutral neck posture (Table 4); these PC
axes represent idiosyncratic variation rather than meaningful patterns.
ANOVAs for both TMD and sex (Table 5) were not
signiﬁcant, and neither were the multivariate regressions (Table 5) of shape on CS, weight, or height.

Upright
In the upright data set, PC1 (34.43% of sample variance) is primarily related to mandibular shape, with
increased mandibular robusticity falling more negatively
and more gracile mandibles more positively (Fig. 4). Subsequent PC axes explain 23.72%, 9.63%, and 7.47% of
the variation shape in the upright posture (Table 4) and
represent idiosyncratic variation among individuals.
ANOVAs (Table 5) found no signiﬁcant difference in
relation to TMD but did identify differences in shape
between males and females (P = 0.028). Multivariate

Fig. 2. PC1 versus PC2 of data set including all subjects and postures. Subjects
are denoted by three letter codes, allowing us to trace where individuals fall on each
PC axis; for example, subject BBJ is the most negatively situated individual on PC2 in
all neck postures. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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length and curvature as well as mandibular protrusion
and robusticity (Fig. 4). Subsequent PC axes explain
25.12%, 8.10%, 5.99%, and 5.24% of the variation in
the semi-reclined position (Table 4) and represent idiosyncratic variation among individuals.
ANOVAs indicate no signiﬁcant difference in shape
between individuals with and without TMD; however,
males and females differed in shape (P = 0.026). Multivariate regression of shape on CS was not signiﬁcant
(P > 0.05), but multivariate regressions of shape on
weight and height were signiﬁcant (P = 0.047 and
0.001, respectively). TPSs indicate that shorter individuals have a shorter cervical spine that is slightly
more ﬂexed than taller individuals and have a more
protruded mandible in this posture (Fig. 5).

Reclined

Fig. 3. Thin plate spline (TPS) grids illustrating the
shape variation at the ends of the ﬁrst four PC axes for
the data set including all subjects and neck postures.

regression (Table 5) of shape on CS and weight were
not signiﬁcant (P > 0.05), but the multivariate regression of shape on height was P = 0.0075. TPSs from the
multivariate regression of shape on height indicate
that smaller individuals have a shorter cervical spine
with a more protruded mandible, while taller individuals have a longer cervical spine and a less protruded
mandibular posture (Fig. 5).

Semi-Reclined
In the semi-reclined data set, PC1 (35.07% of sample variance) represents variation in cervical spine

PC1 (32.34% of sample variance) in the reclined
posture was again related to cervical length, ﬂexion,
and mandibular shape/position (Fig. 4). Subsequent
PC axes explain 27.45%, 10.90%, 6.72%, and 4.36%
of the shape variation in the reclined posture
(Table 4); again, these PC axes represent idiosyncratic variation among individuals.
ANOVA results (Table 5) indicate no difference in
shape between individuals with and without TMD
(P > 0.05). However, the ANOVA comparing shape in
relation to sex was signiﬁcant (P = 0.002). The multivariate regression (Table 5) of shape on CS and
weight was not signiﬁcant, but the multivariate
regression of shape on height was (P = 0.001). As
with several of the other postures, TPS grids (Fig. 5)
demonstrate that shorter individuals have a shorter
cervical spine with a more protruded mandible, while
taller individuals have a longer cervical spine with a
less protruded mandible.

Full-Flexion
PC1 (35.68% of sample variance) indicates that
individuals falling more negatively on this axis
exhibit more inferior curvature (i.e., C6-C7) in the
cervical spine and a more retruded mandible
(Fig. 4). Conversely, the positive end of PC1 represents anterior curvature in the middle of the cervical
spine and a more protruded mandible. Subsequent
PC axes explain 25.78%, 8.67%, 6.83%, and
4.80% of the shape variation in the full-ﬂexion posture (Table 4) and represent idiosyncratic variation
among individuals.

TABLE 3. Procrustes distances (upper right triangle) and P-values (lower left triangle) associated with
tests of differences between postures. Bolded values are statistically signiﬁcant at P < 0.05
Procrustes distances
Neutral
Upright
Semi-reclined
Reclined
Full ﬂexion

Neutral

Upright

Semi-reclined

Reclined

Full ﬂexion

–
<0.0001
<0.0001
<0.0001
<0.0001

0.096
–
1.00
0.70
<0.0001

0.10
0.01
–
0.99
0.0002

0.10
0.02
0.01
–
0.0001

0.16
0.06
0.06
0.06
–
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TABLE 4. Percent variance explained along
principal components axes 1-5 for each neck
posture
Posture
Neutral
Full ﬂexion
Upright
Semi-reclined
Reclined

PC1

PC2

PC3

PC4

41.58
35.68
34.43
35.07
32.34

18.31
25.78
23.72
25.12
27.44

10.67
8.67
9.63
8.1
10.9

6.15
6.83
7.47
5.99
6.72

ANOVAs (Table 5) found no signiﬁcant difference in
shape for individuals with TMD versus those without
but did ﬁnd a signiﬁcant difference in shape between
sexes (P = 0.0096). The multivariate regressions
(Table 5) of shape on CS and weight were not signiﬁcant, but the multivariate regression of shape on
height was signiﬁcant (P = 0.003). TPSs from the
multivariate regression of shape on height indicate
that shorter individuals have a shorter cervical spine
with a mandible more anterior in relation to the cervical spine, while taller individuals exhibit a larger and
longer cervical spine with a more posteriorly placed
mandible closer to the cervical spine (Fig. 5).
In the reclined and full-ﬂexion postures, PC1 indicates a separation of males and females. No other
postures showed deﬁnitive patterns of male and
female separation along either PC1 or PC2 (Fig. 2).

DISCUSSION

Fig. 4. PC1 versus PC2 for each neck posture with
thin plate spline (TPS) graphs illustrating the positive
and negative ends of the PC1 axis. Starred individuals
reported the presence of TMD. [Color ﬁgure can be
viewed at wileyonlinelibrary.com]

The goal of this research was to evaluate how cervical spinal and jaw postures vary in relation to neck
ﬂexion, as might be employed during handheld device
use, and as related to factors such as height, weight,
and sex. We further evaluated the relationship of neck
posture to TMD status. Using GM techniques, we
observed variation in how participants adopt particular ﬂexed neck postures primarily in relation to sex
and height. We also observed considerable idiosyncratic variation in how participants adopt particular
postures.
Analyses where all participants and postures were
combined indicate that the primary factor inﬂuencing
shape variation in this analysis is degree of neck ﬂexion;
neutral (i.e., not ﬂexed at all) and full-ﬂexion postures
were signiﬁcantly different from one another in morphospace and were signiﬁcantly different from all other
postures. However, intermediate levels of ﬂexion
(i.e., the upright, semi-reclined, and reclined postures)
were not signiﬁcantly different from one another. Importantly, the second axis describing shape variation primarily separated out participants, indicating that
individuals tend to vary consistently from one another in
how they adopt all neck postures, and the third axis
observed differences in shape related to sex (primarily in
mandibular shape and protrusion).
When the data were analyzed separately for each
posture, we consistently observed signiﬁcant differences in neck posture related to sex and height (which
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TABLE 5. Results of the one-way ANOVAs testing the difference between shape with TMD presence or
absence and males and females. Results from multivariate regression of shape on centroid size (CS),
weight, and height for each posture. Bolded values are signiﬁcant (P < 0.05)
TMD
Neutral
Upright
Semi-reclined
Reclined
Full ﬂexion

Sex

CS
2

df

F

P

df

F

P

R

21
21
21
21
21

−1.35
−0.39
−0.05
−0.77
−0.73

0.92
0.63
0.66
0.77
0.76

21
21
21
21
21

1.57
1.95
1.99
2.67
2.24

0.07
0.03
0.03
<0.00
0.01

0.04
0.06
0.06
0.06
0.06

Weight
2

Height
2

P

R

P

R

P

0.46
0.27
0.27
0.29
0.28

0.08
0.08
0.10
0.08
0.07

0.12
0.09
0.047
0.09
0.19

0.09
0.14
0.17
0.16
0.17

0.053
0.0075
0.001
0.0014
0.0027

Fig. 5. Multivariate regression plots of shape (via Procrustes coordinates) on
height for each posture. Thin plate spline (TPS) grids illustrate the shape for minimum
and maximum height in each multivariate regression. [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

themselves are related in our sample) in all positions
except neutral, supporting previous literature (Grob
et al., 2007; Sonnesen et al., 2007; Cuccia et al.,

2008; Been et al., 2017; Ezra et al., 2017). Notably, we
observed no signiﬁcant differences related to any factors in the neutral neck posture. We suggest that this
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may be due to the controlled nature of the neutral posture in this experiment. Speciﬁcally, participants were
asked to focus on a speciﬁc spot in front of them
regardless of other factors. No other posture was subject to this amount of control, and individuals made
their own estimations of positioning for the remaining
neck postures. These data suggest that individuals vary
in how they adopt ﬂexed neck postures such as those
utilized during handheld device use, and how participants adopt these postures may in part be related to
their sex and/or height, which themselves are related.
Except for the neutral position, common patterns
of shape variation were observed across all postures,
with shorter individuals/females having shorter cervical spines and slightly more protruded mandibles than
taller individuals. The well-documented differences in
mandibular shape between males and females
(i.e., males have more angular gonial regions and
protruding tuber omentale (mental eminence)
(Krogman and Iscan, 1986; Huggare and Houghton,
1996; Ezra et al., 2017) may drive some of these
observed differences, but these results clearly indicate that how neck postures are adopted is related to
height and/or sex, likely as a function of the length of
the cervical spine or the degree of lordosis cervicis.
For example, males/taller individuals achieve neck
ﬂexion via increased ﬂexion at the articulatio
atlantooccipitalis, whereas females/shorter individuals achieve the same results by protruding their
mandibles and also slightly increasing ﬂexion at their
remaining cervical vertebral joints (Been et al., 2017;
Ezra et al., 2017). This could potentially indicate that
males have increased ﬂexion at the articulatio
atlantooccipitalis because they do not have increased
ﬂexion there to begin with, whereas females
do. Because females have already reached the maximum articulatio atlantooccipitalis ﬂexion possible, they
instead spread this ﬂexion across more of their cervical
vertebrae. These data support previous research
(Huggare and Houghton, 1996) indicating that because
there is a signiﬁcant relationship between mandibular
length, stature, and posture, males with loss of lordosis
may be at higher risk for craniofacial changes during
growth.
These ﬁndings are particularly relevant for considerations of cervical spinal and TMJ disorders and the
relationship between TMD and CSD, as well as the
relationship between neck posture and tablet use.
Neck ﬂexion has previously been linked to neck pain
development (Grob et al., 2007; Ariens et al., 2011).
Our results support these conclusions by indicating a
difference in cervical kinematics based on changes in
the ﬁve neck postures assessed here. While some
studies suggest differences in neck position between
reclined and upright seated positions (Douglas and
Gallagher, 2017, 2018; Weston et al., 2017), ours do
not statistically distinguish these positions in
morphospace. Similarly, multiple studies indicate a
relationship between the cervical spine and TMD
(Fricton et al., 1985; De Wijer et al., 1996a; Simons,
1999; Visscher et al., 2001; Fink et al., 2002; Grob
et al., 2007; Armijo-Olivo et al., 2010), but our investigation does not corroborate these results. Similar to

Pachioni et al. (2013), we did not ﬁnd any signiﬁcant
differences in cervical kinematics between participants with versus without TMD in any neck posture.
However, our results could be a product of our sample
having only three participants with reported TMD.
Furthermore, Suriani Ribiero et al. (2015) found a
similar number of male and female participants with
TMD, but TMD tended to be more severe in female
participants. Our results do not support or refute this
ﬁnding due to few participants reporting TMD and no
signiﬁcance regarding this factor for any neck posture. However, the increased mandibular protrusion
we observed in females may be adding more stress to
the neck which could be affecting the severity of pain
associated with TMD.
There are several limitations of the work presented
here. First, our sample size is small and homogenous
(e.g., participants ranged from 19 to 24 years); further work with increased samples would be important
for verifying the patterns observed here. Importantly,
we are unable to separate out the effects of height
and sex, given that these two variables are related in
our sample. A larger study incorporating taller females and shorter males, as well as a greater number
of individuals who have experienced TMD, could
help parse out the effects of sex and height as well
as any potential links between neck posture and
TMD status.
In conclusion, our results suggest that postures
adopted with tablet use vary in relation to height
and/or sex. When using tablets or other handheld
devices, morphological differences between males
and females require different positioning of the jaw
and neck. Taller individuals (males in our study) ﬂex
their necks more at the articulatio atlantooccipitalis
than females, which is likely because their cervical
spine is longer and requires more ﬂexion to tilt their
heads to a similar angle as females. These postural
differences may inﬂuence cervical spine and mandibular development if tablets and handheld devices are
used throughout ontogeny. Furthermore, females
exhibit more mandibular protrusion with tablet use
than males. This effect may have implications for
mastication while using tablets or other handheld
devices (i.e., at a dining table or on a couch), or for
ligament and muscle strain that may be experienced
when the head and neck are held in these positions
for long periods of time. This could be linked to
increased levels of CSD and TMD frequently observed
in females, though additional study is warranted.
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