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Abstract: Variations in the number, size and shape of the foramina transversaria of 41 

cervical vertebrae can affect the anatomical course of vital blood vessels and nerves, with 42 

the risk for pathological conditions, like vertebrobasilar insufficiency. This can result in 43 
of compression of the vertebral artery during neck movements, which is characterised by 44 
headache, migraine, difficulties in swallowing, problems with speech and sight, balance 45 
disturbances and hearing disorders, among others. The aim of this study was to analyse 46 
the prevalence of the diverse anatomical variants of the foramen transversarium in 446 47 

cervical vertebrae from the skeletal remains of 83 victims who died on the ancient beach 48 
of Herculaneum (Italy) during the eruption of Vesuvius Volcano in 79 CE. There were 49 
complete and incomplete double foramina transversaria in 20.6% of the vertebrae, and 50 
absence of foramen transversarium in an atlas (0.2%), a very rare condition in the 51 
literature. As the foramen transversarium is a key determinant for correct development of 52 

the vertebral artery, evaluations of variations in its number, size and shape provide useful 53 
information on the prevalence of these variations in the life and health conditions in the 54 

ancient population of Herculaneum. 55 

Keywords: transverse foramen; vertebral artery; skeletal remains; paleopathology; 56 
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Introduction 76 

Anatomical variation is defined as the normal variability of the size, form, structure and position 77 
of the body as a whole, and/or of the internal organs and other parts (Sañudo et al. 2003; Sikka 78 

& Jain 2012). Such anatomical variations are important, because they represent variants of the 79 
normal morphology, and as such, they generally do not require therapeutic interventions in the 80 
clinical setting. However, they can become symptomatic under certain conditions (Georgiev 81 
2017). Thus, anatomical variations represent an embryological and comparative background 82 
for biology and medicine for an understanding of the morphological aspects of the human body 83 

and its related structures (Viciano et al. 2017). Furthermore, their measurement is necessary to 84 
provide more precise knowledge of the variability of human morphology, and hence to improve 85 
diagnosis and therapeutic performance in clinical settings (Sañudo et al. 2003). 86 

Cervical vertebrae are characterised by their foramen in each transverse process, which 87 

differentiates them from the vertebrae of the thoracic and lumbar regions (Scheuer & Black 88 
2004; White & Folkens 2005). Although this foramen is a constant anatomical feature of the 89 

cervical vertebrae, it has also been reported in thoracic (Gupta et al. 2013), lumbar (Manners-90 
Smith 1909) and sacral vertebrae (Singh 2012). The foramen transversarium (FT) is a 91 
recognizable anatomical structure that results from the specific formation of the transverse 92 
processes of the cervical vertebrae. The FT is formed by a vestigial costal element that is fused 93 

to the body of the vertebra and its originally true transverse process; between the bony parts, 94 
this contains the vertebral artery and vein, and sympathetic nerve fibres (Taitz et al. 1978; 95 

Jovanovic 1990). 96 

The FT is not always present, and can be subjected to deformations (e.g., abnormal 97 
osteophytic encroachments) and anatomical variations with respect to its topography, number, 98 

size and shape (e.g., Taitz et al. 1978; Sanchis-Gimeno et al. 2005; Kotil & Kilincer 2014; 99 

Travan et al. 2015; Zibis et al. 2016; Kültür et al. 2018). These can affect the anatomical course 100 

of the vital vertebral blood vessels and nerves, which can result in pathological conditions, such 101 
as vertebrobasilar insufficiency. This can occur as a result of compression of the vertebral artery 102 
during neck movements, and it is characterised by light-headedness, headache, migraine, 103 

fainting episodes, difficulties in swallowing, and speech and sight problems (Kültür et al. 2018). 104 
As the inner ear also derives its blood supply from the vertebral and basilar arteries, any 105 

compression of these arteries due to irritation of the sympathetic plexus can result in dizziness, 106 
balance disturbance (i.e., vertigo) and hearing disturbances (e.g., tinnitus, hearing loss), along 107 
with neurological symptoms (Taitz et al. 1978; Strek et al. 1998; Kültür et al. 2018). 108 

In this way, it can be seen that the course of the vital blood vessels and nerves that occupy 109 
the FT might become distorted due to underlying structural variations of the FT. Knowledge of 110 
the anatomy of the FT and its variations is therefore important to clinicians when they diagnose 111 
a patient who presents with a history of frequent migraine, headaches and fainting, and also to 112 

radiologists for the interpretation of X-rays and computed tomograms, and orthopaedic 113 
surgeons during interventions of the cervical spine. Although the frequency of anatomical 114 
variation of the FT in the cervical vertebrae is generally studied in the modern clinical settings 115 

(e.g., Zhao et al. 2008; Senthilnathan & Rajitha 2011; Kim et al. 2012; Kotil & Kilincer 2014; 116 
Quiles-Guiñau et al. 2016; Kültür et al. 2018; Metin Tellioglu et al. 2018; Moreira Moreira & 117 
Herrero 2020), a few cases have been reported in the palaeopathological literature (e.g., Jaén 118 
1975; Nagar et al. 1999; Wysocki et al. 2003; Kaya et al. 2011; Lacy & Trinkaus 2013; 119 
Kwiatkowska et al. 2014; Travan et al. 2015; Quiles-Guiñau et al. 2017). 120 

Palaeopathology is the medical discipline that is dedicated to the study of disease that 121 
occurred in the past (Fernández 2012). The analysis of human remains not only allows the study 122 



of the history and evolution of diseases, but also the reconstruction of the health conditions in 123 

past populations (De Luca et al. 2013; Viciano et al. 2012, 2015b, 2017a; Viciano & 124 

D’Anastasio 2018). Examination of human skeletal remains has demonstrated that anatomical 125 
variations are potentially associated with pathological conditions (Ortner 2003; Barnes 2012; 126 
Nikolova et al. 2014). Thus, palaeopathological studies of ancient skeletal remains can allow 127 
the spread of numerous diseases to be highlighted, and more specifically here, of those that 128 
might be related to anatomical variants of the FT. 129 

Considering the lack of similar studies from archaeological skeletal remains worldwide, the 130 
purpose of the present study was to describe variations in the FT in cervical vertebrae to 131 
understand the prevalence among past populations. 132 

 133 

Subjects and methods 134 

Archaeological background 135 

In 1981, occasional excavations in the area that corresponds to the ancient beach of 136 
Herculaneum brought to light the victims of the eruption of Vesuvius Volcano, which occurred 137 
in on October 24/25, 79 CE. The volcano erupted ashes and gas, and when they fell to earth, 138 

this led to pyroclastic surges that devastated not only Herculaneum and Pompeii, but also other 139 
small villages, with thousands of inhabitants killed (Capasso 2000, 2001). The deaths in 140 
Herculaneum as a consequence of the first surge were caused by immediate dehydration, and 141 

in a number of cases, by thermal shock. The maximum temperature of the successive surges 142 
ranged from 600 °C to 900 °C (Schmidt et al. 2015). However, the greatest damage to the 143 

human remains was probably caused by violent impacts of boulders, beams, tiles and bricks 144 
that were carried by a second surge, which tore through the town and threw material onto the 145 

beach (Capasso 2000, 2001). From 1981 to 1985, the skeletal remains were excavated under 146 
the supervision of Sara Bisel, with approximately 150 individuals uncovered. 147 

According to the palaeopathological literature, in Herculaneum the pathocenosis was mostly 148 
constituted by diverse pathologies that were mainly related to infectious diseases, trauma and 149 

work activities (e.g., Capasso & Di Domenicantonio 1998; Capasso 1999; D’Anastasio et al. 150 

2013; Viciano et al. 2015a; Carotenuto et al. 2019). In this way, the victims of Herculaneum 151 
represent a unique and extraordinary sample of anthropological and archaeological value, 152 
particularly due to the relatively unusual way in which this sample was formed. These 153 
individuals represent an exceptional snapshot of the life in the Roman Imperial Age. 154 

 155 

Sample composition 156 

This study was conducted on the well-preserved skeletal remains of 143 victims who died on 157 

the ancient beach of Herculaneum (Italy) during the eruption of Vesuvius Volcano in 79 CE. 158 
These skeletal remains are housed in the University Museum of Chieti, Italy. Their sex and age 159 
at death were previously estimated using standard osteological procedures and odontometrics. 160 
For more information on the estimation of the biological profiles, see Capasso (2001) and 161 
Viciano et al. (2011). 162 

 163 

Inclusion criteria and data collection 164 



Following estimation of age at death, only individuals defined with ages of 21 years or older 165 

were included here, to ensure that the development of the cervical vertebrae was complete 166 

(Miller et al. 2019). The cervical vertebrae of these selected individuals were classified as C1 167 
to C7. Those that could not be classified were not used in the present study. All of the vertebrae 168 
included were examined macroscopically, and variations regarding the numbers, sizes and 169 
shapes of the FT were recorded.  170 

Prior to evaluation of the morphology and collection of the different measurements of the 171 
FT, these cervical vertebrae were evaluated for diverse limiting factors that might have 172 
negatively affected the subsequent analysis. These factors included: (i) signs of trauma or 173 
fractures; (ii) morbid processes that involved congenital malformations (e.g., congenital 174 
cervical spine fusion, occipital assimilation of the atlas) and infectious or neoplastic diseases; 175 

and (iii) taphonomic/ diagenetic effects. Some of these were observed in the study sample. After 176 
the evaluation of these potentially limiting factors and exclusion of the affected FT for each 177 

vertebra examined, the morphological and metric data were collected for both sides. 178 

For the anatomical variants, the supernumerary occurrence was categorised into six groups 179 
(Travan et al. 2015; Zibis et al. 2016; Metin Tellioglu et al. 2018): (i) normal FT, with a single 180 
FT in the transverse process of the cervical vertebra; (ii) absence of FT; (iii) hypoplastic FT, 181 

where the diameter was <2 mm; (iv) complete double (accessory) FT, where the FT was split 182 

into two foramina by a bony septum; the other foramen separate from the primary FT is called 183 
an accessory FT, which is smaller than the primary FT, and generally lies posterior to the normal 184 

FT; (v) incomplete double (accessory) FT, where the FT was not completely split into two 185 
foramina by a bony septum; and (vi) multiple FT, where the FT was split by bony septa into 186 
three or more foramina. An accessory foramen was recorded when more than one distinct 187 

foramen (with each at least ~1 mm in diameter) was seen for a vertebra. After classifying the 188 
absence of the FT and the supernumerary occurrence of FT as complete and incomplete, they 189 

were categorised as unilateral or bilateral FT. 190 

For the metric analysis, digital callipers with a precision of 0.01 mm (Masel Orthodontics 191 
Inc, USA) were used to collect the FT measurements bilaterally. All of the measurements were 192 

collected by one author (M.R.). The measurements covered the anteroposterior and 193 
mediolateral diameters. In vertebrae showing double and multiple FT, both primary and 194 

accessory FT were measured (incomplete FT was excluded from the analysis). Both 195 
measurements were taken on the inferior surface of each vertebra (Cagnie et al. 2005). As Taitz 196 

et al. (1978) indicated, it is necessary to highlight that the FT of the axis (C2) is different from 197 
the foramina of the other vertebrae, in that it is not a simple short foramen, but an angulated 198 
canal with two openings: one inferior, and one lateral. Thus, for C2 only, the inferior canal was 199 
measured. Major asymmetry was categorised as a difference of >2 mm between the right and 200 
left FT anteroposterior and mediolateral diameters in the same vertebra. Differences in the 201 

shape of the right/left FT (e.g., elliptic, round) were not recorded. Major asymmetry was 202 

calculated by subtracting the diameter of the right side from the diameter of the left side. 203 

Positive values indicated that the right side was greater than the left side, and vice versa for 204 
negative values. 205 

To evaluate the intra-observer reliability of the measurements, author M.R. took two separate 206 
sets of measurements in a random subsample of 26 individuals. As the FT were measured on 207 

both sides and on both primary and accessory FT when present in these skeletal individuals, the 208 
numbers in the intra-observer error analysis do not represent the number of individuals studied, 209 
but rather the total number of FT measured. 210 



Based on the anteroposterior and mediolateral diameters, the coefficient of roundness was 211 

calculated. This coefficient is a shape factor that describes the characteristics of the geometry, 212 

and it was calculated as given in Equation (1): 213 

 𝑅 =
𝑀𝑒𝑑𝑖𝑜𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝐴𝑛𝑡𝑒𝑟𝑜𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
× 100    (1) 214 

This coefficient was classified, according to Taitz et al. (1978), as: (i) brachymorph (R >85); 215 
(ii) mesomorph (R from 75 to 85); and (iii) dolichomorph (R <75).  216 

 217 

Statistical analysis 218 

All of the statistical analyses and the graphs were processed using the IBM SPSS Statistics 219 
version 22 software. The descriptive analysis of the samples is reported as percentages for the 220 

categorical variables, and means and standard deviations for the continuous variables. Possible 221 
associations between the categorical variables were explored using Chi-squared tests. 222 
Multivariate analysis of variance (MANOVA) was performed to define significant differences 223 

in FT diameters according to sex and laterality and their interaction, for each cervical level (C1–224 
C7), after checking that the assumptions of homogeneity of variance were satisfied. Differences 225 
between the means for the primary FT of the vertebrae with normal anatomy and the primary 226 
foramen of the vertebrae with complete double FT were analysed using non-parametric Mann–227 

Whitney U-tests. All significance levels were set at p ≤0.05. 228 

The intraclass correlation coefficient (ICC) was calculated to determine the levels of 229 
agreement between repeated measurements collected by the same observer. To determine the 230 
degree of agreement for any given set of data, the ICC was compared to the strengths of the 231 

agreement criteria proposed by Koo & Li (2016), which established four levels of qualitative 232 

assessment as: ICC >0.90, ‘excellent’; ICC 0.75 to 0.90, ‘good’; ICC 0.50 to 0.75, ‘moderate’; 233 
and ICC <0.50, ‘poor’. 234 

 235 

Results 236 

After evaluation of the various limiting factors for the 143 individuals in the initial sample, 83 237 
adult individuals remained with preservation of at least one cervical vertebra. For this reason, 238 
the study was conducted on this sample of 83 individuals (49 males, 34 females; age range, 21–239 

60 years), for analysis of a total of 446 cervical vertebrae. Table 1 shows the demographic 240 
distribution of the sample of cervical vertebrae investigated. 241 

 242 

Variations in FT number 243 

Data on the prevalence of the variations in the anatomy of these vertebrae relating to FT 244 
numbers are given in Table 2. Of the 446 vertebrae, variations were found for 93 (prevalence, 245 
20.9%). Among these, absence of a FT was seen for only one cervical vertebra, on the right 246 
side (0.2%). Complete double FT was seen for 49 vertebrae (11.0%), and incomplete double 247 
FT was seen for 32 vertebrae (7.2%). Combinations of complete and incomplete double FT in 248 

the same vertebra (i.e., one side with complete double FT and the other side with incomplete 249 
double FT) were seen for 11 vertebrae (2.5%). No vertebra showed hypoplastic or multiple FT.  250 

The presence of bilateral accessory FT was less common than for a unilateral accessory FT. 251 
For complete double FT, there were 31 vertebrae that were unilateral, and 18 that were bilateral; 252 



here, the prevalences of unilateral versus bilateral were not significantly different (χ2 = 3.449, 253 

p = 0.063). For incomplete double FT, there were 25 vertebrae that were unilateral and seven 254 

that were bilateral; here, the prevalences of unilateral versus bilateral were significantly 255 
different (χ2 = 10.125, p = 0.001). Variations in the anatomy were seen for all of the vertebrae, 256 
but the prevalences of unilateral versus bilateral were only significantly different at the C4 level 257 
(χ2 = 5.444, p = 0.020). On the other hand, out of the 57 unilateral accessory FT, 36 were on 258 
the right side, and 21 on the left side. Thus, there was a greater prevalence for the right side in 259 

comparison to the left side, and this difference was significant (χ2 = 3.947, p = 0.047). 260 

Variations in the anatomy relating to FT numbers were more frequent for the C6 vertebrae. 261 
Forty out of 57 of the C6 vertebrae (70.2%) showed variations, followed by C5 (39.3%) and 262 
C7 (21.4%). Variations were less frequent for the C1 vertebrae (12.9%), and for C4 (12.5%), 263 

C3 (1.5%) and C2 (1.3%). For the C1–C5 and C7 vertebrae, there was greater prevalence of 264 
normal numbers of FT than variations, with significant differences for C1–C4 and C7 (C1, χ2 265 

= 38.629, p = 0.000; C2, χ2 = 72.053, p = 0.000; C3, χ2 = 64.059, p = 0.000; C4, χ2 = 40.500, p 266 
= 0.000; C7, χ2 = 13.714, p = 0.000), although this did not reach significance for C5 (χ2 = 2.770, 267 
p = 0.096). For the C6 vertebra, there was significantly greater prevalence of variations than for 268 
normal FT (χ2 = 9.281, p = 0.002). 269 

Overall, 56 of the 83 skeletons showed variations in the anatomy relating to FT numbers 270 

(67.5%). Thirty-four of these were male and 22 were female. There was no significant 271 
difference between males and females for the prevalence of variations (χ2 = 0.200, p = 0.654), 272 

which were thus seen equally across the sexes. 273 

 274 

Variations in FT size 275 

For the intra-observer error analysis, anteroposterior and mediolateral diameters generally 276 

showed similar ICC for all of the cervical levels (Table 3). For the anteroposterior diameter, the 277 
ICC was 0.835 to 0.998 (i.e., ‘good’ to ‘excellent’ agreement). For the mediolateral diameter, 278 
the ICC was 0.920 to 0.998 (i.e., ‘excellent’ agreement). In addition, the differences between 279 

the means of the repeated measures ranged from 0.01 mm to 0.16 mm for the anteroposterior 280 
diameter, and from 0.04 mm to 0.14 mm for the mediolateral diameter.  281 

 282 

Normal foramen transversarium 283 

Data on the anteroposterior and mediolateral diameters of the normal FT are presented in Table 284 
4 and Table 5. The mean diameters ranged from 3.33 mm to 6.30 mm for anteroposterior 285 

diameter, and from 4.74 mm to 7.84 mm for the mediolateral diameter. The largest 286 
anteroposterior and mediolateral mean diameters were for C1, while the smallest mean was for 287 

C7, for both sexes and sides. 288 

Across all cervical levels, the anteroposterior and mediolateral mean diameters for males 289 
were greater than those for females, for both sides. There were six exceptional diameters 290 
(anteroposterior diameter of C4 and mediolateral diameter of C6 and C7 in the right side; 291 

anteroposterior and mediolateral diameters of C6 and anteroposterior diameter of C7 in the left 292 
side), where females showed higher values than males. For the laterality, across all of the 293 
cervical levels, the mean anteroposterior and mediolateral diameters for the left FT were greater 294 
than those for the right side, except for the mediolateral diameter for C1 in both males and 295 
females. Analysis of the MANOVA data (Table 6) indicated that there were significant 296 
differences between the sexes for the mediolateral diameter of the FT for C1, C3 and C5; there 297 



were differences in laterality between anteroposterior and mediolateral diameters of the FT for 298 

C4 and the mediolateral dimeter for C5. None of these cervical levels showed significant 299 

interactions for sex and laterality for the FT at the p <0.05 level. 300 

A difference of >2 mm for the anteroposterior and/or mediolateral diameters between the 301 
right and left sides of the FT was seen for seven of the 83 individuals (8.4%). In four cases, the 302 
affected vertebra was C6 (for the anteroposterior and mediolateral diameters); in three cases it 303 

was C2 (in one vertebra for the anteroposterior diameter; in two vertebrae for the 304 
anteroposterior and mediolateral diameters). The asymmetry difference ranged from 2.03 mm 305 
to 4.40 mm (anteroposterior diameter), and from 2.08 mm to 3.52 mm (mediolateral diameter). 306 
In all cases, the values were negative (i.e., the left FT was larger than the right FT). 307 

In addition, there was a trend towards increases and decreases for both the anteroposterior 308 
and mediolateral diameters moving distally along the cervical spine (Figure 1). In general, with 309 

the data for both sexes and sides pooled, the anteroposterior and mediolateral diameters 310 
decreased from C1 to C4, slightly increased from C4 to C6, and greatly decreased for C7. 311 

 312 

Complete double foramen transversarium 313 

Due to the absence of some of the cervical levels and the small sample size of the vertebrae 314 
with complete double FT, only a descriptive analysis can be performed here, with inferential 315 

statistics avoided regarding the differences in prevalence between the sexes and the laterality. 316 
The only statistic tests performed here were with both sexes and laterality pooled. 317 

Data on the anteroposterior and mediolateral diameters of the complete double FT are given 318 

in Table 4 and Table 5. For the primary FT, the mean diameters ranged from 2.42 mm to 6.50 319 
mm for the anteroposterior diameter, and from 2.95 mm to 7.59 mm for the mediolateral 320 

diameter. The largest mean anteroposterior and mediolateral diameters (with sexes and sides 321 
pooled) were seen for C1, while the smallest means were seen for C7 (Table 7). For the 322 

accessory FT, the mean diameters ranged from 0.89 mm to 2.07 mm for the anteroposterior 323 
diameter, and from 1.52 mm to 3.65 mm for the mediolateral diameter (Table 4, Table 5). The 324 
largest mean anteroposterior and mediolateral diameters (with sexes and sides pooled) were 325 

seen for C2 (anteroposterior diameter: n = 1; mean = 1.84 mm; mediolateral diameter: n = 1; 326 
mean = 2.92 mm), while the smallest mean was seen for C4 (anteroposterior diameter: n = 7; 327 

mean = 1.04 mm, SD = 0.27; mediolateral diameter: n = 7; mean = 2.01 mm, SD = 0.34). Thus, 328 
the accessory FT in the vertebrae with complete double FT were smaller than the primary FT, 329 

and were positioned posteriorly to the primary FT. 330 

There was a similar tendency towards increases and decreases in the anteroposterior and 331 

mediolateral diameters moving distally along the cervical spine (Figure 2). In general, for the 332 

primary FT (with sexes and sides pooled) the anteroposterior and mediolateral diameters tended 333 
to decrease from C1 to C3, increased from C3 to C6, and greatly decreased for C7. For the 334 
accessory FT, the anteroposterior and mediolateral diameters tended to increase from C1 to C2, 335 

decreased from C2 to C4, and increased from C4 to C7. 336 

The comparisons between the primary FT of vertebrae with normal anatomy and the primary 337 

foramen of vertebrae with complete double FT (with sexes and sides pooled) showed that the 338 
presence of complete double FT was accompanied by smaller size of the primary FT in 339 
comparison to the FT of the normal vertebrae. These differences were significant for the 340 
anteroposterior diameters for C4 and C5, and the mediolateral diameter for C5 (Table 7). 341 

 342 



Variations in FT shape 343 

Normal foramen transversarium 344 

Table 4 and Table 5 show the descriptive statistics and Figure 3 illustrates the distribution of 345 
the mean coefficient of roundness according to sex and laterality of the normal FT of the 346 

vertebrae. These data show that the great majority of the FT for both sides were classified as 347 
mesomorph; only the FT for C7 was dolichomorph, and only the FT for C5 (right side for males; 348 
right and left sides for females) and C6 (right side for males and females) were brachymorph. 349 
No cervical levels showed significant differences in terms of sex, laterality or the interaction 350 
for sex and laterality at the p <0.05 level (Table 6). 351 

There was a tendency towards increases and decreases of the coefficient of roundness 352 
moving distally along the cervical spine (Figure 3). In general (with sexes and sides pooled), 353 
the coefficient of roundness slightly decreased from C1 to C4 (mesomorph vertebrae), then 354 

increased from C5 to C6 (brachymorph vertebrae), and greatly decreased for C7 (dolichomorph 355 
vertebra). 356 

 357 

Complete double foramen transversarium 358 

As in the analysis of the variations in size for complete double FT, only a descriptive analysis 359 
was performed here, with inferential statistics avoided in terms of differences between sex and 360 
laterality. Statistic tests were only performed with both sexes and laterality pooled. 361 

Table 4 and Table 5 show the descriptive analysis and Figure 4 illustrates the distribution of 362 

the mean coefficient of roundness of the primary and accessory foramina of the various 363 
vertebrae with complete double FT (with sexes and sides pooled). For the primary foramen, 364 

these data showed that the great majority of the FT fell into the category of mesomorph (C2, 365 
C4, C5, C6), with only the FT for C1 as brachymorph, and only the FT for C3 and C7 as 366 

dolichomorph. For the accessory FT, these were all dolichomorph (i.e., C1 to C7). 367 

In general, for the primary FT, the coefficient of roundness strongly decreased from C1 368 
(brachymorph vertebra) to C3 (dolichomorph vertebra), increased from C4 to C6 (mesomorph 369 
vertebrae), and decreased for C7 (dolichomorph vertebra). For the accessory FT, the coefficient 370 

of roundness increased from C1 to C2, decreased from C3 to C4, and increased from C5 to C6, 371 
with all of these vertebrae remaining within the dolichomorph category. 372 

For the comparison between the primary FT of vertebrae with normal anatomy and the 373 
primary foramen of vertebrae with complete double FT (with sexes and sides pooled), while 374 

some vertebrae maintained the same category in terms of coefficient of roundness, this was not 375 
so for C1, C3, C5 and C6 (Table 7). For C1, the mesomorph primary FT of the normal vertebrae 376 
became brachymorph in the primary FT of the vertebrae with complete double FT; similarly, 377 
this changed from mesomorph to dolichomorph in C3, and from brachymorph to mesomorph 378 
in C5 and C6. The differences in these categories for the coefficient of roundness were 379 
significant for C5. 380 

 381 

Discussion 382 

Before considering the particular anatomical variants of the FT in this ancient population of 383 
Herculaneum, we believe that is useful and necessary to define the interrelationships between 384 
the FT and the vertebral artery. The vertebral artery is the major artery of the neck, and typically 385 



it stems from the subclavian artery and merges with the contralateral vessel within the skull, to 386 

form the single basilar artery in the midline (Benzel 2012). The course of the vertebral artery is 387 

usually divided into four segments (Figure 5): V1 (preforaminal), which arises from the first 388 
part of the subclavian artery up to the entry point of the FT of C6; V2 (foraminal), which ascends 389 
through the FT from C6 to C2; V3 (extradural), which extends from the transverse process of 390 
C2 to the point where the vessel penetrates the dura mater; and V4 (intradural), which extends 391 
from the dura mater to its junction with the basilar artery (Benzel 2012; George 2002). The C7 392 

vertebra is considered to be a transitional vertebra between the cervical and thoracic regions, 393 
where the vertebral artery does not pass through its FT (Jovanovic 1990). 394 

The cervical region is the segment of the spine that has the greatest mobility (Benzel 2012). 395 
Therefore, the relevant implications of the anatomical variants of the FT are obvious in cases 396 

of possible compression of or trauma to the vertebral artery that traverses it, depending on 397 
whether or not it affects the normal blood flow. 398 

 399 

Variations in FT number  400 

The most interesting findings in this sample population from Herculaneum are the absence of 401 
the FT in one vertebra (C1; 0.2%) and the duplication of the FT in 92 vertebrae (all cervical 402 

levels; 20.6%). No vertebrae showed hypoplastic or multiple FT. For the absence of the FT, a 403 
number of studies in the literature have confirmed that this is an unusual condition (see Table 404 
8). Jaén (1975), Taitz et al. (1978), Kimura et al. (1985), Wysocki et al. (2003), Lacy & Trinkaus 405 

(2013), Murugan & Verma (2014), Metin Tellioglu et al. (2018), Sumalatha & Manasa (2018), 406 
Zibis et al. (2018) and Moreira Moreira & Herrero (2020) reported missing FT with frequencies 407 

from 0.2% to 4.7%, for vertebrae C3 to C7. This sample from Herculaneum is thus in agreement 408 
with these previous studies, representing the lower limit of this range. Moreover, Zibis et al. 409 

(2018) reported that variation in the anatomy relating to FT numbers strongly implies variation 410 
or asymmetry for the corresponding artery, and vice versa. Indeed, Zibis et al. (2018) showed 411 

that a missing FT in the C6 vertebra was accompanied by the entrance of the vertebral artery in 412 
the C5 vertebra. Specifically, these vertebrae from Herculaneum had a unilateral absence of the 413 
FT for one C1 vertebra. Absence of the FT from the C3 to C6 vertebrae has been reported in 414 

the literature (Jaén 1975; Taitz et al. 1978; Kimura et al. 1985; Wysocki et al. 2003; Lacy & 415 
Trinkaus 2013; Metin Tellioglu et al. 2018; Sumalatha & Manasa 2018; Zibis et al. 2018; 416 

Moreira Moreira & Herrero 2020), but absence of the FT for C1 is very rare and might be 417 
related to developmental anomalies of the vertebral arteries that normally traverse it. Vasudeva 418 
& Kumar (1995) and Nayak (2007) described C1 vertebrae with the absence of the FT, while 419 

Vasudeva & Kumar (1995) described a C1 vertebra with unilateral absence of the FT, and 420 
Nayak (2007) described a bilateral absence of the FT. However, the status of the vertebral artery 421 

in these cases was not ascertained, as these vertebrae were not seen in a dissection specimen, 422 

but in the dry bones. Interestingly, Sivaraju et al. (2017) reported 14 cases of absence of the FT 423 

in the C1 vertebrae for patients with congenital bony craniovertebral junction anomalies, using 424 
three-dimensional computed tomography angiograms. In 11 patients with occipitalisation of 425 
C1, and in three patients with non-occipitalised C1, the vertebral artery passed under the C1 426 
posterior arch and entered the dura below the C1 arch. In these cases, no incidence of vertebral 427 
artery injury was noted. 428 

For the duplication of the FT, the overall frequency is one of the arrangements that has 429 
usually been most reported in previous studies. However, the prevalence here has been very 430 
variable, possibly because of the different methodologies used for the examination and analysis 431 
of this anatomical variant and the diverse ethnic origins of the samples studied. The overall 432 



frequency for the present sample population from Herculaneum was 20.6%, which is similar to 433 

that reported in other studies on the cervical spine (1.4%–47.6%) (see Table 8). Nevertheless, 434 

among these studies, some of them only analysed cervical segments, and thus did not analyse 435 
the complete cervical spine. For example, Sharma et al. (2010), Mishra et al. (2014), Yadav et 436 
al. (2014), Saxena et al. (2016) and Ambali & Jadhav (2017) only analysed the C3–C6 segment, 437 
and Patra et al. (2015) and Moreira Moreira & Herrero (2020) only analysed the C3–C7 438 
segment. Hence, the frequencies observed in these studies do not refer to the entire cervical 439 

spine, and thus their data are not directly comparable to this sample from Herculaneum. Also, 440 
most studies have reported the prevalence of double FT as an individual observation, without 441 
providing the data for each cervical level, rather than for cervical segments or for the whole 442 
cervical spine (Kimura et al. 1985; Aydınlıoğlu et al. 2001; Murlimanju et al. 2011; Chaudhari 443 
et al. 2013; Rathnakar et al. 2013; Katikireddi & Setty 2014; Mehta et al. 2014; Mishra et al. 444 

2014; Murugan & Verma 2014; Shah et al. 2014; Yadav et al. 2014; Akhtar et al. 2015; Gujar 445 
et al. 2015; Kumari et al. 2015; Patra et al. 2015; Esakkiammal & Chauhan 2016; Saxena et al. 446 

2016; Vikani et al. 2016; Ambali & Jadhav 2017; Molinet Guerra et al. 2017; Sheik Abdul et 447 

al. 2018; Sumalatha & Manasa 2018; Zibis et al. 2018; Karthikeyan 2019; Singh et al. 2019), 448 
and relatively few studies have report differences between complete and incomplete double FT 449 
(Aydınlıoğlu et al. 2001; Esakkiammal & Chauhan 2016; Jaén 1975; Kaya et al. 2011; Kumari 450 
et al. 2015; Metin Tellioglu et al. 2018; Mishra et al. 2014; Nagar et al. 1999; Rathnakar et al. 451 

2013; Sanchis-Gimeno et al. 2005; Shah et al. 2014; Sheik Abdul et al. 2018; Singh et al. 2019; 452 
Sumalatha & Manasa 2018; Vikani et al. 2016; Yadav et al. 2014). Similarly, when Wysocki et 453 

al. (2003) and Kwiatkowska et al. (2014) analysed the prevalence of double FT, they referred 454 
to the total number of FT instead of the number of vertebrae examined for each cervical level. 455 

Our data here are in line with previous studies that have noted the highest frequency for 456 
double FT for C6, followed by C5, C4 and C7 (Taitz et al. 1978; Kimura et al. 1985; Aparicio 457 

Bellver et al. 1998; Wysocki et al. 2003; Sanchis-Gimeno et al. 2005; Sharma et al. 2010; 458 

Chandravadiya et al. 2013; Lacy & Trinkaus 2013; Patil et al. 2014; Ramachandran et al. 2014; 459 
Nayak et al. 2016; Quiles-Guiñau et al. 2016, 2017; Malik et al. 2017; Moreira Moreira & 460 
Herrero 2020), with low frequency for the C1–C3 segment (Aparicio Bellver et al. 1998; 461 

Aydınlıoğlu et al. 2001; Chandravadiya et al. 2013; Kwiatkowska et al. 2014; Lacy & Trinkaus 462 
2013; Malik et al. 2017; Mehta et al. 2014; Metin Tellioglu et al. 2018; Patil et al. 2014; Patra 463 

et al. 2015; Quiles-Guiñau et al. 2016, 2017; Ramachandran et al. 2014; Sanchis-Gimeno et al. 464 
2005; Sheik Abdul et al. 2018; Taitz et al. 1978; Wysocki et al. 2003). However, this is contrary 465 
to the study of Zibis et al. (2016), who reported that C3 was the vertebra that showed the highest 466 

frequency for double FT. The present skeletal sample from Herculaneum showed that the 467 
greater prevalence of these variations in the anatomy over the normal FT was statistically 468 

significant for C6. 469 

Hypoplastic FT is particularly rare. Jaén (1975), Taitz et al. (1978), Kimura et al. (1985), 470 

Wysocki et al. (2003), Lacy & Trinkaus (2013), Murugan & Verma (2014), Metin Tellioglu et 471 
al. (2018), Sumalatha & Manasa (2018), Zibis et al. (2018) and Moreira Moreira & Herrero 472 

(2020) reported cases of hypoplastic FT with frequencies ranging from 0.2% to 4.7%. Then 473 
multiple FT is even more rare (see Table 8), with reports of vertebrae with a triple FT with 474 
frequencies from 0.1% to 1.0% from Taitz et al. (1978), Wysocki et al. (2003), Kwiatkowska 475 
et al. (2014), Murugan & Verma (2014), Zibis et al. (2016, 2018) and Sheik Abdul et al. (2018). 476 
Indeed, hypoplastic FT and multiple FT were not observed in the present sample from 477 

Herculaneum. A brief review of the literature regarding these variations is presented in Table 478 
8. 479 



On the other hand, there is a lack of studies that have analysed the distribution of these 480 

variations in anatomy relating to FT number by sex and laterality, mostly because these data 481 

have not been recorded or reported. Regarding the distribution of the variations in FT number 482 
by sex, few studies show data on prevalence differences (Wysocki et al. 2003; Kwiatkowska et 483 
al. 2014; Quiles-Guiñau et al. 2016, 2017; Zibis et al. 2016), and only those of Quiles-Guiñau 484 
et al. (2016, 2017) and Zibis et al. (2016) reported data about any statistically significant 485 
differences regarding the appearance of variations in FT number based on sex. These data for 486 

the skeletal remains from Herculaneum showed no significant differences between males and 487 
females, which is in agreement with Quiles-Guiñau et al. (2016) and Zibis et al. (2016). Only 488 
Quiles-Guiñau et al. (2017) showed significant differences between males and females for C7, 489 
with only double FT as the anatomical variant. For the prevalence of unilateral or bilateral 490 
variations and the possible predominance of side, there have unfortunately been only a few 491 

studies that have focused on this. Although most studies recorded data on the unilaterality/ 492 
bilaterality of the variations in FT number (Akhtar et al. 2015; Ambali & Jadhav 2017; 493 

Aydınlıoğlu et al. 2001; Chandravadiya et al. 2013; Chaudhari et al. 2013; Esakkiammal & 494 

Chauhan 2016; Gujar et al. 2015; Karthikeyan 2019; Katikireddi & Setty 2014; Kaya et al. 495 
2011; Kumari et al. 2015; Lacy & Trinkaus 2013; Malik et al. 2017; Mehta et al. 2014; Mishra 496 
et al. 2014; Molinet Guerra et al. 2017; Murlimanju et al. 2011; Murugan & Verma 2014; Nayak 497 
et al. 2016; Patil et al. 2014; Patra et al. 2015; Quiles-Guiñau et al. 2016, 2017; Ramachandran 498 

et al. 2014; Rathnakar et al. 2013; Sanchis-Gimeno et al. 2005; Saxena et al. 2016; Shah et al. 499 
2014; Sharma et al. 2010; Sheik Abdul et al. 2018; Taitz et al. 1978; Vikani et al. 2016; Yadav 500 

et al. 2014; Zibis et al. 2016), not all of these studies collected data on prevalence by laterality 501 
(Akhtar et al. 2015; Aydınlıoğlu et al. 2001; Esakkiammal & Chauhan 2016; Jaén 1975; 502 
Karthikeyan 2019; Katikireddi & Setty 2014; Kwiatkowska et al. 2014; Lacy & Trinkaus 2013; 503 

Malik et al. 2017; Mehta et al. 2014; Molinet Guerra et al. 2017; Murlimanju et al. 2011; 504 
Murugan & Verma 2014; Quiles-Guiñau et al. 2016, 2017; Rathnakar et al. 2013; Shah et al. 505 

2014; Sheik Abdul et al. 2018; Sumalatha & Manasa 2018; Wysocki et al. 2003; Yadav et al. 506 
2014; Zibis et al. 2016), and only the studies of Quiles-Guiñau et al. (2016, 2017) reported any 507 

significant differences regarding both sex and laterality. The present sample from Herculaneum 508 
showed a greater prevalence of unilateral cases for C4, C6 and C7, although only C4 showed a 509 

significant difference. These data are in agreement with those of most of the previous studies, 510 
although not for all. Indeed, Aydınlıoğlu et al. (2001), Sharma et al. (2010), Mishra et al. (2014), 511 

Yadav et al. (2014) and Patra et al. (2015) observed that bilateral variations were more frequent 512 
than unilateral (although they did not report whether this difference was statistically significant 513 
or not). Only Quiles-Guiñau et al. (2016, 2017) carried out statistical analysis on the prevalence 514 
of unilaterality/ bilaterality. These studies reported a predominance of unilateral over bilateral 515 
variations, with significance for C4, C5 and C6 for Quiles-Guiñau et al. (2016), and for C7 for 516 

Quiles-Guiñau et al. (2017). For the present sample from Herculaneum, unilateral variations 517 
were more frequent for the right side in comparison with the left side, and this difference was 518 

significant. These data are in line with previous studies, except for Aydınlıoğlu et al. (2001), 519 
Wysocki et al. (2003) and Esakkiammal & Chauhan (2016), who observed greater prevalence 520 
for the left side, but without providing any data on statistical significance. Only Quiles-Guiñau 521 
et al. (2016, 2017) included statistical analysis, and while their data indicated greater prevalence 522 
for the right side, this did not reach significance. 523 

 524 

Variations in FT size 525 

Normal foramen transversarium 526 



Several studies have suggested that the size of the FT might be correlated with blood flow, 527 

dominance, and in some cases, the entrance point of the artery (Kim et al. 2012; Kotil & Kilincer 528 

2014; Taitz et al. 1978). However, anatomical studies of the FT have not reported on the course 529 
of the artery, and studies on the variations in the vertebral artery generally do not include the 530 
anatomy of the corresponding FT (Zibis et al. 2018). 531 

The size of the FT in the present sample from Herculaneum showed that the anteroposterior 532 

and mediolateral diameters of males were slightly larger than those of females, and they were 533 
larger for the left side in comparison to the right side. Significant differences were seen for the 534 
FT diameters for C1, C3 and C5 in terms of sex, and significant differences were seen for C4 535 
and C5 for laterality. These data are in agreement with metric studies reported in the literature 536 
(see Table 9) regarding both sex (Kimura et al. 1985; Kwiatkowska et al. 2014; Moreira Moreira 537 

& Herrero 2020; Quiles-Guiñau et al. 2016, 2017; Zhao et al. 2008) and laterality (Cagnie et al. 538 
2005; Kimura et al. 1985; Kwiatkowska et al. 2014; Metin Tellioglu et al. 2018; Molinet Guerra 539 

et al. 2017; Moreira Moreira & Herrero 2020; Polat et al. 2019; Sangari et al. 2015; Taitz et al. 540 
1978; Travan et al. 2015; Zibis et al. 2016; Zibis et al. 2018). According to Szárazová et al. 541 
(2012), Sureka et al. (2015) and Tarnoki et al. (2017), the diameter of the vertebral artery is 542 
smaller in females than males, and ranges from 1.5 mm to 5.0 mm; therefore, the vertebral 543 
artery does not occupy the whole of the space available within the FT, but covers about two 544 

thirds of the anteroposterior diameter and more than half of the mediolateral diameter of the FT 545 
(Jeng & Yip 2004; Cagnie et al. 2005). For this pair of arteries, the left vertebral artery is usually 546 

the larger (i.e., dominant) and carries more blood. Thus, the difference in size between the 547 
vertebral arteries according to sides is a reflection of the size of the FT, which is larger on the 548 

dominant side than the minor side (Waldron & Antoine 2002). 549 

The size of the FT frequently shows minor asymmetry (Taitz et al. 1978). However, major 550 
asymmetry (i.e., when the difference between right and left FT is >2 mm) might reflect a 551 

different size and course of the vertebral artery (Hong et al. 2008). According to Jeng & Yip 552 
(2004), variations in the normal anatomy of the extracranial vertebral artery are relatively 553 

frequent, and include from asymmetry of both vertebral arteries to significant hypoplasia of one 554 
of them, and it is recognized that the left vertebral artery diameter is often larger than the right. 555 

For the course of the arteries, the most usual entry point is the C6 vertebra, without passing 556 
through the FT of C7 (87.0%–92.5% of cases) (Kajimoto et al. 2007; Schroeder & Hsu 2013). 557 
However, considerable variation is seen, and entry can be found at almost any cervical level for 558 
the neck (Sturdà et al. 2019; Zibis et al. 2018); indeed, in rare cases, the vertebral artery follows 559 

an extra-transverse course (Wackenheim & Babin 1969). In the present sample from 560 
Herculaneum, seven of the 446 vertebrae (1.6%) showed major asymmetries for the FT: three 561 
for C2 and four for C6. The asymmetries observed in C6 might suggest a different entry level 562 
of the vertebral artery. 563 

In our Herculaneum sample, both the anteroposterior and mediolateral diameters followed a 564 

trend towards a decrease from C1 to C4, an increase from C4 to C6, and a large decrease for 565 

C7. Thus, the largest diameters were for C1, while the smallest was for C7, for both sexes and 566 
sides. Similar trends were also reported by Taitz et al. (1978), Cagnie et al. (2005), 567 
Kwiatkowska et al. (2014) and Metin Tellioglu et al. (2018), where the FT size decreased from 568 
C1 to C7. According to Cavdar et al. (1996), the size of vertebral artery decreases from C6 to 569 
C3, and then increases to C1, where the extension and rotation movements of the head can have 570 

mechanical effects on the blood vessels passing through the neck, which can result in 571 
vertebrobasilar insufficiency (Choi et al. 2013; Pamphlett et al. 1999; Yang et al. 1985). On the 572 
other hand, the smaller size of the FT for C7 is an indication that it serves as a passageway only 573 
for the vertebral vein, whereby the arteries join the FT canal at a higher level, most often in C6 574 



(Jovanovic 1990). Jaffar et al. (2004) also indicated changes in the size of the FT for C7 by the 575 

proliferation of periosteum around the foramen margin, with this adjusted to the vessels and 576 

nerves in the FT. 577 

 578 

Complete double foramen transversarium 579 

Very few studies have collected metric data to determine the size of the primary and accessory 580 
FT of complete double FT. The vast majority of these studies have assessed differences between 581 

the primary and accessory FT subjectively, through evaluation of the relative differences in size 582 
by visual examination only (e.g., Murlimanju et al. 2011; Chaudhari et al. 2013; Patil et al. 583 
2014; Akhtar et al. 2015; Patra et al. 2015; Saxena et al. 2016). Such data do not capture the 584 
range of the variation in size of this anatomical variant. In addition, where measurements of the 585 
FT have been collected, the vast majority of these studies have not specified whether the 586 

vertebrae with complete double FT were excluded in their metric analysis (e.g., Taitz et al. 587 
1978; Jovanovic 1990; Cagnie et al. 2005; Zhao et al. 2008; Kwiatkowska et al. 2014; Travan 588 
et al. 2015; Imre & Kocaniyik 2016; Molinet Guerra et al. 2017; Metin Tellioglu et al. 2018; 589 

Zibis et al. 2018). Only a few studies have specified that when a complete double FT was 590 
observed, the largest foramen was considered for the measurements and the data were combined 591 
with those of the vertebrae with normal FT (e.g., Kimura et al. 1985; Sheik Abdul et al. 2018; 592 
Moreira Moreira & Herrero 2020), or that these FT were excluded from their analysis (e.g., 593 

Quiles-Guiñau et al. 2016). 594 

The present sample from Herculaneum showed that the anteroposterior and mediolateral 595 
diameters were smaller for accessory FT in comparison with the primary foramen, for all of the 596 

cervical levels with complete double FT. These data are in agreement with previous studies 597 
(Quiles-Guiñau et al. 2016, 2017). 598 

Considering that the size of the FT might affect the calibre and vascular flow of the vertebral 599 
arteries (Cavdar et al. 1996), and the presence of an accessory FT might affect the size of the 600 
primary FT for complete double FT, we analysed whether the vertebrae with complete double 601 

FT also had smaller size of the primary FT, when compared with the FT of the normal vertebrae. 602 
These skeletal remains from Herculaneum showed that the primary foramen of a vertebra with 603 

complete double FT was smaller compared with the FT of normal vertebrae, and that this 604 
difference was significant for C4 and C5. These data are in agreement with previously reported 605 
studies, which have also suggested that this correlation is relevant for the compressive 606 
pathology of the vertebral artery at the C4–C6 level (Quiles-Guiñau et al. 2016, 2017). 607 

Anatomically, the FT can be divided by a fibrous or bony bridge, so the function of a double 608 
FT may be related to the compartmentalization of the contents of the FT (De Boeck et al., 1984; 609 
Shah et al., 2014). The scientific literature does not provide sufficient detail regarding the 610 

content of this accessory FT (Murlimanju et al., 2011; Quiles-Guiñau et al., 2017), so it is not 611 
clear whether the accessory FT is occupied by veins (De Boeck et al., 1984), by branches of 612 
both the vertebral artery and veins (Murlimanju et al., 2011), or if is occupied by a branch of 613 

the inferior cervical ganglion (De Boeck et al., 1984; Shah et al., 2014). Several authors suggest 614 
that a double FT could be correlated to the duplication or fenestration of the vertebral artery 615 
(Hashimoto et al., 1987; Sim et al., 2001; Shah et al., 2014). The duplication of the vertebral 616 
artery could potentially serve to protect the individual against ischemic attacks because the 617 
duplicated vessel would still be able to guarantee the blood supply to the basilar artery. In the 618 

case of a fenestrated vertebral artery, this condition could confer greater risk regarding the 619 
formation of a thrombus and embolization, leading to severe ischemic attacks (Mizukami et al., 620 
1968; Esakkiammal and Chauhan, 2016); however, Sim et al. (2011) affirm that fenestration of 621 



the vertebral artery appears to have no significant pathologic consequences. Further analysis 622 

based on radiological imaging or cadaver dissection could help to clarify this question. 623 

 624 

Variations in FT shape 625 

Normal foramen transversarium 626 

The present skeletal remains from Herculaneum showed that the FT of the C1–C4 vertebrae 627 

were mesomorph (i.e., rounded), while for the C7 vertebra the FT was dolichomorph (with 628 
prevalence of anteroposterior over mediolateral diameter). The FT of the C5 and C6 vertebrae 629 
were generally brachymorph (with prevalence of mediolateral over anteroposterior diameter), 630 
although they were located on the limit between the brachymorph and mesomorph categories. 631 
These data are in agreement with those of Taitz et al. (1978) and Kimura et al. (1985), who 632 

showed that the great majority of the FT were mesomorph, with the exception of dolichomorph 633 
for C7, and brachymorph for C5 and C6. They also showed that in some populations, C2 was 634 

brachymorph. Completely different data were reported by Kwiatkowska et al. (2014), where 635 
the most frequent category was brachymorph (from C2 to C7), and where C1 was mesomorph 636 
in males and dolichomorph in females. 637 

It appears that the direction of the FT (i.e., the category of the coefficient of roundness) 638 
corresponds well to the course of the vertebral artery at each level. The anatomy of the vertebral 639 

artery in the region of the craniovertebral region is significantly different from the relatively 640 
straightforward course in the transverse foramina from C3 to C6 (Cacciola et al. 2004; Khanfour 641 

& El Sekily 2015). Thus, a higher frequency of a specific category might be associated with the 642 
mechanical stress to which a vertebra is subjected as a result of head movements. Head 643 
movements, such as flexion or rotation, exert pressure on these vessels, and thus can have 644 

effects on the blood flow in the vertebral artery at the level of the C1–C2 joint (Cacciola et al. 645 

2004), with constriction occurring in the vessel contralateral to the side of rotation. Indeed, 646 
during rotational movements, the length of this artery might change by as much as 10% on the 647 
side contralateral to the direction of the rotation (Taitz et al. 1978). Thus, changes in the course 648 

of the vessels that can result from excessive head movement might be reflected in the 649 
appearance of the FT. 650 

Cacciola et al. (2004) stated that the vertebral artery shows its greatest variation at the level 651 

of C1 and C2; in the lower regions of the vertebral column, its course is simpler. They based 652 
this on the variety of the size and shape of the vertebral artery, and in the shape, size and position 653 

of its grooves on the surface of the C1 and C2 vertebrae. One of the ways in which the vertebral 654 
artery prevents stretching is by its adoption of a ‘serpentine’ course (i.e., by forming loops), to 655 
thus allow an increase in length. This is combined with an increase in the space in the arterial 656 
groove on the C1 arch and for the lower parts of the articular surfaces of C2. These situations 657 

provide proof of the dynamic relationship between the vertebral artery, its groove, and the 658 
possible changes in position during neck motion or for unique neck postures. 659 

 660 

Complete double foramen transversarium 661 

The data from the present skeletal remains from Herculaneum show that for the primary FT, 662 
the great majority of these FT were mesomorph (i.e., C2, C4, C5, C6), rather than brachymorph 663 
(C1) or dolichomorph (C3, C7). For the accessory FT, all of these were dolichomorph (i.e., C1–664 
C7). In addition, the comparison between the primary FT of the vertebrae with normal FT 665 
anatomy and the primary foramen of the vertebrae with complete double FT showed that not 666 



all of these vertebrae maintained the same category of coefficient of roundness, as seen for C1, 667 

C3, C5 and C6. However, in connection with these particular findings, we could not find any 668 

reports in the literature that have focussed on the shape of the FT for vertebrae with complete 669 
double FT, and so no comparative analysis could be performed. 670 

In summary here, the developmental dynamics of the vertebral artery (i.e., variations in its 671 
course) have been documented as strictly related to the size and structure of the FT. Conversely, 672 

variations of the FT can be useful to estimate changes or variations of the vertebral vessels and 673 
the accompanying nerve fibres. In particular, the size of the FT correlates positively with the 674 
size of the vertebral artery, and there is a strong relationship between FT diameter and blood 675 
flow in the vertebral arteries (Kim et al. 2012; Kotil & Kilincer 2014). Thus, variations in the 676 
number, size and shape of the FT are important in the aetiology of some clinical syndromes and 677 

symptoms (e.g., headache, migraine, fainting, insufficiency of the vertebrobasilar system after 678 
certain neck movements) (Bulsara et al. 2006; Kültür et al. 2018; Strek et al. 1998), and these 679 

might thus reflect, or indeed cause, structural anomalies of the vertebral arteries (Kim et al. 680 
2012). As the FT is a key determinant for correct development of the vertebral artery, evaluation 681 
of its anatomical variations (i.e., number, size, shape) provides useful information related to the 682 
prevalence of such variations in the life and health conditions of past populations, such as this 683 
ancient population of Herculaneum. 684 

In the palaeopathological literature, relatively few cases of anatomical variations in the FT 685 
of the cervical vertebrae have been reported as comparisons with clinical cases. Indeed, it might 686 

be that these anatomical variations have been overlooked to date during examination of skeletal 687 
remains. In this way, we would like to encourage physical anthropologists to report on cases 688 
that they see in the future, so that the prevalence of these anatomical variations in the past can 689 

be determined, with the potential to then infer pathological conditions. 690 

 691 

Conclusions 692 

This study provides an exhaustive report on the prevalence of anatomical variations (i.e., in 693 

number, size, shape) of the FT of the cervical spine of a Roman population made up of victims 694 
who died on the ancient beach of Herculaneum during the eruption of Vesuvius Volcano. The 695 
importance of the present study can be summarized in three points: 696 

(1) The data presented here constitute a large and reliable database that can serve as 697 
reference for future comparative purposes for vertebral material in other ancient 698 
populations. 699 

(2) The finding of a C1 vertebra with unilateral absence of the FT is a very rare event 700 

that can be related to developmental anomalies of the vertebral artery which normally 701 
traverses it. Only two other cases have been reported in the literature. 702 

(3) The prevalence of complete double FT and the relative size of their primary FT in 703 
comparison to the normal FT has been poorly reported in the literature. We show 704 
here that the primary FT of vertebrae with complete double FT has a smaller size 705 
compared with the FT of normal vertebrae, and that this correlation might be relevant 706 
for the compressive pathology of the vertebral artery. Thus, further studies are 707 

required to define this correlation better, not only on dried cervical vertebrae, but also 708 
on CT images in a clinical context, where the relevant information of the vertebral 709 
artery and any patient symptoms can also be available. 710 

 711 



References 712 

Akhtar, M. J., Madhukar, P. K., Rahman, S., & Kashyap, N. (2015). A morphometric study of 713 
foramen transversarium of dried cervical vertebrae. International Journal of Research in 714 

Medical Sciences, 3(4), 912–916. https://doi.org/10.5455/2320-6012.ijrms20150418 715 

Ambali, M. P., & Jadhav, S. D. (2017). Anatomical variations in foramen transversarium of 716 
typical cervical vertebrae and its clinical significance. International Journal of Anatomy 717 
and Research, 5(1), 3426–3429. https://doi.org/10.16965/ijar.2016.494 718 

Aparicio Bellver, L., Calatayud Fombuena, M., & Pérez Moltó, F. (1998). Morphological and 719 
numerical variations in the spinal column. Revista de La Sociedad Andaluza de 720 
Traumatología y Ortopedia, 18(2), 215–221. 721 

Aydınlıoğlu, A., Kavaklı, A., Yeşilyurt, H., & Erdem, S. (2001). Foramen transversarium 722 

bipartita. Experimental Biology, 8(4), 110–112. 723 

Barnes, E. (2012). Atlas of developmental field anomalies of the human skeleton: a 724 
paleopathology perspective. Hoboken: Wiley-Blackwell. 725 

https://doi.org/10.1002/9781118430699 726 

Benzel, E. C. (2012). The cervical spine (5th ed.). Philadelphia: Lippincott Williams & 727 

Wilkins. 728 

Bulsara, K. R., Velez, D. A., & Villavicencio, A. (2006). Rotational vertebral artery 729 
insufficiency resulting from cervical spondylosis: case report and review of the literature. 730 
Surgical Neurology, 65(6), 625–627. https://doi.org/10.1016/j.surneu.2005.08.016 731 

Cacciola, F., Phalke, U., & Goel, A. (2004). Vertebral artery in relationship to C1-C2 732 
vertebrae: an anatomical study. Neurology India, 52(2), 178–184. 733 

Cagnie, B., Barbaix, E., Vinck, E., D’Herde, K., & Cambier, D. (2005). Extrinsic risk factors 734 

for compromised blood flow in the vertebral artery: anatomical observations of the 735 
transverse foramina from C3 to C7. Surgical and Radiologic Anatomy, 27(4), 312–316. 736 

https://doi.org/10.1007/s00276-005-0006-7 737 

Capasso, L. (1999). Brucellosis at Herculaneum. International Journal of Osteoarchaeology, 738 
9(5), 277–288. https://doi.org/10.1002/(SICI)1099-1212(199909/10)9:5<277::AID-739 

OA489>3.0.CO;2-0 740 

Capasso, L. (2000). Herculaneum victims of the volcanic eruptions of Vesuvius in 79 AD. 741 

Lancet, 356(9238), 1344–1346. https://doi.org/10.1016/S0140-6736(00)02827-0 742 

Capasso, L. (2001). I fuggiaschi di Ercolano: paleobiologia delle vittime dell’eruzione 743 

Vesuviana del 79 d.C. Roma: L’Erma di Bretschneider. 744 

Capasso, L., & Di Domenicantonio, L. (1998). Work-related syndesmoses on the bones of 745 
children who died at Herculaneum. Lancet, 352(9140), 1634. 746 

https://doi.org/10.1016/S0140-6736(05)61104-X 747 

Carotenuto, G., Schmidt, C. W., Viciano, J., & D’Anastasio, R. (2019). Pseudopathological 748 

vertebral changes in a young individual from Herculaneum (79 C .E.). 749 
Anthropologischer Anzeiger, 76(1), 79–89. https://doi.org/10.1127/anthranz/2019/0944 750 

Cavdar, S., Dalcik, H., Ercan, F., Arbak, S., & Arifoglu, Y. (1996). A morphological study on 751 
the V2 segment of the vertebral artery. Okajimas Folia Anatomica Japonica, 73(2–3), 752 



133–137. 753 

Chandravadiya, L., Patel, S., Goda, J., Chavda, V., Ruparelia, S., & Patel, S. (2013). Double 754 
foramen transversarium in cervical vertebra: morphology and clinical importance. 755 
International Journal of Research in Medical Sciences, 2(1), 103–105. 756 

Chaudhari, M., Maheria, P., & Bachuwar, S. (2013). Double foramen transversarium in 757 
cervical vertebra: morphology and clinical importance. Indian Journal of Basic and 758 
Applied Medical Research, 2(8), 1084–1088. 759 

Choi, K.-D., Choi, J.-H., Kim, J.-S., Kim, H. J., Kim, M.-J., Lee, T.-H., … Kim, J.-I. (2013). 760 
Rotational vertebral artery occlusion: mechanisms and long-term outcome. Stroke, 44(7), 761 
1817–1824. https://doi.org/10.1161/STROKEAHA.113.001219 762 

D’Anastasio, R., Cesana, D. T., Viciano, J., Sciubba, M., Nibaruta, P., & Capasso, L. (2013). 763 

The possible correlation between dental enamel hypoplasia and a historic natural disaster 764 
in the Roman population of Herculaneum (79 AD - central Italy). Anthropologischer 765 

Anzeiger, 70(4), 369–383. https://doi.org/10.1127/0003-5548/2013/0312 766 

De Boeck. M., Potvliege. R., Roels, F., De Smedt, E. (1984). The accessory costotransverse 767 
foramen: a radioanatomical study. Journal of Computer Assisted Tomography, 8(1), 768 

117–120. https://doi.org/10.1097/00004728-198402000-00023 769 

De Luca, S., Viciano, J., Irurita, J., López-Lázaro, S., Cameriere, R., & Botella, D. (2013). 770 
Mandibular fracture and dislocation in a case study from the Jewish cemetery of Lucena 771 

(Córdoba), in South Iberian Peninsula (8th-12th AD). International Journal of 772 
Osteoarchaeology, 23(4), 485–504. https://doi.org/10.1002/oa.1267 773 

Esakkiammal, N., & Chauhan, R. (2016). Clinical significance of presence of accessory 774 

foramen transversarium in typical cervical vertebrae. International Journal of Research 775 
in Medical Sciences, 4(12), 5231–5236. https://doi.org/10.18203/2320-776 

6012.ijrms20164185 777 

Fernández, P. L. (2012). Palaeopathology: the study of disease in the past. Pathobiology, 778 
79(5), 221–227. https://doi.org/10.1159/000335165 779 

George, B. (2002). Extracranial vertebral artery anatomy and surgery. In J. D. Pickard, V. V 780 
Dolenc, H.-J. Reulen, N. de Tribolet, & M. Vapalahti (Eds.), Advances and technical 781 
standards in Neuosurgery, Vol. 27 (pp. 179–216). Vienna: Springer-Verlag. 782 

https://doi.org/9783709132272 783 

Georgiev, G. (2017). Significance of anatomical variations for clinical practice. International 784 
Journal of Anatomical Variations, 10(3), 43–44. 785 

Gujar, S. M., Oza, S. G., & Shekhawat, J. P. (2015). A study of accessory foramen 786 
transversarium in dry cervical vertebrae and its clinical implications. National Journal of 787 

Integrated Research in Medicine, 6(6), 27–30. https://doi.org/10.16965/ijar.2016.353 788 

Gupta, M., Agarwal, S., & Paul, S. (2013). An unusual foramen in the transverse process of 789 
first thoracic vertebra. Anatomical Science International, 88(2), 106–108. 790 
https://doi.org/10.1007/s12565-012-0145-y 791 

Hashimoto, H., Ohnishi, H., Yuasa, T., Kawaguchi, S. (1987). Duplicate origin of the 792 
vertebral artery: report of two cases. Neuroradiology, 29, 301–303. 793 
https://doi.org/10.1007/BF00451774 794 



Hong, J. T., Lee, S. W., Son, B. C., Sung, J. H., Yang, S. H., Kim, I. S., & Park, C. K. (2008). 795 

Analysis of anatomical variations of bone and vascular structures around the posterior 796 

atlantal arch using three-dimensional computed tomography angiography. Journal of 797 
Neurosurgery: Spine, 8(3), 230–236. https://doi.org/10.3171/SPI/2008/8/3/230 798 

Imre, N. E., & Kocaniyik, N. (2016). Anatomical and morphometric evaluation of the 799 
foramen transversarium of cervical vertebrae. Gülhane Tıp Dergisi, 58, 282–285. 800 

https://doi.org/10.5455/G 801 

Jaén, M. T. (1975). Variedades anatómicas en vértebras de la colección Tlatelolco. Anales Del 802 
Instituto Nacional de Antropología e Historia, 52, 71–82. 803 

Jaffar, A. A., Mobarak, H. J., & Najm, S. A. (2004). Morphology of the foramen 804 
transversarium: a correlation with causative factors. Al-Kindy College Medical Journal, 805 
2(1), 61–64. 806 

Jeng, J. S., & Yip, P. K. (2004). Evaluation of vertebral artery hypoplasia and asymmetry by 807 

color-coded duplex ultrasonography. Ultrasound in Medicine and Biology, 30(5), 605–808 
609. https://doi.org/10.1016/j.ultrasmedbio.2004.03.004 809 

Jovanovic, M. (1990). A comparative study of the foramen transversarium of the sixth and 810 

seventh cervical vertebrae. Surgical and Radiologic Anatomy, 12, 167–172. 811 

Kajimoto, B. H. J., Addeo, R. L. D., de Campos, G. C., Narazaki, D. K., Correia, L. dos S., de 812 
Araújo, M. P., … Filho, T. E. P. de B. (2007). Anatomical study of the vertebral artery 813 

path in human lower cervical spine. Acta Ortopédica Brasileira, 15(2), 84–86. 814 
https://doi.org/10.1590/S1413-78522007000200005 815 

Karthikeyan. (2019). Anatomical variations in foramen transversarium. University Journal of 816 

Pre and Para Clinical Sciences, 5(6), 1–4. https://doi.org/10.14744/ejmi.2019.15468 817 

Katikireddi, R. S., & Setty, S. N. R. S. (2014). A study of double foramen transversarium in 818 

dried cervical vertebra. International Journal of Health Sciences and Research, 4(1), 59–819 
61. 820 

Kaya, S., Yilmaz, N. D., Pusat, S., Kural, C., Kirik, A., & Izci, Y. (2011). Double foramen 821 

transversarium variation in ancient Byzantine cervical vertebrae: preliminary report of an 822 
anthropological study. Turkish Neurosurgery, 21(4), 534–538. 823 
https://doi.org/10.5137/1019-5149.Jtn.4456-11.1 824 

Khanfour, A. A., & El Sekily, N. M. (2015). Relation of the vertebral artery segment from C1 825 

to C2 vertebrae: an anatomical study. Alexandria Journal of Medicine, 51(2), 143–151. 826 
https://doi.org/10.1016/j.ajme.2014.05.007 827 

Kim, C., Lee, S.-H., Park, S. S., Kim, B. J., Ryu, W.-S., Kim, C. K., … Yoon, B.-W. (2012). 828 
A quantitative comparison of the vertebral artery and transverse foramen using CT 829 

angiography. Journal of Clinical Neurology, 8(4), 259–264. 830 
https://doi.org/10.3988/jcn.2012.8.4.259 831 

Kimura, K., Konishi, M., & Hu, S. Y. (1985). Shape and size of the transverse foramina in 832 
Japanese. Okajimas Folia Anatomica Japonica, 62(2), 123–132. 833 

Koo, T. K., & Li, M. Y. (2016). A guideline of selecting and reporting intraclass correlation 834 
coefficients for reliability research. Journal of Chiropractic Medicine, 15(2), 155–163. 835 
https://doi.org/10.1016/j.jcm.2016.02.012 836 



Kotil, K., & Kilincer, C. (2014). Sizes of the transverse foramina correlate with blood flow 837 

and dominance of vertebral arteries. Spine Journal, 14(6), 933–937. 838 

https://doi.org/10.1016/j.spinee.2013.07.447 839 

Kültür, T., Muluk, N. B., Iyem, C., Inal, M., Burulday, V., Alpua, M., & Çelebi, U. O. (2018). 840 
Anatomic considerations: the relationship between vertebral artery and transverse 841 
foramina at cervical certebrae 1 to 6 in patients with vertigo. ENT Updates, 8(3), 185–842 

194. https://doi.org/10.32448/entupdates.507983 843 

Kumari, M., Omar, S., Deb, S., & Alam, K. (2015). An osteological study on accessory 844 
transverse foramina in cervical vertebrae and their clinical significance. International 845 

Journal of Recent Scientific Research, 6(6), 4514–4516. 846 

Kwiatkowska, B., Szczurowski, J., & Nowakowski, D. (2014). Variation in foramina 847 
transversaria of human cervical vertebrae in the medieval population from Sypniewo 848 

(Poland). Anthropological Review, 77(2), 175–188. https://doi.org/10.2478/anre-2014-849 
0014 850 

Lacy, S. A., & Trinkaus, E. (2013). The foramina transversaria of the Sunghir 2 and 3 cervical 851 
vertebrae. Archaeology, Ethnology and Anthropology of Eurasia, 41(3), 126–131. 852 
https://doi.org/10.1016/j.aeae.2014.03.016 853 

Malik, V. S., Soni, G., Garsa, V., Rathee, S., & Gupta, S. (2017). An osteological study of 854 

double foramina transversaria of cervical vertebrae. International Journal of Anatomy 855 
and Research, 5(1), 3527–3529. https://doi.org/10.16965/ijar.2017.105 856 

Manners-Smith, T. (1909). The variability of the last lumbar vertebra. Journal of Anatomy 857 

and Physiology, 43(2), 146–160. 858 

Mehta, G., Shamkuwar, S., & Mokhasi, V. (2014). Foramina transversaria “bipartita”: a study 859 
of cervical vertebrae. International Journal of Current Research and Review, 06(7), 31–860 

34. 861 

Metin Tellioglu, A., Durum, Y., Gok, M., Polat, A. G., Karaman, C. Z., & Karakas, S. (2018). 862 
Evaluation of morphologic and morphometric characteristic of foramen transversarium 863 
on 3-dimensional multidetector computed tomography angiography. Turkish 864 

Neurosurgery, 28(4), 557–562. https://doi.org/10.5137/1019-5149.JTN.18839-17.3 865 

Miller, C. A., Hwang, S. J., Cotter, M. M., & Vorperian, H. K. (2019). Cervical vertebral 866 

body growth and emergence of sexual dimorphism: a developmental study using 867 
computed tomography. Journal of Anatomy, 234(6), 764–777. 868 

https://doi.org/10.1111/joa.12976 869 

Mishra, G. P., Bhatnagar, S., Singh, B., Mishra, P. P., & Mishra, A. (2014). Anatomical 870 

variations in foramen transversarium of typical cervical vertebrae and clinical 871 
significance. International Journal of Biomedical Research, 5(6), 405–407. 872 
https://doi.org/10.7439/ijbr 873 

Mizukami, M., Mine, T., Tomita, T. (1968). Fenestration of the vertebral artery (vertebral 874 
diastematoartery): coexistence of cerebral aneurysm and cerebral arteriovenous 875 
malformation. Brain Nerve, 20, 1271–1276. 876 

Molinet Guerra, M., Robles Fuentes, P., & Roa, I. (2017). Anatomical variations of the 877 
foramen transversarium in cervical vertebrae. International Journal of Morphology, 878 

35(2), 719–722. https://doi.org/10.4067/s0717-95022017000200053 879 



Moreira Moreira, J. J., & Herrero, C. F. P. S. (2020). Anatomical variations and 880 

morphometric features of the foramen transversarium in the cervical vertebrae of a Latin 881 

American population: a Brazilian study. World Neurosurgery, 137, e18–e26. 882 
https://doi.org/10.1016/j.wneu.2019.11.040 883 

Murlimanju, B. V, Prabhu, L. V, Shilpa, K., Rai, R., Dhananjaya, K. V. N., & Jiji, P. J. 884 
(2011). Accessory transverse foramina in the cervical spine: incidence, embryological 885 

basis, morphology and surgical importance. Turkish Neurosurgery, 21(3), 384–387. 886 
https://doi.org/10.5137/1019-5149.JTN.4047-10.0 887 

Murugan, M., & Verma, S. (2014). A study on variations of formaen transversarium of 888 

cervical vertebrae. National Journal of Clinical Anatomy, 3(1), 4–7. 889 

Nagar, Y., Taitz, C., & Reich, R. (1999). What can we make of these fragments? Excavation 890 
at “Mamilla” cave, Byzantine period, Jerusalem. International Journal of 891 

Osteoarchaeology, 9(1), 29–38. https://doi.org/10.1002/(SICI)1099-892 
1212(199901/02)9:1<29::AID-OA456>3.0.CO;2-3 893 

Nayak, G., Mohanty, B. B., Baisakh, P., Das, S. R., Panda, S. K., & Chinara, P. K. (2016). 894 
Study of accessory foramina transversaria in cervical vertebrae and their surgical and 895 
morphological importance. Research Journal of Pharmaceutical, Biological and 896 

Chemical Sciences, 7(3), 1370–1373. 897 

Nayak, S. B. (2007). Bilateral absence of foramen transversarium in atlas vertebra: a case 898 
report. Neuroanatomy, 6, 28–29. 899 

Nikolova, S. Y., Toneva, D. H., Yordanov, Y. A., & Lazarov, N. E. (2014). Multiple 900 

Wormian bones and their relation with definite pathological conditions in a case of an 901 
adult cranium. Anthropologischer Anzeiger, 71(3), 169–190. 902 

https://doi.org/10.1127/0003-5548/2014/0355 903 

Ortner, D. J. (2003). Identification of pathological conditions in human skeletal remains (2nd 904 
ed.). San Diego: Academic Press. 905 

Pamphlett, R., Raisanen, J., & Kum-Jew, S. (1999). Vertebral artery compression resulting 906 
from head movement: a possible cause of the sudden infant death syndrome. Pediatrics, 907 

103(2), 460–468. https://doi.org/10.1542/peds.103.2.460 908 

Patil, N. P., Dhapate, S. S., Porwal, S., & Bhagwat, V. B. (2014). The study of incidence of 909 

accessory foramen transversaria in the cervical vertebrae. IOSR Journal of Dental and 910 
Medical Sciences, 13(7), 85–87. https://doi.org/10.9790/0853-13718587 911 

Patra, A., Kaur, H., Kaushal, S., Kumar, U., & Chhabra, U. (2015). Double foramen 912 
transversarium in dried cervical vertebra: an osteological study with its clinical 913 

implications. Indian Journal of Oral Sciences, 6(1), 7–9. https://doi.org/10.4103/0976-914 
6944.154599 915 

Polat, S., Göker, P., Yücel, A. H., & Bozkir, M. G. (2019). Morphometric study of dried 916 
cervical vertebrae. International Journal of Morphology, 37(3), 845–851. 917 
https://doi.org/10.4067/s0717-95022019000300845 918 

Quiles-Guiñau, L., Gomez-Cabrero, A., Miquel-Feucht, M., Blanco-Pérez, E., Mata-919 
Escolano, F., & Sanchis-Gimeno, J. A. (2016). Analysis of the cervical double transverse 920 
foramen in present Spanish population. European Journal of Anatomy, 20(4), 337–346. 921 

Quiles-Guiñau, L., Gómez-Cabrero, A., Miquel-Feucht, M., & Sanchis-Gimeno, J. A. (2017). 922 



Double transverse foramen in cervical vertebrae in a Spanish rural population of the late 923 

17th and 18th centuries. Italian Journal of Anatomy and Embryology, 122(1), 27–38. 924 

https://doi.org/10.13128/IJAE-20924 925 

Ramachandran, K., Ravikumar, P. C., & Manavalan, M. S. (2014). A study on the foramen 926 
transversarium in cervical vertebrae. International Journal of Health Sciences and 927 
Research, 4(12), 178–183. 928 

Rathnakar, P., Remya, K., & Swathi. (2013). Study of accessory foramen transversaria. Nitte 929 
University Journal of Health Science, 3(4), 97–99. 930 

Sanchis-Gimeno, J. A., Martínez-Soriano, F., & Aparicio-Bellver, L. (2005). Degenerative 931 
anatomic deformities in the foramen transversarium of cadaveric cervical vertebrae. 932 
Osteoporosis International, 16(9), 1171–1172. https://doi.org/10.1007/s00198-005-933 
1908-2 934 

Sangari, S. K., Dossous, P.-M., Heineman, T., & Mtui, E. P. (2015). Dimensions and 935 

anatomical variants of the foramen transversarium of typical cervical vertebrae. Anatomy 936 
Research International, 2015, 391823. https://doi.org/10.1155/2015/391823 937 

Sañudo, J. R., Vázquez, R., & Puerta, J. (2003). Meaning and clinical interest of the 938 

anatomical variations in the 21 st century. European Journal of Anatomy, 7(Suppl. 1), 1–939 
3. 940 

Saxena, A. K., Aneja, P. S., Sharma, N. K., & Madan, H. S. (2016). Variations in the number 941 

of foramen transversarium: an osteological Study. Journal of Evolution of Medical and 942 
Dental Sciences, 5(13), 531–533. https://doi.org/10.14260/jemds/2016/122 943 

Scheuer, L., & Black, S. (2004). The juvenile skeleton. London: Academic Press. 944 

Schmidt, C. W., Oakley, E., D’Anastasio, R., Brower, R., Remy, A., & Viciano, J. (2015). 945 
Herculaneum. In C. W. Schmidt & S. Symes (Eds.), The analysis of burned human 946 

remains (2nd ed., pp. 149–161). San Diego: Academic Press. 947 

Schroeder, G. D., & Hsu, W. K. (2013). Vertebral artery injuries in cervical spine surgery. 948 
Surgical Neurology International, 4(6), S362–S367. https://doi.org/10.4103/2152-949 

7806.120777 950 

Senthilnathan, S., & Rajitha, M. (2011). Isolated congenital foramen transversarium 951 

abnormality causing occipital headache. Ceylon Medical Journal, 56(1), 35–37. 952 
https://doi.org/10.4038/cmj.v56i1.2026 953 

Shah, S. T., Arora, K., & Shah, K. P. (2014). Study of accessory foramen transversarium in 954 
cervical vertebrae. GCSMC Journal of Medical Sciences, 3(2), 21–24. 955 

Sharma, A., Singh, K., Gupta, V., & Srivastava, S. (2010). Double foramen transversarium in 956 
cervical vertebra an osteological study. Journal of the Anatomical Society of India, 957 
59(2), 229–231. https://doi.org/10.1016/S0003-2778(10)80031-0 958 

Sheik Abdul, R., Lazarus, L., Rennie, C., & Satyapal, K. S. (2018). The foramen 959 
transversarium of typical and atypical cervical vertebrae: morphology and morphometry. 960 

International Journal of Morphology, 36(4), 1439–1446. https://doi.org/10.4067/S0717-961 
95022018000401439 962 

Sikka, A., & Jain, A. (2012). Bilateral variation in the origin and course of the vertebral 963 
artery. Anatomy Research International, 2012, 580765. 964 



https://doi.org/10.1155/2012/580765 965 

Sim, E., Vaccaro, A.R., Berzlanovich, A., Thaler, H., Ullrich, C.G. (2001). Fenestration of the 966 
extracranial vertebral artery: review of the literature. Spine, 26(6), E139–E142. 967 
https://doi.org/10.1097/00007632-200103150-00007 968 

Singh, A. P., Anand, C., & Singh, S. (2019). A study of anatomical variations in transverse 969 
foramen of cervical vertebrae for morphological and clinical importance. International 970 
Journal of Contemporary Medical Research, 6(6), 9–11. 971 

Singh, R. (2012). A new foramen on posterior aspect of ala of first sacral vertebra. 972 
International Journal of Anatomical Variations, 5, 29–31. 973 

Sivaraju, L., Mani, S., Prabhu, K., Daniel, R. T., & Chacko, A. G. (2017). Three-dimensional 974 
computed tomography angiographic study of the vertebral artery in patients with 975 

congenital craniovertebral junction anomalies. European Spine Journal, 26(4), 1028–976 
1038. https://doi.org/10.1007/s00586-016-4580-7 977 

Strek, P., Reroń, E., Maga, P., Modrzejewski, M., & Szybist, N. (1998). A possible 978 
correlation between vertebral artery insufficiency and degenerative changes in the 979 
cervical spine. European Archives of Oto-Rhino-Laryngology, 255(9), 437–440. 980 

https://doi.org/10.1007/s004050050094 981 

Sturdà, C., Steyn, C., Olivi, A., & Visocchi, M. (2019). Extraforaminal vertebral artery until 982 
C2 transverse foramen in Down syndrome patient affected by atlantoaxial subluxation: 983 

first observation and review of literature. World Neurosurgery, 131, 230–233. 984 
https://doi.org/10.1016/j.wneu.2019.08.043 985 

Sumalatha, T., & Manasa, B. (2018). Variations in foramen transversarium of cervical 986 

vertebrae: an observational study. International Journal of Anatomy, Radiology and 987 
Surgery, 7(3), 13–17. https://doi.org/10.7860/IJARS/2018/37022 988 

Sureka, B., Mittal, M. K., Mittal, A., Sinha, M., Agarwal, K., Bhambri, N. K., & Thukral, B. 989 
B. (2015). Morphometric analysis of diameter and relationship of vertebral artery with 990 
respect to transverse foramen in Indian population. Indian Journal of Radiology and 991 
Imaging, 25(2), 167–172. https://doi.org/10.4103/0971-3026.155868 992 

Szárazová, A. S., Bartels, E., & Turčáni, P. (2012). Vertebral artery hypoplasia and the 993 
posterior circulation stroke. Perspectives in Medicine, 1(1–12), 198–202. 994 

https://doi.org/10.1016/j.permed.2012.02.063 995 

Taitz, C., Nathan, H., & Arensburg, B. (1978). Anatomical observations of the foramina 996 
transversaria. Journal of Neurology Neurosurgery and Psychiatry, 41(2), 170–176. 997 
https://doi.org/10.1136/jnnp.41.2.170 998 

Tarnoki, A. D., Fejer, B., Tarnoki, D. L., Littvay, L., Lucatelli, P., Cirelli, C., … Baracchini, 999 

C. (2017). Vertebral artery diameter and flow: nature or nurture. Journal of 1000 
Neuroimaging, 27(5), 499–504. https://doi.org/10.1111/jon.12434 1001 

Travan, L., Saccheri, P., Gregoraci, G., Mardegan, C., & Crivellato, E. (2015). Normal 1002 
anatomy and anatomic variants of vascular foramens in the cervical vertebrae: a paleo-1003 

osteological study and review of the literature. Anatomical Science International, 90(4), 1004 
308–323. https://doi.org/10.1007/s12565-014-0270-x 1005 

Vasudeva, N., & Kumar, R. (1995). Absence of foramen transversarium in the human atlas 1006 
vertebra: a case report. Acta Anatomica, 152(3), 230–233. 1007 



https://doi.org/10.1159/000147702 1008 

Viciano, J., Alemán, I., D’Anastasio, R., Capasso, L., & Botella, M. C. (2011). Odontometric 1009 
sex discrimination in the Herculaneum sample (79 AD, Naples, Italy), with application 1010 
to juveniles. American Journal of Physical Anthropology, 145(1), 97–106. 1011 
https://doi.org/10.1002/ajpa.21471 1012 

Viciano, J., & D’Anastasio, R. (2018). Hemifacial microsomia (oculo-auriculo-vertebral 1013 
spectrum) in an individual from the Teramo Sant’Anna archaeological site (7th–12th 1014 
centuries of the Common Era, Italy). Archives of Oral Biology, 91, 23–34. 1015 
https://doi.org/10.1016/j.archoralbio.2018.04.004 1016 

Viciano, J., D’Anastasio, R., & Capasso, L. (2015). Timing of maxillofacial-oral injuries in an 1017 
individual of the ancient city of Herculaneum (79 AD, Naples, Italy): a case report. 1018 
Dental Traumatology, 31(3), 215–227. https://doi.org/10.1111/edt.12170 1019 

Viciano, J., De Luca, S., López-Lázaro, S., Botella, D., & Diéguez-Ramírez, J. P. (2015). A 1020 

probable case of gigantism/acromegaly in skeletal remains from the Jewish necropolis of 1021 
“Ronda Sur” (Lucena, Córdoba, Spain; VIII-XII centuries CE). Anthropologischer 1022 
Anzeiger, 72(1), 67–87. https://doi.org/10.1127/anthranz/2014/0428 1023 

Viciano, J., López-Lázaro, S., Cesana, D. T., D’Anastasio, R., & Capasso, L. (2012). Multiple 1024 
traumatic dental injuries: a case report in a young individual from the Samnitic 1025 

necropolis of Opi Val Fondillo (VI–V century BC; Central Italy). Journal of 1026 
Archaeological Science, 39(2), 566–572. https://doi.org/10.1016/j.jas.2011.10.030 1027 

Viciano, J., López-Lázaro, S., Pérez-Fernández, Á., Amores-Ampuero, A., D’Anastasio, R., 1028 

& Jiménez-Triguero, J. M. (2017). Scheuermann’s disease in a juvenile male from the 1029 
late Roman necropolis of Torrenueva (3rd–4th century CE, Granada, Spain). 1030 

International Journal of Paleopathology, 18, 26–37. 1031 
https://doi.org/10.1016/j.ijpp.2017.04.003 1032 

Viciano, J., Urbani, V., & D’Anastasio, R. (2017). Congenital anatomical variant of the 1033 

clavicle. Anatomical Record, 300, 1401–1408. https://doi.org/10.1002/ar.23596 1034 

Vikani, S., Patel, S., Suthar, K., & Maheria, P. (2016). Morphological study of accessory 1035 

foramen transversarium in dry cervical vertebra and its clinical importance. International 1036 
Journal of Anatomy and Research, 4(3), 2847–2849. 1037 
https://doi.org/10.16965/ijar.2016.353 1038 

Wackenheim, A., & Babin, E. (1969). Extratransversal course of the vertebral artery, a little 1039 

known anomaly capable of interfering with various tests of cervical compression. La 1040 
Presse Medicale, 77(35), 1213–1214. 1041 

Waldron, T., & Antoine, D. (2002). Tortuosity or aneurysm? The palaeopathology of some 1042 
abnormalities of the vertebral artery. International Journal of Osteoarchaeology, 12(2), 1043 
79–88. https://doi.org/10.1002/oa.586 1044 

White, T. D., & Folkens, P. A. (2005). The human bone manual. London: Academic Press. 1045 
https://doi.org/10.1016/C2009-0-00102-0 1046 

Wysocki, J., Bubrowski, M., Reymond, J., & Kwiatkowski, J. (2003). Anatomical variants of 1047 
the cervical vertebrae and the first thoracic vertebra in man. Folia Morphologica, 62(4), 1048 
357–363. 1049 

Yadav, Y., Goswami, P., & Bharihoke, V. (2014). An osteological study of foramen 1050 



trasversarium: variations and clinical aspects. Journal of Evolution of Medical and 1051 

Dental Sciences, 3(68), 14562–14566. https://doi.org/10.14260/jemds/2014/3956 1052 

Yang, P. J., Latack, J. T., Gabrielsen, T. O., Knake, J. E., Gebarski, S. S., & Chandler, W. F. 1053 
(1985). Rotational vertebral artery occlusion at C1-C2. American Journal of 1054 
Neuroradiology, 6(1), 98–100. https://doi.org/10.1161/strokeaha.113.001219 1055 

Zhao, L., Xu, R., Hu, T., Ma, W., Xia, H., & Wang, G. (2008). Quantitative evaluation of the 1056 
location of the vertebral artery in relation to the transverse foramen in the lower cervical 1057 
spine. Spine, 33(4), 373–378. https://doi.org/10.1097/BRS.0b013e318163f349 1058 

Zibis, A. H., Mitrousias, V., Baxevanidou, K., Hantes, M., Karachalios, T., & Arvanitis, D. 1059 
(2016). Anatomical variations of the foramen transversarium in cervical vertebrae: 1060 
findings, review of the literature, and clinical significance during cervical spine surgery. 1061 
European Spine Journal, 25(12), 4132–4139. https://doi.org/10.1007/s00586-016-4738-3 1062 

Zibis, A., Mitrousias, V., Galanakis, N., Chalampalaki, N., Arvanitis, D., & Karantanas, A. 1063 

(2018). Variations of transverse foramina in cervical vertebrae: what happens to the 1064 
vertebral artery? European Spine Journal, 27(6), 1278–1285. 1065 
https://doi.org/10.1007/s00586-018-5523-2 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

 1086 



 1087 

Figure 1. Distribution of the mean anteroposterior (A) and mediolateral (B) diameters of the 1088 
normal foramen transversarium for each vertebra level. Data are means plus 95% confidence 1089 
intervals. 1090 



 1091 

Figure 2. Distribution of the mean coefficient of roundness of the normal foramen 1092 

transversarium for each vertebra level. Data are means plus 95% confidence intervals. Dashed 1093 
lines, limits between mesomorph/ brachymorph (upper dashed lines; coefficient of roundness 1094 
= 85) and mesomorph/ dolichomorph (lower dashed lines; coefficient of roundness = 75). 1095 
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 1108 

Figure 3. Distribution of the mean anteroposterior (A) and mediolateral (B) diameters of the 1109 
primary and accessory foramen transversaria of the complete double foramen transversaria for 1110 
each vertebra level. Data are means plus 95% confidence intervals. 1111 



 1112 

Figure 4. Distribution of the mean coefficient of roundness of the complete double foramen 1113 

transversarium for each vertebra level. Data are means plus 95% confidence intervals. Dashed 1114 
lines, limits between mesomorph/ brachymorph (upper dashed lines; coefficient of roundness 1115 
= 85) and mesomorph/ dolichomorph (lower dashed lines; coefficient of roundness = 75). 1116 
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 1129 

Figure 5. (A) Scheme of the anterior view of the cervical spine. The vertebral arteries stem 1130 

from the subclavian artery and later join to form the basilar artery. These are divided into four 1131 
segments: V1, from the origin on the subclavian artery to the foramen transversarium of C6; 1132 
V2, from the foramen transversarium of C6 to the foramen transversarium of C2; V3, from the 1133 

foramen transversarium of C2 to the foramen magnum; and V4, from the foramen magnum to 1134 
the vertebrobasilar junction. (B) Superior view of a typical cervical vertebra with the vertebral 1135 

artery and veins passing through the foramen transversarium. 1136 
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Table 1. Distribution of the sample of cervical vertebrae according to sex and age. 1148 

 Males  Females   

 Age range (years)   Age range (years)    

Cervical level 21–40 41–60 Subtotal  21–40 41–60 Subtotal  Total 

C1 29 14 43  18 9 27  70 

C2 30 15 45  20 11 31  76 

C3 27 14 41  17 10 27  68 

C4 28 16 44  18 10 28  72 

C5 26 12 38  13 10 23  61 

C6 25 10 35  13 9 22  57 

C7 18 8 26  10 6 16  42 

Total 183 89 272  109 65 174  446 
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Table 2. Prevalence of the anatomical variants in the foramen transversarium for the cervical vertebrae. 1161 

Cervical level 

Normal 

vertebrae 

[n (%)] 

Anatomical variant of the foramen transversarium [n (%)]  

Total 

[n /%)] 

Absence  Hypoplastic  Complete double  Incomplete double  Multiple Complete + incomplete 

double Unilateral Bilateral  Unilateral Bilateral  Unilateral Bilateral  Unilateral Bilateral  Unilateral Bilateral 

C1 61 (13.68) 1 (0.22) 0 (0)  0 (0) 0 (0)  2 (0.45) 5 (1.12)  1 (0.22) 0 (0)  0 (0) 0 (0) 0 (0) 70 (100) 

C2 75 (16.82) 0 (0) 0 (0)  0 (0) 0 (0)  1 (0.22) 0 (0)  0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 76 (100) 

C3 67 (15.02) 0 (0) 0 (0)  0 (0) 0 (0)  1 (0.22) 0 (0)  0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 68 (100) 

C4 63 (14.13) 0 (0) 0 (0)  0 (0) 0 (0)  5 (1.12) 1 (0.22)  3 (0.67) 0 (0)  0 (0) 0 (0) 0 (0) 72 (100) 

C5 37 (8.30) 0 (0) 0 (0)  0 (0) 0 (0)  5 (1.12) 5 (1.12)  7 (1.57) 2 (0.45)  0 (0) 0 (0) 5 (1.12) 61 (100) 

C6 17 (3.81) 0 (0) 0 (0)  0 (0) 0 (0)  14 (3.14) 7 (1.57)  10 (2.24) 4 (0.90)  0 (0) 0 (0) 5 (1.12) 57 (100) 

C7 33 (7.40) 0 (0) 0 (0)  0 (0) 0 (0)  3 (0.67) 0 (0)  4 (0.90) 1 (0.22)  0 (0) 0 (0) 1 (0.22) 42 (100) 

Total 353 (79.15) 1 (0.22) 0 (0)  0 (0) 0 (0)  31 (6.95) 18 (4.04)  25 (5.61) 7 (1.57)  0 (0) 0 (0) 11 (2.47) 446 (100) 
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Table 3. Repeated measurements comparisons of the differences in the anteroposterior and mediolateral diameters of the foramina transversaria 1175 

measured by the same observer (i.e., intra-observer error analysis). 1176 

Cervical level Diameter measure n Measurement #1 (mm)  Measurement #2 (mm) Diff (mm) ICC Strength of agreement 

C1 Anteroposterior 23 6.34 ±0.78  6.50 ±0.74 –0.16 0.835 Good 

 Mediolateral 25 7.44 ±1.37  7.50 ±1.33 –0.06 0.986 Excellent 

C2 Anteroposterior 32 5.62 ±0.72  5.77 ±0.72 –0.15 0.886 Good 

 Mediolateral 30 6.91 ±0.90  7.03 ±0.83 –0.12 0.984 Excellent 

C3 Anteroposterior 28 5.29 ±0.64  5.40 ±0.66 –0.11 0.944 Excellent 

 Mediolateral 27 6.61 ±0.66  6.67 ±0.62 –0.06 0.979 Excellent 

C4 Anteroposterior 28 4.86 ±1.20  5.02 ±1.21 –0.16 0.984 Excellent 

 Mediolateral 26 5.97 ±1.45  6.01 ±1.39 –0.04 0.998 Excellent 

C5 Anteroposterior 31 4.52 ±1.79  4.53 ±1.80 –0.01 0.942 Excellent 

 Mediolateral 34 5.57 ±1.74  5.66 ±1.75 –0.09 0.920 Excellent 

C6 Anteroposterior 22 4.11 ±2.08  4.16 ±2.16 –0.05 0.921 Excellent 

 Mediolateral 25 5.21 ±2.32  5.28 ±2.36 –0.07 0.945 Excellent 

C7 Anteroposterior 10 2.96 ±1.35  3.04 ±1.32 –0.08 0.998 Excellent 

 Mediolateral 17 4.85 ±1.70  4.99 ±1.74 –0.14 0.998 Excellent 

Data are means ±standard deviation (where relevant). 1177 

n, number of foramina transversaria; Diff, mean difference between repeated measurements, ICC, intraclass correlation coefficient. 1178 
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Table 4. Descriptive statistics of the foramen transversarium and coefficient of roundness for all cervical vertebrae according to laterality for 1187 

male individuals. For the normal foramen transversarium, data from the primary foramen are given. For the complete double foramen 1188 

transversarium, data from both the primary and accessory foramen are given. 1189 

  Normal foramen transversarium  Complete double foramen transversarium 

  Primary  Primary  Accessory 

  Right  Left  Right  Left  Right  Left 

Cervical level Diameter measure n Measure  n Measure  n Measure  n Measure  n Measure  n Measure 

C1 Anteroposterior (mm) 31 6.15 ±0.81  34 6.30 ±0.72  4 6.50 ±1.05  3 6.04 ±0.23  4 1.43 ±0.56  3 1.58 ±1.04 

 Mediolateral (mm) 31 7.84 ±0.84  34 7.68 ±0.82  4 7.59 ±1.14  3 6.67 ±0.50  4 2.73 ±1.08  3 3.42 ±2.24 

 Roundness coefficient 31 78.67 ±8.94  34 82.51 ±10.04  4 85.97 ±8.01  3 90.84 ±5.45  4 53.95 ±9.48  3 46.68 ±27.66 

C2 Anteroposterior (mm) 41 5.58 ±0.80  44 5.79 ±0.57  0 —  0 —  0 —  0 — 
 Mediolateral (mm) 41 7.03 ±0.81  43 7.34 ±0.85  0 —  0 —  0 —  0 — 
 Roundness coefficient 41 79.36 ±6.91  43 79.29 ±8.34  0 —  0 —  0 —  0 — 
C3 Anteroposterior (mm) 32 5.21 ±0.55  36 5.31 ±0.53  0 —  0 —  0 —  0 — 
 Mediolateral (mm) 32 6.66 ±0.75  36 6.83 ±0.71  0 —  0 —  0 —  0 — 
 Roundness coefficient 32 78.60 ±6.25  36 78.57 ±7.47  0 —  0 —  0 —  0 — 
C4 Anteroposterior (mm) 31 5.05 ±0.87  36 5.44 ±0.57  2 5.28 ±0.33  0 —  2 1.01 ±0.24  0 — 
 Mediolateral (mm) 31 6.35 ±0.96  35 6.78 ±0.70  2 6.77 ±0.93  0 —  2 1.92 ±0.35  0 — 
 Roundness coefficient 31 79.99 ±11.22  35 80.50 ±9.23  2 78.41 ±6.01  0 —  2 52.34 ±2.88  0 — 
C5 Anteroposterior (mm) 19 5.63 ±0.58  15 5.82 ±0.30  5 5.08 ±0.84  7 4.92 ±0.64  5 1.30 ±0.56  7 1.41 ±0.58 

 Mediolateral (mm) 18 6.49 ±0.52  15 6.90 ±0.68  5 6.26 ±0.95  7 6.13 ±0.87  5 1.96 ±0.48  7 2.33 ±0.84 

 Roundness coefficient 18 85.97 ±6.37  15 84.98 ±7.60  5 81.22 ±5.47  7 80.71 ±6.96  5 64.46 ±13.73  7 60.44 ±10.33 

C6 Anteroposterior (mm) 10 5.67 ±1.10  13 5.75 ±1.06  10 5.52 ±0.77  9 5.65 ±0.60  10 1.57 ±0.49  9 1.59 ±0.55 

 Mediolateral (mm) 11 6.33 ±1.43  13 6.90 ±1.48  10 6.75 ±1.09  9 6.94 ±0.84  10 2.38 ±0.55  9 2.49 ±1.02 

 Roundness coefficient 10 85.06 ±6.98  13 84.15 ±9.70  10 82.27 ±6.99  9 81.66 ±5.45  10 65.35 ±9.49  9 67.63 ±19.46 

C7 Anteroposterior (mm) 20 3.36 ±1.02  10 3.52 ±0.88  2 2.92 ±0.72  0 —  1 2.07  1 1.58 

 Mediolateral (mm) 20 4.74 ±1.74  10 5.54 ±2.64  2 4.15 ±1.11  0 —  1 3.65  1 2.45 

 Roundness coefficient 20 71.88 ±12.19  10 68.57 ±13.03  2 70.65 ±1.52  0 —  1 56.71  1 64.49 

Data are means ±standard deviation (where relevant). 1190 

n, number of foramina transversaria; —, data no available. 1191 
 1192 

 1193 



Table 5. Descriptive statistics of the foramen transversarium and coefficient of roundness for all cervical vertebrae according to laterality for 1194 

female individuals. For the normal foramen transversarium, data from the primary foramen are given. For the complete double foramen 1195 

transversarium, data from both the primary and accessory foramen are given. 1196 

  Normal foramen transversarium  Complete double foramen transversarium 

  Primary  Primary  Accessory 

  Right  Left  Right  Left  Right  Left 

Cervical level Diameter measure n Measure  n Measure  n Measure  n Measure  n Measure  n Measure 

C1 Anteroposterior (mm) 14 5.78 ±0.65  22 5.95 ±0.76  3 6.30 ±0.80  1 6.29  1 0.89  0 — 

 Mediolateral (mm) 14 7.27 ±0.50  22 7.26 ±0.74  3 7.50 ±0.27  2 7.53 ±0.35  1 1.52  1 2.27 

 Roundness coefficient 14 80.76 ±7.85  22 82.16 ±8.38  3 84.33 ±13.84  1 80.95  1 58.55  0 — 

C2 Anteroposterior (mm) 27 5.55. ±0.76  26 5.63 ±0.66  0 —  1 5.18  0 —  1 1.84 

 Mediolateral (mm) 27 6.83 ±0.89  26 7.12 ±1.19  0 —  1 6.16  0 —  1 2.92 

 Roundness coefficient 27 81.44 ±7.01  26 80.04 ±8.47  0 —  1 84.09  0 —  1 63.01 

C3 Anteroposterior (mm) 23 4.90 ±0.61  23 5.22 ±0.60  1 3.71  0 —  1 1.66  0 — 
 Mediolateral (mm) 23 6.22 ±0.67  23 6.60 ±0.68  1 5.26  0 —  1 2.83  0 — 
 Roundness coefficient 23 78.92 ±8.15  23 79.41 ±7.17  1 70.53  0 —  1 58.64  0 — 
C4 Anteroposterior (mm) 18 5.08 ±0.66  21 5.37 ±0.63  3 4.04 ±0.37  2 4.94 ±0. 43  3 1.10 ±0.42  2 0.99 ±0.14 

 Mediolateral (mm) 18 6.16 ±0.53  21 6.45 ±0.71  3 5.43 ±0.80  2 6.15 ±0.55  3 2.05 ±0.42  2 2.06 ±0.43 

 Roundness coefficient 18 82.34 ±7.25  21 83.61 ±8.31  3 74.95 ±7.25  2 80.25 ±0.18  3 52.90 ±13.54  2 48.52 ±3.30 

C5 Anteroposterior (mm) 11 5.30 ±0.62  10 5.71 ±0.65  2 4.93 ±1.03  5 4.92 ±0.34  1 1.55  4 1.07 ±0.33 

 Mediolateral (mm) 11 5.86 ±0.62  9 6.56 ±0.62  2 5.84 ±1.07  5 5.95 ±0.15  1 2.50  4 1.88 ±0.62 

 Roundness coefficient 11 90.39 ±5.33  9 86.10 ±7.18  2 84.22 ±2.18  5 82.65 ±4.73  1 62.00  4 57.30 ±7.71 

C6 Anteroposterior (mm) 5 5.18 ±1.93  7 5.89 ±0.61  6 5.15 ±0.55  9 5.32 ±0.60  6 1.21 ±0.45  8 1.15 ±0.35 

 Mediolateral (mm) 4 5.45 ±2.42  7 7.04 ±0.81  6 6.18 ±0.84  8 6.64 ±1.01  6 1.80 ±0.48  8 1.84 ±0.64 

 Roundness coefficient 4 92.06 ±7.38  7 83.89 ±5.09  6 83.98 ±8.16  8 80.92 ±8.75  6 66.09 ±9.80  8 64.24 ±9.66 

C7 Anteroposterior (mm) 11 3.33 ±1.10  9 3.57 ±1.20  1 2.42  0 —  1 1.66  0 — 
 Mediolateral (mm) 11 5.19 ±1.75  10 5.19 ±1.57  1 2.95  0 —  1 2.17  0 — 
 Roundness coefficient 11 65.24 ±10.38  9 70.50 ±11.64  1 82.03  0 —  1 76.50  0 — 

Data are means ±standard deviation (where relevant). 1197 

n, number of foramina transversaria; —, data no available. 1198 
 1199 

 1200 



Table 6. MANOVA results for the effects of sex and laterality, and the interaction between sex and laterality, for the normal foramen 1201 

transversarium for all cervical levels. 1202 

  Sex  Laterality  Sex × Laterality 

Cervical level Diameter measure  F-value p > F  F-value p > F  F-value p > F 

C1 Anteroposterior 3.858 0.052  0.550 0.460  0.043 0.835 

 Mediolateral 8.991 0.003  0.257 0.614  0.198 0.658 

 Roundness coefficient 0.207 0.650  1.870 0.175  0.406 0.526 

C2 Anteroposterior 0.539 0.464  1.384 0.242  0.240 0.625 

 Mediolateral 1.751 0.188  3.514 0.063  0.008 0.930 

 Roundness coefficient 1.093 0.298  0.297 0.587  0.240 0.625 

C3 Anteroposterior 3.307 0.072  3.771 0.055  1.042 0.310 

 Mediolateral 5.349 0.023  3.485 0.065  0.793 0.375 

 Roundness coefficient 0.174 0.677  0.028 0.868  0.034 0.853 

C4 Anteroposterior 0.005 0.943  5.537 0.021  0.086 0.771 

 Mediolateral 2.750 0.100  5.497 0.021  0.207 0.650 

 Roundness coefficient 2.049 0.155  0.218 0.641  0.040 0.842 

C5 Anteroposterior 2.356 0.131  3.543 0.066  0.148 0.702 

 Mediolateral 7.926 0.007  9.750 0.003  0.815 0.371 

 Roundness coefficient 2.113 0.152  1.925 0.172  0.751 0.390 

C6 Anteroposterior 0.412 0.526  1.308 0.262  0.959 0.335 

 Mediolateral 1.002 0.325  3.128 0.087  1.633 0.211 

 Roundness coefficient 1.269 0.269  2.306 0.139  1.475 0.234 

C7 Anteroposterior 0.001 0.970  0.401 0.530  0.018 0.895 

 Mediolateral 0.002 0.967  0.331 0.568  0.692 0.410 

 Roundness coefficient 0.445 0.508  0.076 0.785  1.472 0.231 

F, F-statistic; p, p-value (values statistically significant at p ≤ 0.05 are in bold). 1203 
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Table 7. Comparisons of differences for anteroposterior and mediolateral diameters and coefficient of roundness between the primary foramen 1208 

transversarium of vertebrae with a normal anatomy and with complete double foramen transversarium, with sexes and sides pooled. 1209 

  Primary foramen transversarium   

  Normal  Complete double   

Cervical level Diameter measure n Measure (mm)  n Measure (mm) U p 

C1 Anteroposterior 101 6.12 ±0.75  11 6.30 ±0.71 518.00 0.714 

 Mediolateral 101 7.58 ±0.80  12 7.32 ±0.77 488.00 0.271 

 Roundness coefficient 101 81.01 ±9.10  11 86.39 ±8.59 364.00 0.061 

C2 Anteroposterior 138 5.65 ±0.70  1 5.18 37.00 0.425 

 Mediolateral 137 7.10 ±0.93  1 6.16 18.00 0.205 

 Roundness coefficient 137 79.87 ±7.67  1 84.09 41.00 0.490 

C3 Anteroposterior 114 5.18 ±0.58  1 3.71 2.00 0.098 

 Mediolateral 116 6.61 ±0.73  1 5.26 3.00 0.103 

 Roundness coefficient 114 78.82 ±7.15  1 70.53 15.00 0.206 

C4 Anteroposterior 106 5.25 ±0.71  7 4.65 ±0.66 188.50 0.030 

 Mediolateral 105 6.48 ±0.79  7 6.02 ±0.88 251.50 0.163 

 Roundness coefficient 105 81.29 ±9.38  7 77.45 ±5.44 238.00 0.120 

C5 Anteroposterior 55 5.63 ±0.56  19 4.96 ±0.62 224.00 0.000 

 Mediolateral 54 6.49 ±0.69  19 6.09 ±0.74 357.50 0.050 

 Roundness coefficient 53 86.63 ±6.79  19 81.73 ±5.43 314.00 0.015 

C6 Anteroposterior 35 5.67 ±1.13  34 5.43 ±0.64 438.50 0.060 

 Mediolateral 35 6.58 ±1.50  33 6.67 ±0.95 570.00 0.927 

 Roundness coefficient 34 85.29 ±7.98  33 82.09 ±7.03 410.00 0.058 

C7 Anteroposterior 51 3.40 ±1.03  3 2.75 ±0.59 44.00 0.220 

 Mediolateral 52 5.03 ±1.90  3 3.75 ±1.05 43.00 0.195 

 Roundness coefficient 51 69.78 ±11.85  3 74.44 ±6.66 60.00 0.533 

Data are means ±standard deviation (where relevant). 1210 

n, number of foramina transversaria; U, Mann-Whitney U-test; p, p-value (values statistically significant at p ≤ 0.05 are in bold). 1211 
 1212 

 1213 

 1214 



Table 8. Prevalence of the anatomical variants of the foramen transversarium for contemporary and ancient populations: a brief review of the 1215 

literature. 1216 

Period Population Reference 

Sample size 

(N = vertebrae) 

Anatomical variant of the foramen transversarium [n (%)] 

Absent Hypoplastic 

Double  Multiple 

Unilateral Bilateral  Unilateral Bilateral 

Contemporary Brazilian Moreira Moreira and Herrero (2020) 300 5 (1.66) 24 (8.00) 90 (17.00)     

 Chilean Molinet Guerra et al. (2017) 121   14 (11.57) 7 (5.79)    

 Chinese Kimura et al. (1985) ?a ?a (0)  ?a (8.40)     

 Greek Zibis et al. (2016) 102  2 (1.96) 7 (6.86) 7 (6.86)  1 (0.98)  

  Zibis et al. (2018) 350 8 (2.29) 1 (0.28) 6 (1.71)   2 (0.57)  

 Indian Akhtar et al. (2015) 174   20 (11.49) 5 (2.87)    

  Ambali and Jadhav (2017) 163   8 (4.90) 16 (9.82)    

  Chandravadiya et al. (2013) 210   8 (3.80) 2 (0.95)    

  Chaudhari et al. (2013) 133   14 (10.53) 8 (6.02)    

  Esakkiammal and Chauhan (2016) 241   21 (8.71) 16 (6.64)    

  Gujar et al. (2015) 150   27 (18.00) 14 (9.33)    

  Karthikeyan (2019) 257   17 (6.61) 5 (1.95)    

  Katikireddi and Setty (2014) 100   2 (2.00) 1 (1.00)    

  Kimura et al. (1985) ?a ?a (4.60)  ?a (15.90)     

  Kumari et al. (2015) 315   23 (7.30) 8 (2.54)    

  Malik et al. (2017) 420   37 (8.81) 21 (5.00)    

  Mehta et al. (2014) 500   49 (9.80) 17 (3.40)    

  Mishra et al. (2014) 220   10 (4.55) 21 (9.55)    

  Murlimanju et al. (2011) 363   4 (1.10) 1 (0.28)  1 (0.28) 0 (0) 

  Murugan and Verma (2014) 150 1 (0.67)  16 (10.67) 3 (2.00)    

  Nayak et al. (2016) 133   6 (4.51) 2 (1.50)    

  Patil et al. (2014) 175   6 (3.43) 4 (2.29)    

  Patra et al. (2015) 150   16 (10.67) 17 (11.33)    

  Ramachandran et al. (2014) 120 0 (0)  10 (8.33) 9 (7.50)    

  Rathnakar et al. (2013) 140   5 (3.57) 2 (1.43)  1 (0.71) 0 (0) 

  Saxena et al. (2016) 240   16 (6.67) 4 (1.67)    

  Shah et al. (2014) 210   20 (9.52) 14 (6.67)    

  Sharma et al. (2010) 200   7 (3.50) 9 (4.50)    

  Singh et al. (2019) 240   38 (15.83) 25 (10.42)    

  Sumalatha and Manasa (2018) 148 7 (4.73)  8 (5.41) 9 (6.08)    

  Taitz et al. (1978) 246 4 (1.63) 8 (3.25) 34 (13.80)   1b (0.14) 0 (0) 

  Vikani et al. (2016) 150   11 (7.33) 5 (3.33)    

  Yadav et al. (2014) 120  1 (0.83) 3 (2.50) 5 (4.17)    

 Japanese Kimura et al. (1985) ?a ?a (1.30)  ?a (11.10)     

 South African Sheik Abdul et al. (2018) 126   32 (25.40) 28 (22.22)  1 (0.79) 0 (0) 

 Spanish Aparicio-Bellver et al. (1998) 665   42 (6.32) 67 (10.08)    



  Quiles-Guiñau (2016) 1541   118 (7.66) 55 (3.57)    

  Sanchis-Gimeno et al. (2005) 560   52 (9.29) 32 (5.71)    

 Turkish Aydinlioğlu et al. (2001) 222   22 (9.91) 25 (11.26)    

  Metin Tellioglu et al. (2018) 987 37 (3.75) 26 (2.63) 88 (8.92) 18 (1.82)    

Ancient American Indian Lacy and Trinkaus (2013) 388 8 (2.06)  80 (20.61) 56 (14.43)    

 Byzantine Kaya et al. (2011) 22  1 (4.5) 2 (9.09) 3 (13.63)    

 Christian–Byzantine Nagar et al. (1999) 709 0 (0) 1 (0.14) 61 (8.6)   0 (0) 1c (0.14) 

 Mexican Jaén et al. (1975) 2111 18 (0.86)  146 (6.91) 116 (5.49)    

 Polish Kwiatkowska et al. (2014) 494   288d   1 (0.20)  

  Wysocki et al. (2003) 601 1 (0.16)  167d   1 (0.17) 0(0) 

 Russian Lacy and Trinkaus (2013) 14   3 (21.43) 2 (14.29)    

 Spanish Quiles-Guiñau et al. (2017) 616   54 (8.77) 42 (6.82)    

 Italian (Roman) This study 446 1 (0.22) 0 (0) 56 (12.56) 36 (8.07)  0 (0) 0 (0) 

?a Number of vertebrae not specified. 1217 
b In an unknown number of vertebrae from Israel. 1218 
c Three foramina on the right side, and four foramina on the left. 1219 
d Foramina, not vertebrae. 1220 

 1221 

 1222 

 1223 

 1224 

 1225 

 1226 

 1227 

 1228 

 1229 

 1230 

 1231 



Table 9. Measurements of the normal foramen transversarium in cervical vertebrae for contemporary and ancient populations: a brief review of 1232 

the literature. Mean values are for both sexes and/or sides. 1233 

   Diameter according to cervical level (mm) 

   C1 C2 C3 C4 C5 C6 C7 

Period Population Reference ØA-P ØM-L ØA-P ØM-L ØA-P ØM-L ØA-P ØM-L ØA-P ØM-L ØA-P ØM-L ØA-P ØM-L 

Contemporary Belgian Cagnie et al. (2005)a,b     5.30 6.40 5.56 6.62 5.92 7.11 5.73 7.29 4.31 6.26 

 Brazilian Moreira Moreira and Herrero (2020)     5.15 6.28 5.14 6.11 5.35 5.94 5.47 5.87 4.13 4.64 

 Canadian Jovanovic (1990)           5.88 5.52 3.74 3.81 

 Chilean Molinet Guerra et al. (2017)a,b 5.25 6.82 4.66 7.47 4.60 5.36 Minimum = 4.79; Maximum = 5.70; C3 to C6 

 Chinese Zhao et al. (2008)     5.60 5.70 5.80 5.80 5.80 6.30 6.10 6.70 4.70 5.00 

 Greek Zibis et al. (2016) ØA-P = 6.12; ØM-L = 6.20; C1 to C7 

  Zibis et al. (2018) 6.80 5.83 6.26 6.24 4.68 5.49 4.87 5.41 5.36 5.45 6.17 5.85 5.25 4.90 

 Indian Taitz et al. (1978)c 7.24 5.64 7.13 5.49 6.51 5.02 6.40 5.13 6.28 5.36 6.35 5.28 6.31 4.48 

 Japanese Kimura et al. (1985) 6.77 5.85 5.84 6.44 5.08 6.14 5.11 6.18 5.39 6.03 5.86 6.17 3.94 4.44 

 North American Sangari et al. (2015) ØA-P = 5.15; ØM-L = 5.78; C3 to C6 

 South African Sheik Abdul et al. (2018) 5.47 4.83 5.27 5.42 ØA-P = 4.47; ØM-L = 5.23; C3 to C6 2.24 2.50 

 Spanish Quiles-Guiñau (2016) 6.90 5.70 6.30 5.85 4.80 6.30 4.80 6.20 5.10 6.20 5.40 6.30 4.90 3.20 

 Turkish Imre and Kocabiyik (2016) ØA-P = 5.60; ØM-L = 6.55; C1 to C7 

  Metin Tellioglu et al. (2018) 6.72 6.59 5.48 6.83 4.72 5.90 4.66 5.63 4.98 5.45 5.23 5.43 3.87 3.59 

  Polat et al. (2019) ØA-P = 4.26; ØM-L = 4.87; C3 to C7 

Ancient Italian Travan et al. (2015)  5.55  4.15  4.45  4.65  4.85  5.05  3.55 

 Polish Kwiatkowska et al. (2014) 6.75 5.65 6.75 5.80 ØA-P = 4.50; ØM-L = 5.45; C3 to C6 3.55 4.55 

 Spanish Quiles-Guiñau et al. (2017)       5.30 6.40 5.20 5.75 5.50 6.20 4.85 4.45 

 Italian (Roman) This study 6.12 7.58 5.65 7.10 5.18 6.61 5.25 6.48 5.63 6.49 5.67 6.58 3.42 5.08 

ØA-P, anteroposterior diameter of foramen transversarium; ØM-L, mediolateral diameter of foramen transversarium. 1234 
a Anteroposterior diameter equivalent to minimum diameter. 1235 
b Mediolateral diameter equivalent to maximum diameter. 1236 
c In cases with double foramen transversaria, the diameter of the larger was used, together with the normal foramen transversarium. 1237 

 1238 
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