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Abstract 

The size and shape of human cervical vertebral bodies serve as a reference for measurement or 1 

treatment planning in multiple disciplines. It is therefore necessary to understand thoroughly the 2 

developmental changes in the cervical vertebrae in relation to the changing biomechanical 3 

demands on the neck during the first two decades of life. To delineate sex-specific changes in 4 

human cervical vertebral bodies, 23 landmarks were placed in the midsagittal plane to define the 5 

boundaries of C2 to C7 in 123 (73 M; 50 F) computed tomography scans from individuals, ages 6 

6 months to 19 years. Size was calculated as the geometric area, from which sex-specific growth 7 

trend, rate, and type for each vertebral body were determined; as well as length measures of local 8 

deformation-based morphometry vectors from the centroid to each landmark. Additionally, for 9 

each of the four pubertal-staged age cohorts, sex-specific vertebral body wireframes were 10 

superimposed using generalized Procrustes analysis to determine sex-specific changes in form 11 

(size and shape) and shape alone. Our findings reveal that C2 was unique in achieving more of 12 

its adult size by five years, particularly in females. In contrast, C3-C7 had a second period of 13 

accelerated growth during puberty. The vertebrae of males and females were significantly 14 

different in size, particularly after puberty, when males had larger cervical vertebral bodies. Male 15 

growth outpaced female growth around age 10 years and persisted until around ages 19-20 years 16 

where as females completed growth earlier, around ages 17-18 years. The greatest shape 17 

differences between males and females occurred during puberty. Both sexes had similar growth 18 

in the superoinferior height, but males also displayed more growth in anteroposterior depth. Such 19 

prominent sex differences in size, shape, and form are likely the result of differences in growth 20 

rate and growth duration. Female vertebrae are thus not simply smaller versions of the male 21 
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vertebrae. Additional research is needed to further quantify growth and help improve age- and 22 

sex-specific guidance in clinical practice.   23 

Keywords: cervical vertebrae, vertebral body, growth and development, sexual dimorphism, 24 

size and shape, Cervical Vertebral Maturation Index, computed tomography, human. 25 

  26 
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Introduction  27 

During human development, cervical vertebral bodies undergo changes in size and shape 28 

before reaching their adult morphology (Huelke, 1998, Kumaresan et al., 2000). The ontogeny of 29 

cervical vertebral bodies (C2-C7) occurs through of primary and secondary ossification centers. 30 

The C2 vertebral body forms from three primary ossification centers and one apical secondary 31 

ossification center, while C3-C7 vertebral bodies each form from one primary ossification center 32 

and two secondary ossification centers (Akobo et al., 2015, Byrd and Comiskey, 2007, Piatt and 33 

Grissom, 2011, Yoganandan et al., 2011). These patterns of ossification and resulting 34 

development in size and shape of cervical vertebrae support the primary functions to protect the 35 

spinal cord and nerves and to enable mobility and support of the head and neck. Cervical 36 

vertebral bodies undergo endochondral ossification and develop morphology that increases 37 

contact between the vertebrae, supporting the shift from greater mobility of the neck in children 38 

to greater stability in adults (Huelke, 1998, Kumaresan et al., 2000). Furthermore, human bipedal 39 

locomotion shifts the line of gravity along the vertebral column, forming cervical lordosis which, 40 

in combination with changes in the head-to-body ratio, changes the fulcrum of cervical 41 

movement (primarily flexion/extension) from C2-C3 in infancy, to C4-C5 by around age 5 years, 42 

and to C5-C6 (the adult location) by late adolescence (Huelke, 1998, Lustrin et al., 2003, 43 

Kokoska et al., 2001).  44 

Various disciplines use the cervical vertebral bodies as a reference for describing 45 

developmental changes of adjacent structures. For example, speech scientists and evolutionary 46 

biologists use the vertebral level as a reference to assess the descent of the larynx to understand 47 

the development of the vocal tract and the evolution of human speech (Boë et al., 2006, 48 

Lieberman, 2007, Bench, 1963, Lieberman et al., 2001). Developmental changes of the cervical 49 

4 | P a g e  
 



vertebral bodies can be used to identify the biological age of a patient or for clinical decision-50 

making, such as the clinical diagnosis of pediatric trauma (Nitecki and Moir, 1994, Gilsanz et al., 51 

1997, Kokoska et al., 2001), or identifying the level of proper velopharyngeal closure correction 52 

in patients with cleft palate (Mason et al., 2016). Similarly, orthodontists use cervical vertebral 53 

body morphological stages to identify the biological age of a patient to determine appropriate 54 

treatment (Altan et al., 2011, Bench, 1963). Sex differences in growth have been determined 55 

(Been et al., 2017, Ezra et al., 2017), yet most clinical standards of cervical vertebral assessment 56 

continue to use unisex standards.  57 

Since the 1970s, cervical spine research has advanced from descriptive and visual 58 

assessment of cadavers, archaeological remains, and lateral cephalometric images (Bick and 59 

Copel, 1950, Francis, 1955, Tulsi, 1971) to establish the Cervical Vertebral Maturation Index 60 

(CVMI) for identifying maturation stages based on visual assessment of cervical vertebra shape, 61 

(Hassel and Farman, 1995, Pichai et al., 2014, San Román et al., 2002, Byrd and Comiskey, 62 

2007, Nestman et al., 2011, Santiago et al., 2012, Yang et al., 2014). Briefly, CVMI determines 63 

six stages of skeletal maturation based on visual assessment of morphological changes 64 

characteristic of cervical spine development in relation to mandibular growth (Hassel and 65 

Farman, 1995, Jaqueira et al., 2010, San Román et al., 2002). The stages are typically associated 66 

with an age range of 8 years to 17 years, ages surrounding the pubertal growth spurt (PGS) 67 

(Carinhena et al., 2014, Santiago et al., 2012). While CVMI is commonly used by orthodontists 68 

to identify biological age, some researchers question its value in assessing skeletal maturity due 69 

to the poor reliability between researchers in visually classifying shape to the same CVMI stage 70 

(Gray et al., 2016, Johnson et al., 2016, Nestman et al., 2011, Santiago et al., 2012, Yang et al., 71 
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2014); poor improvement over use of chronological age (Chatzigianni and Halazonetis, 2009); 72 

and not accounting for sexual dimorphism of the cervical spine (Caldas et al., 2007). 73 

With advances in medical imaging and related computational programs, researchers have 74 

begun to quantify the growth of the cervical spine in size and morphology. Examples include 75 

researchers quantifying CVMI using linear measurements of the cervical spine (dos Santos et al., 76 

2010, Altan et al., 2011) or by digitizing the morphological changes during development and 77 

identifying discrepancies between CVMI and the relational mandibular growth peak (Gray et al., 78 

2016). Additional examples include: quantifying linear and angular measures on CT scans to 79 

assess the development of select cervical vertebral features (Kasai et al., 1996, Altan et al., 2011) 80 

or the morphological changes of the craniovertebral junction (Piatt and Grissom, 2011); 81 

quantifying the growth of all cervical vertebral bodies during the first 18 years by calculating 82 

linear measures in the mid-sagittal plane (Johnson et al., 2016, Wang et al., 2001); and 83 

quantifying the emergence of sexual dimorphism by using landmark-based measurements to 84 

assess vertebral body geometry (Hellsing, 1991). Such quantitative analyses contribute to our 85 

understanding of developmental trends of growth in size and shape of cervical vertebrae.  86 

Nonlinear growth trends have been documented since Scammon (1930) classified four 87 

primary growth types for different structures/organs with each growth type having its unique 88 

growth curve/trend. However, Scammon (1930) highlighted that the neck and some head 89 

structures exhibit a combination of two growth types, general and neural. The general growth 90 

type, as described by Scammon (1930), exhibits two distinct periods of accelerated growth, the 91 

first occurring from birth to the age of 5 or 6 years where about a quarter of the adult size is 92 

attained, and the second period of accelerated growth occurring during puberty where sexual 93 

dimorphism typically becomes most evident and where females reach the adult mature size 94 
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sooner than males (Scammon, 1930, Hellsing, 1991). This general growth type is also referred to 95 

as skeletal growth, or somatic growth – term used in this paper – because it generally applies to 96 

structures of mesodermal (somite) tissue. The neural growth type, on the other hand, exhibits 97 

accelerated growth during the first 5-6 years of life, where two-thirds of the adult size is attained 98 

and is followed by steady growth until the adult size is reached (Nellhaus, 1968, Scammon, 99 

1930). The neural growth type is typically associated with a combination embryological origin of 100 

ectoderm, mesoderm, and neural crest tissue, which develops into the brain and cranium.  101 

The primary purpose of this study was to analyze the sex-specific growth and 102 

development of the cervical vertebral bodies C2-C7, in size and shape in the midsagittal plane, 103 

and to assess when sexual dimorphism emerges. Considering the form-function relationship, and 104 

given that all cervical vertebral bodies are formed from the same embryological origin tissue 105 

(sclerotome of somites), have serially homologous structure, and the same function of flexion-106 

extension, we expected that the C2-C7 vertebral bodies would have similar nonlinear growth 107 

trends. We hypothesized that all cervical vertebral bodies would follow a predominantly somatic 108 

growth type, but anticipated C2 growth to be slightly different, given the additional functional 109 

demand of rotation with C1 and morphological variation. In addition, we hypothesized that the 110 

vertebral bodies would show sexual dimorphism –in size but not necessarily shape- consistent 111 

with the sex-specific growth standards developed by the Centers for Disease Control and 112 

Prevention (CDC) and World Health Organization (WHO) for head circumference, stature and 113 

weight.  114 
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Material and Methods 115 

Material: Medical imaging studies and image acquisition 116 

A retrospective developmental head and neck imaging database was used to select the 117 

dataset for this study. The database was established by the Vocal Tract Development Lab 118 

(VTLab) at the Waisman Center, with approval from the University of Wisconsin Health 119 

Sciences Institutional Review Board, for the purpose of studying the growth of vocal tract 120 

structures in the oral and pharyngeal regions. The VTLab database consists of imaging studies 121 

from individuals across the lifespan who were imaged one or more times, at the University of 122 

Wisconsin Hospital and Clinics, for various medical reasons unrelated to skeletal growth and 123 

development, such as evaluations of abscesses, neck masses, or trauma. All scans were acquired 124 

with patients in the supine body position with their head oriented centrally in the scanner 125 

utilizing the laser light guidance of the scanner. The scans, saved in Digital Imaging and 126 

Communications in Medicine (DICOM) format, were alphanumerically coded and included in 127 

the VTLab database. Our radiologist collaborators, with expertise in the head and neck, verified 128 

medical diagnosis from medical records and confirmed each scan met the inclusion criteria for 129 

this developmental imaging database, such as no history or evidence of medical conditions that 130 

could disrupt typical growth and development of the head and neck. For additional information 131 

on medical imaging acquisition parameters and inclusion criteria, refer to (Vorperian et al., 132 

2009). Based on the National Center of Health Statistics growth charts for boys and girls (CDC, 133 

2000), the majority of reported weights at time of scan were at the 50th percentile with all scans 134 

between the 25th and 95th percentile (Vorperian et al., 2009). 135 

The dataset selected from the VTLab imaging database for this study consisted of 123 136 

computed tomography (CT) scans (50 females and 73 males) from 6 months to 20 years of age. 137 

8 | P a g e  
 



Imaging studies were acquired using the General Electric helical CT scanner using the following 138 

parameters:14.0-22.0 cm field of view, 512 x 512 matrix, 100-130 kV, 46-360 mA, and slice 139 

thickness of less than 3.75 mm, with the majority being 2.5 mm (n=87) and 1.25 mm (n=26). 140 

Additionally, the in-plane resolution/voxel size of the imaging scans in this study ranged from 141 

0.2051 mm to 0.5859 mm with a majority at 0.3516 mm (n=41) or 0.3125 mm (n=25). Several 142 

GE reconstruction algorithms were applied to the raw CT image data to optimize visualization of 143 

soft tissue (standard, soft) and bony (bone) structures. This study included predominately 144 

Standard algorithm scans (n=110). Bone (n=5) and soft (n=8) algorithms were included to 145 

effectively increase the age and sex specific sample size when the Standard algorithm was not 146 

available. All CT scans were visually inspected and excluded from this study if there was 147 

movement detected in the CT scan, if the whole cervical spine was not visible, or if atypical 148 

development was suspected.  149 

Landmarking cervical vertebral bodies  150 

To quantify the growth in the cervical spine, 23 anatomic landmarks were placed on each 151 

scan defining the anatomical boundary of the C2-C7 vertebral bodies in the midsagittal plane 152 

(see Figure 1, left panel). C1 was excluded from analysis due to the lack of a weight-bearing 153 

vertebral body. Three researchers placed the landmarks on all 123 cases, with duplicate 154 

landmarks placed on a subset of five cases to assess both landmark placement and landmark-155 

based measurement reliability. Landmark placement entailed placing three landmarks on C2, and 156 

four on each of C3-C7 using the Fabricate tool in the Analyze 12.0® software package 157 

(AnalyzeDirect, Overland Park, KS) utilizing multiple viewing planes (sagittal, coronal, and 158 

axial) of the original DICOM images to guide the placement of each landmark’s x, y, and z 159 

coordinates. Connecting the landmarks created a wireframe shape of each cervical vertebral 160 
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body, hereafter called a vertebral wireframe. All landmark coordinates were scaled to millimeters 161 

(mm) based on the voxel size of the respective CT scan.  162 

Pre-process step: 3D landmarks to 2D plane 163 

Prior to geometric area and local deformation-based morphometry (LDBM) calculation 164 

and analysis, all 123 CT studies were pre-processed to compensate for potential deviations in 165 

head position and ensure each vertebral wireframe was in the true anatomical midsagittal plane. 166 

The pre-process entailed two steps to convert the 3D (x, y, z) landmark coordinates, which might 167 

not be coplanar, into a 2D (y,z) midsagittal vertebral wireframe. First, using the landmarks of 168 

each individual vertebral wireframe, the best-fit midsagittal plane was computed in a least 169 

squares manner and the landmarks were projected onto that plane while maintaining their 170 

relationship with the centroid. This ensured the wireframe landmarks were on a perfect 2D 171 

midsagittal plane. Next, the corrected midsagittal plane and landmarks were rotated to a common 172 

x-axis plane, removing the third (x) dimension. The landmarks were then connected to create the 173 

2D vertebral wireframe to calculate size, using geometric area, and assess changes in shape and 174 

form (i.e., shape with size) as further defined in the “Cervical vertebral body measurements: Size 175 

and form” section and the “Morphology: Growth in shape and form” section respectively. This 176 

pre-process 3D to 2D step reduced the distance by an average 0.25mm in landmark placement 177 

between raters, increasing reliability. Both raw and aligned landmark coordinates are provided in 178 

Supplemental Tables I and II. 179 

Cervical vertebral body measurements: Size and form  180 

Once the 2D wireframes were identified, sex-specific developmental changes in size and form 181 

were quantified as follows: first, the geometric area (mm2), employing the 2D polygon area formula, was 182 

calculated as a global measure in size of each vertebral wireframe using the anterior-posterior (y) and 183 
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superior-inferior (z) coordinates of each landmark. Next, the Euclidian distance from the centroid to each 184 

individual landmark was calculated to quantify the change in the form of each vertebral wireframe. These 185 

LDBM measures were used to define the displacement vector of each landmark from the centroid 186 

(geometric center) of each vertebral wireframe, allowing examination of the changes in the relative 187 

positions of each landmark and identification of the localized changes in vertebral body form during 188 

growth (Ashburner and Friston, 2000). The C2 vertebral wireframes consisted of three LDBM vectors, 189 

while C3-C7 each consisted of four LDBM vectors. To assess measurement reliability between raters, 190 

inter class correlation (ICC) was calculated. ICC for geometric area was > 0.94, and for LDBM was > 191 

0.89, implying strong reliability in reproducibility of both geometric area and Euclidean distance LDBM 192 

calculations. 193 

Analysis 194 

Geometric Area: Growth in size 195 

Based on the understanding that human growth and development is non-linear, the 196 

geometric area results for each cervical vertebral body were calculated using the pre-processed 197 

2D vertebral wireframe landmarks and plotted as a function of age along with a fourth degree 198 

polynomial fit. In line with previous research characterizing the growth of oral/pharyngeal 199 

structures (Vorperian et al., 2009), this model fit optimally characterized the growth of geometric 200 

areas despite the limitation of the polynomial fit at the extreme ages. The five female (F) cases 201 

and three male (M) cases that had measurements for one vertebral body over 2.567 standard 202 

deviations away from the fit were identified as outliers (Wang et al., 2013) and excluded from all 203 

analyses. The data from the remaining 115 cases (45 females and 70 males) were refitted with 204 

the fourth degree polynomial fit and plotted with a second y-axis for percent of adult growth, an 205 

important reference to have when assessing for growth type (neural or somatic; Figure 1, middle 206 

panel). In addition, the first derivative of this polynomial fit was plotted (Figure 1, right panel) to 207 
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examine growth rate. To quantitatively determine growth type (neural versus somatic), a 208 

composite growth model comprised of a linear combination of a neural and somatic growth types 209 

(Wang et al., 2013) was applied to the geometric areas to calculate the percent contribution of 210 

somatic and neural growth types towards the overall geometric area growth trends. 211 

Finally, to assess sex differences, an ANOVA test was conducted to identify if there were 212 

overall significant male versus female differences in fourth degree polynomial model fits for 213 

growth in size/area. However, given growth rate differences, and to better determine when sexual 214 

dimorphism emerges, additional localized analysis of sex differences was performed, using 215 

either a t-test or the Mann-Whitney test, between the following four pubertal-specific age 216 

cohorts: cohort I (pre-pubertal) ages birth to 4:11 years (4 years and 11 months, n=47, 10F, 217 

37M); cohort II (peri-pubertal) ages 5 years to 9:11 years (n=20, 10F, 10M); cohort III (puberty) 218 

ages 10 years to 14:11 years (n=20, 10F, 10M); and cohort IV (post-pubertal) ages 15 years to 219 

19:11 years (n= 28, 15F, 13M).  220 

LDBM: Growth in size and form 221 

The LDBM measures, described above in the “Cervical vertebral body measurements: 222 

Size and form” section, provide a landmark-specific approach to quantify where and when the 223 

changes in size and shape occur for males and females. The LDBM averages and standard 224 

deviations were calculated for each sex-specific cohort. Next, for each age cohort, a t-test or 225 

Mann-Whitney U test was conducted to assess sexual dimorphism of the LDBM at each 226 

landmark. Given the multiple comparisons, the Bonferroni correction was applied to eliminate 227 

alpha one error (Bland and Altman, 1995). 228 
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Morphology: Growth in shape and form  229 

While the geometric areas provide information on the sex-specific global size growth 230 

trend, rate, and type for each cervical vertebral body, examination of growth in relation to 231 

morphological change provides visualization of the sex differences and localized variation in 232 

shape based on change at each landmark. ‘Shape’ is defined as the geometric information 233 

remaining after removing size, position, and orientation, while ‘form’ is the geometric 234 

information when maintaining size and removing position and orientation (Dryden and Mardia, 235 

2016). Given the discourse on whether there is covariance between size and shape (Klingenberg, 236 

2016), this study visualized both the shape and the form of the cervical vertebral bodies. Once 237 

the 2D vertebral wireframes were determined in the pre-processing step, the cases were 238 

superimposed using generalized Procrustes analysis (GPA), hereafter referred to as full GPA. 239 

The full GPA allows assessment of shape alone by removing the orientation, position, and scale 240 

of each vertebra to optimally align all wireframes (Zelditch et al., 2004). The cases were also 241 

superimposed using partial GPA, which removes orientation and position but maintains the size 242 

of each vertebra, allowing the assessment of form (Zelditch et al., 2004). By not scaling, it is 243 

possible to maintain the magnitude of growth at each landmark and visualize the average form 244 

variance during development. Both full and partial GPA were applied to each age cohort per sex 245 

using, respectively, gpagen function from the ‘geomorph’ R package (Adams et al., 2013) and 246 

ProcGPA function from the ‘shapes’ R package (Claude, 2008, Dryden and Mardia, 2016). 247 

Given the developmental nature of this study, the vertebrae were grouped by age cohort per sex 248 

to minimize the impact of sex and size when applying the full and partial GPA (Mitteroecker et 249 

al., 2013) and to identify the best sex-specific mean shapes and forms for each age cohort. The 250 

assessment of sexual dimorphism of shape for each age cohort was conducted by superimposing 251 

13 | P a g e  
 



the male and female full GPA mean shapes for each age cohort (Figure 3). The sex-specific age 252 

cohort partial GPA mean forms were superimposed to visualize the age-specific changes in 253 

females (Figure 4, left panel) and males (Figure 4, right panel) as well as to identify the average 254 

growth trajectories at each landmark for males and females (Figure 4, central panel).  255 

Results  256 

Geometric Area: Growth trend and growth rate 257 

In general, for both males and females, all vertebral bodies (C2-C7) exhibited growth in 258 

size/area with an accelerated growth period during the first five years of life. Growth trend 259 

graphs (Figure 1, center panel) present sex-specific data, each with a fourth degree polynomial 260 

fit. These growth trend graphs also show the percent growth of adult size as displayed on the 261 

second y-axis. The mature male and female size is identified at 100% when the growth trend 262 

reaches the maximum size. The negative growth fit evident for C3-C7, particularly after age 17 263 

years, reflects a minor boundary limitation of the curve-fitting technique due to limited data at 264 

the later ages (De Boor, 1978). Examination of the growth trends/trajectories reveal that C2 has a 265 

different growth trend than C3-C7 in that C2 growth attains more adult size at a younger age 266 

than C3-C7. In addition, C3-C7 growth rate graphs (Figure 1, right panel) show an increase in 267 

growth rate for both males and females at about age 6 to 10 years with male growth rates 268 

outpacing females at about age 10 years, which results in a second accelerated growth period 269 

during the pubertal ages 12 years and onward as evident in the growth trends. Although C2 270 

similarly displays an increase in growth rate in males at about 10 to 12 years, the increase in rate 271 

is smaller compared to C3-C7.  272 
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Geometric Area: Neural and/or somatic growth type  273 

To quantify the growth type (neural versus somatic) of each of the cervical vertebral 274 

body, we applied a composite growth model to the geometric growth areas (Wang et al., 2013). 275 

Findings of the percent of similarity to neural and somatic growth types for each cervical 276 

vertebra are summarized in Table 1. The results reveal that most of the cervical vertebrae, 277 

specifically C3-C7, had somatic growth type in males and females, which is in line with what we 278 

had hypothesized and also observed in the area growth trend findings described above. However, 279 

the finding that C2 has a predominantly neural growth type in females (96.2%) and a 280 

combination of neural/somatic in males (59.2% / 40.8%) was unexpected, though not surprising 281 

given its proximity and attachment to the skull as well as the additional functional demand of 282 

head rotation unique to the C2 vertebra. 283 

Geometric Area: Sexual dimorphism 284 

Sexual dimorphism of the sex-specific growth trends for geometric area was significant 285 

for all vertebrae at the Bonferroni corrected α = 0.05 significance level of 0.008. By the age of 286 

maturity female cervical vertebral bodies were smaller than male cervical vertebral bodies, these 287 

differences were not present throughout development (Figure 2). On the contrary, by age 5 years, 288 

females attain on average 7% more of their adult vertebral sizes than males (Figure 1, center 289 

panel). Furthermore, the growth trends show that female vertebrae were larger than male 290 

vertebrae for C2, until 12 years, for C3-C5, until 13 years, and for C6-C7 until 15 years. As seen 291 

in the growth rate graphs (Figure 1, right panel) at around 10 years all male cervical vertebral 292 

bodies show more growth per month than females, and male vertebral bodies become larger than 293 

females between the ages of 12 to 15 years. Additionally, females reached adult size for C3-C7 294 

at 17-18 years, while males continued to grow until about 19-20 years (Figure 1). 295 
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To determine when sexual dimorphism emerges, localized age analyses were carried out 296 

using the four age cohorts described in the methods section, with the Bonferroni corrected α =297 

0.05 significance level of 0.002. Findings revealed sexual dimorphism to be present only after 298 

puberty (i.e., during age cohort IV) for all vertebrae (Figure 2). During the pre-pubertal (age 299 

cohort I) and pubertal (age cohort III) stages, the female mean and median geometric areas were 300 

larger than those of males, however such differences were not significant. During the peri-301 

pubertal (age cohort II) stage, the mean and median geometric areas were nearly equivalent. 302 

During the post-pubertal (age cohort IV) stage, sexual dimorphism emerged with male geometric 303 

areas being significantly larger than those of females in all vertebrae. 304 

LDBM: Size and form 305 

The LDBM sex-specific averages for each age cohort and standard deviation (see 306 

Supplemental Tables III-IV) support the geometric area findings that males grew more than 307 

females at all landmarks. The p-values from the t-test/Mann-Whitney U test for sexual 308 

dimorphism in each age cohort are presented in Table 2 for LDBM, with the Bonferroni 309 

corrected α = 0.05 significance level of 0.0125. All landmarks presented significant sex 310 

differences in LDBM during cohort IV with the exception of C2 apex, C6 posterior-superior, and 311 

C2, C3, and C7 anterior-inferior.  312 

Morphology: Shape and form  313 

The mean wireframe shapes from the full GPA are presented in Figure 3, while the mean 314 

wireframe forms and growth trajectories from the partial GPA are presented in Figure 4. The 315 

mean vertebral wireframe shapes for each age cohort for males and females support the 316 

morphological changes associated with the CVMI stages: horizontal rectangle to wedge shape to 317 

square to vertical rectangle. These stages were more evident in the shape changes of the male  318 
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vertebral bodies. As seen in Figure 3, the female shapes were similar in cohorts III and IV, 319 

suggesting females obtained mature shape during cohort III.  In addition, the greatest sexual 320 

dimorphism in shape was visible during cohort III. In Figure 4, the mean form wireframes for 321 

females (left panel) and males (right panel) highlight the average changes in size and shape 322 

between age cohorts in each vertebral body and permit comparison of the sex differences in size 323 

and shape during the post-pubertal stage of development (age cohort IV). To showcase sexual 324 

dimorphism in form, Figure 4 (center panel) is a proportional schematic displaying the growth 325 

vectors at each landmark from the average wireframe at age cohort I to the mean II, III, and IV 326 

male and female landmarks based on the partial GPA. Figures 3 and 4 show that the female 327 

cervical vertebral body shape had greater vertical height during all age cohorts, while males had 328 

greater horizontal depth. 329 

Discussion  330 

This study provides quantitative analyses of cervical vertebral bodies C2-C7 growth in 331 

size and shape throughout the first two decades of life for CT scans from 70 males and 45 332 

females using 3D landmarks to calculate geometric area and LDBM. All cervical vertebrae 333 

displayed non-linear, non-uniform growth in size and shape. We identified two growth spurts in 334 

C3-C7, typical of a somatic growth type, while C2 had a distinct growth trend and rate, with a 335 

combined neural/somatic growth type for males and pure neural growth type for females. Sexual 336 

dimorphism was found in both the growth in size and change in shape of cervical vertebral 337 

bodies, where differences became most evident in the post-pubertal stage (cohort IV). Such 338 

prominent differences in size and shape are likely due to males outpacing female growth rate 339 

beginning at about 10 years, with sustained growth for a longer period in males, while females 340 

appear to have completed growth by about age 17 years. Such developmental as well as sex 341 
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differences in size and shape of the cervical vertebral bodies likely relates to morphological sex 342 

differences of other anatomical structures in the vicinity, such as the pharynx, larynx, and 343 

speech/masticatory systems. 344 

Growth in Size: Geometric area growth trends, rates, and types 345 

The first five years is a biomechanically important developmental stage, when children 346 

gain control of head movement (Huelke, 1998, Kumaresan et al., 2000), the line of gravity shifts 347 

(Bogduk and Mercer, 2000, Le Huec et al., 2011), and nuchal musculature develops (Nalley and 348 

Grider-Potter, 2015) with the transition to bipedal movement. The interrelationship between 349 

growth and the biomechanical developmental stages are reflected in the rapid growth of the 350 

cervical vertebral bodies in the non-linear growth trends of this study during the first five years 351 

of life where, as seen in Figure 1, when the cervical vertebral bodies of C2 attained over 50% 352 

and C3-C7 attained about 35% of its adult size. 353 

A second rapid growth period occurred during the pubertal growth spurt for all vertebrae, 354 

with the exception of female C2 and on a smaller scale for male C2. This rapid pubertal growth 355 

period has been associated with the CVMI stages (Carinhena et al., 2014, Shapland and Lewis, 356 

2014). During the pubertal growth spurt, vertebral bodies of males became significantly larger 357 

than those of females (Figure 2), in agreement with previous studies (Caldas et al., 2007, 358 

Parenteau et al., 2014, Stemper et al., 2008, Yoganandan et al., 2017). Within a clinical context, 359 

the cervical vertebrae are considered to have achieved adult morphology by ages 8-10, as 360 

determined by lateral radiographs and similarity in trauma patterns for individuals over 9 years 361 

(Gilsanz et al., 1997, Menezes and Traynelis, 2008, Nitecki and Moir, 1994, Kokoska et al., 362 

2001). However, the present study showed continued growth in age cohort IV (15-20 years), 363 

supporting the findings that growth in size continues well after 9 years (Johnson et al., 2016).  364 
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Scammon (1930) noted that the neck circumference has a complex postnatal growth 365 

pattern, following a combination of somatic and neural growth types. The distinctive growth of 366 

C2 found in this study may reflect differences in function, structure, and developmental origin. 367 

The C2 vertebral body stabilizes C1 during rotation and has increased interaction with the 368 

cranium by direct structural connection of the apical and alar ligaments from the odontoid of C2 369 

to the cranium. The ossification pattern of C2 is distinct from that of C3-C7 due to the odontoid 370 

process, which fuses with the body of C2 between 3 and 6 years (Akobo et al., 2015). Recent 371 

research has identified a complex developmental origin of C2; while the majority of C2 develops 372 

from the sclerotome of somites, similar to all the other vertebral bodies, the apical secondary 373 

ossification center of the odontoid develops from the 4th occipital sclerotome (proatlas), which 374 

contributes to the base of the occipital bone (basioccipital) of the cranium (Akobo et al., 2015, 375 

Louryan et al., 2011, Pang and Thompson, 2011). This dual contribution in the formation of C2 376 

explains in part why C2 has a different growth pattern from C3-C7. The developmental origin of 377 

the ossification centers and the structural connection to help with the stabilizing functional role 378 

of C2 supports a form-function interaction that may explain the predominantly neural growth 379 

type of C2 found in this study (Table 1) and likely relates to the finding that oro-pharyngeal 380 

measures follow hybrid neural/somatic growth type (Vorperian et al., 2009). However, further 381 

research into the sex differences in biomechanical development of the cervical vertebral column 382 

could provide insight as to why the contributions in growth types are different between males 383 

and females. 384 

Growth in Shape and Form: LDBM and Morphology 385 

While size provides a foundation for understanding growth, morphological development 386 

of cervical vertebral bodies show non-uniform changes in shape similar to the described stages in 387 
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CVMI. The mean C2–C7 shapes identified with full GPA (Figure 3) present morphological 388 

changes from a horizontal rectangle toward a slight wedge shape to a vertical rectangle shape 389 

similar to the CVMI stages (Hassel and Farman, 1995, Pichai et al., 2014, San Román et al., 390 

2002, Byrd and Comiskey, 2007, Nestman et al., 2011, Santiago et al., 2012, Yang et al., 2014). 391 

If vertebrae in children were simply a scaled version of adult vertebrae, the vertebrae could not 392 

maintain the same biomechanical developmental pattern from greater mobility to greater stability 393 

and control of movement (Kumaresan et al., 2000, Bogduk and Mercer, 2000). Figure 3 shows 394 

that anteroposterior depth is greater before puberty in cohort I and II, suggesting greater 395 

stabilization for neck kinematics and adaption to bipedal locomotion (Figure 3). Comparative 396 

osteological analysis with other hominoids and primates suggests that the short length and wider 397 

base of the vertebral bodies in humans relates to bipedalism and less pronograde head-neck 398 

positioning (Aiello and Dean, 1990).    399 

Humans develop cervical lordosis, allowing greater range of motion than other primates 400 

(Arlegi et al., 2017), yet the curvature is relatively less than in some quadrupedal animals due to 401 

the development of a vertical resting head and neck position (Nalley and Grider-Potter, 2015). 402 

Additionally, the degree of cervical lordosis has been attributed to the relationship between the 403 

lordotic intervertebral discs, which compensates for the kyphotic cervical vertebral body 404 

wedging. The wedging is most pronounced at age 9 months and then reduces during 405 

development as the neck becomes more stable and the child shifts to bipedal mobility (Been et 406 

al., 2017). Figures 3 and 4 support the transition to less kyphotic body wedging, which would 407 

reduce the cervical lordosis. Such findings warrant additional analysis of the vertical 408 

(superioinferior) and horizontal (anteroposterior) relational growth of the cervical vertebral 409 
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bodies, which could enhance our understanding of the morphological changes found in this 410 

study. 411 

Sexual Dimorphism 412 

 The geometric area findings of this study (Figure 1) provide sex-specific normative 413 

growth trends and rates in agreement with other studies showing that adult male cervical 414 

vertebrae are larger than adult female cervical vertebrae and that growth onset and maturation of 415 

female cervical bodies is earlier than that of males (Ezra et al., 2017, Chatzigianni and 416 

Halazonetis, 2009, Dancey et al., 2003, Yoganandan et al., 2017). While the negative growth 417 

trends for C3-C7 during cohort IV (Figure 1, center panel) could represent a reduction in size, it 418 

is more likely that it is an artifact due to a boundary limitation of the curve-fitting technique used 419 

where the fit is easily affected by the fewer number of measurements past age 17 (De Boor, 420 

1978). Therefore, in this study we relate adult size to when the growth rate reached zero (Figure 421 

1, right panel). Based on this interpretation, the female C3 to C7 attained adult size around 17 422 

years, while male C2-C7 and female C2 continued to grow (Figure 1). While there was no 423 

statistical significance between the sexes in geometric area or LDBM during cohorts I to III, 424 

growth in males outpaced females at about age 10 (Figure 1, center and right panels). Further, 425 

males reached adult size at a later chronological age and at a larger size than females for all 426 

cervical vertebral bodies (Figure 1), supporting the findings that males are larger at all 427 

maturation stages (Chatzigianni and Halazonetis, 2009). 428 

Hellsing (1991) found that the cervical vertebrae of females were larger than those of 429 

males at age 15, yet the present study of growth trend and rate has found that males became 430 

larger than females between 12 and 15 years and sexual dimorphism became significant in age 431 

cohort IV, i.e., after 15 years of age (Figure 1 and 2). Furthermore, the superior endplates during 432 
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development have been known to form around puberty with complete ossification by age 18 to 433 

25 years (Byrd and Comiskey, 2007). The finding that geometric area (Figure 2) and LDBM 434 

(Table 2) only identified significant sex differences during post-puberty, cohort IV, could 435 

suggest variance in male and female thickness of the superior endplate.  436 

In addition to sexual dimorphism in size, the morphological results of this study reveal 437 

that male cervical vertebral bodies are not simply larger forms of female vertebrae. Female 438 

shapes had slightly more vertical (superioinferior) height while males had more horizontal 439 

(anteroposterior) depth in most age cohorts, especially during pubertal and post-pubertal stages, 440 

age cohorts III – IV (Figures 3 and 4), supporting previous findings that males and females have 441 

variance in the internal structure of cervical lordosis (Been et al., 2017). The distinct differences 442 

in cervical vertebral body form between the adult male and female vertebral bodies could 443 

provide clinicians with greater understanding of pathology and treatment (Caldas et al., 2007, 444 

Dancey et al., 2003, Mason et al., 2016, Yoganandan et al., 2017). The differences in size and 445 

shape have been theorized as a cause for decreased spinal stability in females and could also be a 446 

contributing factor to the disparity in male and female range of motion (Seacrist et al., 2012), but 447 

further research is needed. The biomechanical stability variance between males and females has 448 

been presented as a concern for automotive safety with a recommendation to perform sex-449 

specific assessments (Yoganandan et al., 2017). Additionally, cervical vertebral body size and 450 

shape differences have been related to sex differences in the rates of injury (Stemper et al., 2008, 451 

Parenteau et al., 2014, Seacrist et al., 2012, Yoganandan et al., 2017), such as higher rates of 452 

vertebral fractures and mechanical stress in females due to the smaller size (Gilsanz et al., 1994). 453 

Further, sex differences in rate of sleep apnea have been related to neck circumference (Dancey 454 
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et al., 2003), suggesting there could be a correlation between cervical vertebral body depth and 455 

the morphology of the vocal tract.  456 

This study quantified growth from birth to 20 years, documenting the emergence of 457 

significant sexual dimorphism in both size and shape during the post-pubertal stage (cohort IV). 458 

These results highlight a limitation in the descriptions of CVMI stages, as they are not sex-459 

specific and therefore homogenize the divergent shapes of adult males and females (Caldas et al., 460 

2007). In fact, CVMI stages 5 and 6, the cohort IV equivalent stages, are often used to identify 461 

treatment timing (Baccetti et al., 2005); however, our findings show that this is the period when 462 

significant sex differences appear (Figure 3 and 4). Furthermore, the similarity of shape in 463 

females during cohort III and IV (Figure 3) with continued growth in cohort IV for size (Figure 464 

1, center panel) and form (Figure 4) suggest shape alone is only one element to consider in 465 

maturation. Moreover, the sexual dimorphism of shape and size found in this study could explain 466 

the reported poor reliability of rater interpretation and identification of the final maturation stage 467 

of CVMI (Gray et al., 2016, Nestman et al., 2011, Santiago et al., 2012). 468 

Future directions 469 
The current practice of landmark-based methodology, refined in this study with the pre-470 

process step, provides insight into the growth in size, shape, and form of the cervical vertebral 471 

bodies. However, the landmark-based 2D wireframes could be further enhanced by refining the 472 

boundaries of each cervical vertebral body for detailed analysis of shape and form, allowing 473 

additional insight into the functional impact on morphological development. Also, while the 474 

inclusion of both full and partial GPA in the morphometric analysis of this study allowed 475 

discourse regarding both shape and form, in-depth statistical analysis—such as ontogenetic 476 

trajectories and/or principal component analysis (PCA) of the Procrustes shape coordinates in 477 
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combination with linear superioinferior height or anteroposterior depth measures—would 478 

provide further insight on morphological changes of cervical vertebral bodies. Furthermore, this 479 

study focused on the 2D wireframe to compare with the current clinical practice of assessing 480 

skeletal maturation in the midsagittal plane, however the morphological development of the 3D 481 

shape would provide greater information on sexual dimorphism and the inter-relationships 482 

between form and function.  483 

Conclusions 484 

 While all human cervical vertebral bodies grow in size and shape during the first two 485 

decades of life, C2 obtains most of its adult size in early childhood, making the growth trend and 486 

rate of C2 distinct from C3-C7. While we had expected the growth of all cervical vertebral 487 

bodies to be similar, the C2 growth difference could be related to its distinct ossification pattern, 488 

connection and proximity to the skull, and the additional functional demands of head rotation 489 

placed on C2. Another important finding is that sexual dimorphism is present in the size, form, 490 

and shape of the cervical bodies. Regarding size, females have larger vertebrae up to age five, 491 

however, by the end of puberty, growth in males outpaces females and continues for a longer 492 

duration. Sexual dimorphism of cervical vertebral bodies form and shape becomes more distinct 493 

due to females reaching their adult shape earlier and male cervical vertebral bodies gaining 494 

additional anteroposterior growth in depth after about age 15 years. The strong evidence for 495 

sexual dimorphism in size, form, and shape suggest sex-specific considerations would benefit all 496 

fields that assess cervical spine development and that further research is needed into the growth 497 

and development of male and female cervical vertebrae. 498 
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Tables 700 

Table 1: Percent growth type, somatic or neural, in size/area for each of the cervical vertebral 701 

body for males and females.  Findings indicate C2 growth type to be distinctly different from 702 

growth in C3-C7 where growth type is predominantly somatic. C2 growth type, however, is 703 

predominantly neural particularly in females.   704 

 705 

 706 

 707 

 708 

  709 

Percent contribution of Somatic and Neural (%) 

 Male Female 

  Somatic Neural Somatic Neural 

C2 39.64 60.36 8.78 91.22 

C3 99.17 0.83 100.00 0.00 

C4 99.25 0.75 98.77 1.23 

C5 99.86 0.14 99.32 0.68 

C6 99.93 0.07 98.77 1.23 

C7 99.73 0.27 99.41 0.59 
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Table 2: Sexual dimorphism assessment in LDBM measures. Table lists the p-values from the t-710 

tests/Mann-Whitney U tests on each age cohort between male and female. The landmark are 711 

labeled: apex, superior point of C2; ai, anterior inferior; pi, posterior inferior; ps, posterior 712 

superior; as, anterior superior with numbers referencing the cervical vertebrae C2-C7. Age 713 

cohorts with significant sex differences, as identified with Bonferroni corrected α = 0.05 714 

significance level of 0.008, are denoted with an asterisk (*).   715 

p-value of LDBM 

Cohort I 

Cohort 

II 

Cohort 

III Cohort IV 

Apex 0.1668 0.9887 0.5224 0.0762 

C2ai 0.2887 0.5638 0.7663 0.1396 

C2pi 0.0557 0.5119 0.5101 0.0001 * 

C3as 0.5798 0.9051 0.0773 0.0078 * 

C3ai 0.1349 0.8518 0.1375 0.4956 

C3pi 0.3382 0.8348 0.2531 0.0000 * 

C3ps 0.2586 0.7269 0.2042 0.0018 * 

C4as 0.1463 0.8877 0.1153 0.0001 * 

C4ai 0.0411 0.9192 0.4374 0.0080 * 

C4pi 0.2642 0.8691 0.0329 0.0014 * 

C4ps 0.1720 0.9458 0.1411 0.0052 * 

C5as 0.2925 0.9546 0.0340 0.0001 * 

C5ai 0.0847 0.7172 0.6166 0.0020 * 

C5pi 0.1973 0.4813 0.1628 0.0020 * 

C5ps 0.1257 0.9546 0.1787 0.0015 * 
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C6as 0.6363 0.9487 0.1072 0.0003 * 

C6ai 0.2817 0.6305 0.5479 0.0002 * 

C6pi 0.1640 0.9144 0.0174 0.0004 * 

C6ps 0.3523 0.8534 0.2289 0.0692 

C7as 0.0943 0.9748 0.1902 0.0025 * 

C7ai 0.4630 0.5288 0.4858 0.0510 

C7pi 0.0395 0.8324 0.2207 0.0000 * 

C7ps 0.2960 0.5205 0.6937 0.0000 * 

716 
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For Peer Review Only

Left Panel: Exhibits the anatomical placement of the 23 landmarks on each cervical vertebral body in the 
midsagittal plane as visualized on the CT of an adult female at 17 years and 1 month (subject F220).  Each 

landmark is placed at the margins of the vertebral body. The orientation of the cervical vertebral bodies is as 
follows: the left side is the posterior border, the right is the anterior border, the top is the superior border, 
and the bottom is the inferior border. Center Panel: Geometric areas for males (open triangle) and females 

(fill circles) plotted as a function of age, with sex-specific fourth degree polynomial fits representing the 
growth trend for each cervical vertebra. Each plot has a second y-axis denoting the male (inner) and female 

(outer) percent of adult growth.  Right Panel: The first derivative of the sex-specific growth trends are 
plotted for each cervical vertebra to represent the growth rate. The growth rate is plotted in millimeters by 

month (mm2/mos). 
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For Peer Review Only

Boxplots of each cervical vertebral body geometric area for males (blue) and female (red) at four discrete 
age cohorts (cohort I, ages birth to 4:11 (years: months); cohort II, ages 5:00 to 9:11; cohort III, ages 
10:00 to 14:11; and cohort IV, ages 15:00 to 19:11).  The upper and lower bounds of each box presents 
the 75th and 25th percentiles respectively, with the mean (solid line), and median (dashed line) per age 

cohort. Significant sex differences for age cohort are denoted with an asterisk (*). 
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Visualization of the morphologic changes of the mean vertebral body wireframes in males and females 
across the four age cohorts, using full General Procrustes Analysis, with the posterior edge on the left and 

the anterior edge on the right. For C3-C7, note the transition in average shape across the four age cohorts, 
from small horizontal rectangle to, wedge shape, to square and finally to vertical rectangle. The average 
male (blue) and female (red-dashed) mean shapes are plotted by age cohort for each cervical vertebral 

body. The vertebral wireframe orientation is described in the Figure 1 legend. 

35 | P  a  g e
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Superimposition of the mean vertebral wireframes of the four age cohorts for each vertebral body for 
females (left panel) and males (right panel). The center panel is a schematic of the male-female difference 
in the amount and direction of growth occurring at each landmark from age cohort I to cohort IV. The lines 
with double open arrows and triangles represent males, while the lines with a single filled arrow and circles 
represent females. The triangles and circles denote the mean landmark for males and females respectively 

at age cohort II then cohort III. The vertebral wireframe orientation is described in the Figure 1 legend. 
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