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ABSTRACT
Introduction: Estimation of dimensions of the craniovertebral junction is important in the planning of neurosurgical procedures of the posterior cranial fossa. This study aimed at determining the association between the occipital condyles (OC) and foramen magnum (FM) dimensions with the biparietal diameter (BPD) in adult Nigerians.  
Materials and Methods: Brain computed tomography images of 336 adults were retrospectively analyzed in the Radiology department of a Teaching Hospital after obtaining ethical approval. The BPD, OC and FM dimensions were measured and the data analyzed using Statistical Package for Social Sciences version 23 then summarized in means and standard deviations. Pearson’s correlation test was used to establish an association between the measurements and this was considered significant at p <0.05. 
Results: Significant gender differences were observed in the OC and FM measurements. There was also significant correlation between FM and OC widths; FM width and BPD, intercondylar and bicondylar distances; BPD and the intercondylar and bicondylar distances; and lastly the FM length and distance from the anterior tips of the OC to the opisthion (p<0.05).
Conclusion: The significant gender differences in the OC and FM measurements should be considered during the planning of CVJ surgeries. Although significant, the correlations between the OC, FM and BPD dimensions were weak hence the need for preoperative radiologic measurement of these variables by surgeons in the studied population to avoid complications.
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INTRODUCTION
The occipital condyles (OCs) are bean shaped structures bordering the foramen magnum (FM) bilaterally and articulate with the first cervical vertebrae (atlas) at the atlanto-occipital joint (AOJ). 1,2 They are a constituent of the cranio-verterbral junction (CVJ) and permit flexion and extension. 3 The FM is an aperture located at the center of the skull base which is formed by the fusion of four parts of the occipital bone including the pars squama, left and right pars lateralis and pars basilaris. 4 The anterior and lateral parts of the FM form from three synchondroses, namely; basioccipital, exoccipital and their interoccipital synchondroses. The posterior part develops from supraoccipital, exoccipital and the corresponding interoccipital synchondroses. From the exoccipitalis portion, the two OC are formed. 5 The complete fusion of these parts occurs after the development of the central nervous system which is experienced between 5 and 7 years of age. 6 The sagittal growth of the FM is 5.4% greater than the horizontal growth from the 7th month in-utero to birth. Subsequently, from birth to six months, the transverse growth is more than the anteroposterior growth by 7.6%. Thereafter, maximum diameters are attained by the age of 10 years. 5
The calvarium or cranial vault consists of flat bones, namely; frontal, parietal, squamous temporal and occipital bones. 7According to Jin et al.,7 the prenatal development of the cranial vault consists of three phases namely; the embryonic phase characterized by the condensation of the mesenchyme from the paraxial mesoderm, the fetal phase where intramembranous ossification of the skull and the formation of cranial sutures occur and lastly, bone remodeling phase. These authors also expound that postnatally, the cranial vault grows following the proliferation of the connective tissue in the sutures and the simultaneous growth of the skull base 
The CVJ has a sensitive location which poses a great challenge during surgery. Its anatomy is very important owing to the recent advent of minimally invasive neurosurgical procedures. 3 The vital structures associated with the CVJ include the medulla oblongata, spinal cord, upper spinal nerve, vertebral arteries, meningeal branch of ascending pharyngeal artery and the last four cranial nerves (IX-XII). 8 These structures are prone to inadvertent injury during surgery leading to serious complications such as haemorrhage, AOJ instability and hypoglossal nerve injury. 3,9
The dimensions of the OC and FM show population, racial and gender differences. 10-12 The knowledge of these dimensions is important to radiologists and neurosurgeons in the planning of the surgical management of the posterior cranial fossa lesions located ventral to the brainstem and at the cervico-medullary junction. 11,13,14 These metric parameters aid in determining the most suitable neurosurgical technique/approach and the extent of condylar drilling. 2 The dimensions of the FM are important in clinical conditions such as meningiomas, hydrocephalus, bulbar tumours, herniation of the brain and achondroplasia. 15-18 The lateral approach in CVJ surgery requires the resection of the OC.1 The transcondylar approach (TCA) involves additional condylar drilling to increase the surface area for safe access to the middle and posterior cranial base structures such as CVJ, FM and brainstem.11 According to Singh et al., 19 the FM is used as a landmark for safe OC resection.  
The estimation of the OC dimensions from FM parameters and vice versa or their approximation from the biparietal diameter (BPD) may guide the surgeon during preoperative planning and help predict any surgical challenges. To the best of our knowledge, there is dearth of data regarding the correlation between these metric parameters in Delta State Nigeria. Accordingly, this study aimed at determining the correlation between the dimensions of the OC, FM and the BPD using brain computed tomography (CT) images of adult Nigerians, stored in the archives of a Teaching Hospital in Delta State. 

MATERIALS AND METHODS
We retrospectively performed this cross-sectional study at the Radiology department of Delta State University Teaching Hospital, Nigeria. Approval for the study was granted by the Hospital’s Ethics and Research committee (EREC/PAN/2020/030/0371). The purposive sampling technique was adopted in this study. Brain CT images of patients who visited the Radiology unit between 1st June 2015 and 30th June 2020 for reasons such as headache, and suspected stroke or space occupying lesions were retrieved from the Picture Archiving Communications Systems (PACS) database. These images were acquired using a 64 slice CT scanner (Toshiba Aquilon, Japan) at 120kV and 300mA. The inclusion criteria comprised CT images with complete demographic data (age and gender) and both male and female patients aged 20 years and above. We excluded poor quality images with artefacts such as motion or beam artefacts, images with evidence of pathological lesions, trauma or previous surgery on the skull base and cranial vault. Therefore, CT images of 336 adult patients; 199 males and 137 females fit our inclusion criteria.
Using bone window, the FM and OC were identified on the base of skull. All the measurements were carried out on the axial images of the skull using a digital caliper provided by PACS. The metric parameters of the OC and FM were measured following the descriptions by Rai et al. 10 and Ominde and Igbigbi.12 The length of the FM was measured as the anteroposterior distance between the basion and the opisthion on midsagittal plane while the maximum transverse diameter perpendicular to the length was considered as the FM width.
The length of the OC was measured as the maximum distance between its anterior and posterior poles while its width was measured as the greatest mediolateral distance perpendicular to the length (Figs 1A, 1B)
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Figure 1 Computed Tomography images showing the measurement of; A. Anteroposterior and transverse dimensions of the foramen magnum B. The length and width of the occipital condyle 

The minimum and maximum transverse distances between the medial edges of the condylar articular margins were labelled the minimal medial intercondylar distance (Min MID) and maximum medial intercondylar distance (Max MID) correspondingly. The maximum horizontal distance between the right and left OC articular surfaces was regarded as the maximum bicondylar distance (Max-BCD) (Fig. 2).
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Figure 2 Computed Tomography image showing the measurement of; Minimum medial intercondylar distance (a), maximum medial intercondylar distance (b) and maximum bicondylar distance (c) 

The anterior and posterior tips of the OC were measured from the basion (Ant-Ba, Post-Ba) and opisthion (Ant-Opisth, Post-Opisth) of FM on axial sections (Figs. 3A and B). Biparietal diameter was measured as the maximum transverse diameter between the most projecting points on either side of the skull on axial plane (Fig. 4). 
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Figure 3 Computed Tomography images showing the distance from the anterior and posterior tips of the occipital condyle to the basion (A) and opisthion (B) 
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Figure 4 Computed Tomography image showing the measurement of the biparietal diameter

Data analysis was accomplished using Statistical Package for Social Sciences (SPSS) version 23 (IBM Corporation, Armonk, New York, USA) and summarized in means and standard deviations. Independent t test was used to probe for gender 
differences in the variables while Pearson’s correlation test was used to establish an association between the measurements of the FM, OC and BPD. A P value of <0.05 was considered statistically significant.
RESULTS
Brain CT images of 336 adult patients were sampled for use in this study. These comprised images of 199 (59.2%) males and 137 (40.8%) females who were aged between 20 years and 99 years and with an average age of 53.29±18.18 years. The mean BPD and the average dimensions of the OC and FM are shown in Table 1. Most of these metric parameters showed significant gender differences except Ant-Ba and Min-MID. Moreover, the BPD did not show a statistically significant association with gender (P 0.868) (Table 1).
Table 1. Morphometric parameters measured
[image: ]
*Significance considered at P<0.05. SD- standard deviation.

The FM width showed a significant weak negative correlation with OC width and a significant weak positive correlation with BPD, Min-MID, Max-MID and Max-BCD in the studied population (P <0.05). In males, the FM width showed a significant strong positive correlation with BPD, Min-MID, Max-MID and Max-BCD and a significant weak negative correlation with the OC width. Conversely, the FM width in females had a significant weak positive correlation with BPD. This study reports a significant weak positive correlation between BPD and the intercondylar and bicondylar distances in the study sample and in females. These correlations in the males, were strong positive and statistically significant (P <0.05). The AP diameter of the FM showed a significant weak positive correlation with the Ant-Opisth distance in the studied population and in males (P <0.05) (Tables 2-4).

Table 2 Correlation between the morphometric parameters in the studied population

[image: ]
r- Pearson’s correlation coefficient.
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Table 3 Correlation between the morphometric parameters in male[image: ]

r- Pearson’s correlation coefficient.

Table 4 Correlation between the morphometric parameters in females[image: ]
r- Pearson’s correlation coefficient

DISCUSSION
The metric parameters evaluated in this study varied from previously documented literature reports. 1-4,8-11 This study reports significantly larger OC and FM measurements in males than in females and this has been ascribed to the gender differences in genetics, hormones, robusticity of muscles, environmental factors, diet and socioeconomic activities. The sexual dimorphism should therefore be considered during the planning of CVJ and posterior cranial fossa surgeries 12,20
 We observed a significant weak negative correlation between FM width and OC width in the studied sample and in males. This implies that larger FM width is associated with smaller OC width and vice versa in our population. Developmentally, the faster transverse growth of the FM in the last trimester could explain this negative correlation whereby, the increase in FM width interferes with the transverse growth of other parts of the occipital bone such as the OC. The FM therefore invaginates into the occipital bone leading to the protrusion of the OC into it. 5 On the contrary, Abo El-Atta et al. 21 in their evaluation of 367 adult CT images in Egypt documented a significant weak positive correlation between the width of FM and the right OC width in 




males and both OC widths in females. In Iran, Bayat et al. 1 reported a positive correlation between the OC width and FM 
dimensions on 50 adult dry skulls. They also observed a positive correlation between OC width and FM circumference. According to these scholars, this relationship inferred that the size of the OC width is dependent on the lateral movement of the antlantooccipital joints and FM size. However, in Sudan, Salih et al. 22 reported no correlation between OC width and FM dimensions on CT images. According to Mahajan et al., 23 a patient with small FM and large OC requires condylar drilling by TCA for more extensive bony resection. Narrow OC are associated with atlantooccipital joint instability. 14 The knowledge of this correlation is important before TCA to the craniovertebral junction for safe OC resection.
There was a significant weak positive correlation between FM width and the intercondylar and bicondylar distances in the studied sample. In males, statistically significant strong positive correlations between these parameters were observed. These findings perhaps propose that the larger the FM width the bigger the intercondylar and bicondylar distances. Congruent with our findings, the CT analysis of the OC and FM in Sudan revealed a significant positive correlation between FM parameters (length and width) with maximum and medial intercondylar distances and bicondylar distance. 22 Furthermore, El Baranny et al. 24 evaluated CT images of 400 adult Sudanese and documented a significant positive correlation between maximum medial intercondylar distance and the FM width. Using dry skulls of Greek descent, Lyrtzis et al., 6 documented a strong positive relationship between the FM transverse diameter and the posterior intercondylar distance. Correspondingly, Abo El-Atta et al. 21 in Egypt documented a significant weak positive correlation between FM width and the maximum bicondylar distance among the adult females. According to Agarwal et al., 2 the large intercondylar distances in males are attributable to their wider FM compared to females. The positive correlations between FM width and the intercondylar distances helps the surgeons to estimate the intercondylar distances using the FM width. This will aid in the preoperative planning since wider intercondylar distance is associated with less extensive condylectomy and better accessibility of the craniovertebral junction lesions. 3,11
The weak positive association between the length of the OC and the FM dimensions was not statistically significant in our study. This contrasted with Salih et al. 22 who reported a significant weak positive correlation between the FM parameters and the OC length. A Turkish study by Naderi et al. 25 analyzed the linear dimensions of the OC on 202 adult skulls and documented a weak positive correlation between OC length bilaterally with the AP diameter of the FM and these were statistically significant. Among the Egyptians, Abo El-Atta et al. 21 documented a significant weak positive correlation between FM width and the right OC length in females. The association between the FM dimensions and the OC length helps surgeons to estimate the size of the OC length from the FM. This informs the surgeon on the extent of condylectomy since the OC length is vital in occipito-cervical stability. 9 In this study population therefore, the FM dimensions may not accurately be used to estimate the OC length.
The significant positive correlation between the FM width and 
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BPD perhaps suggests that skulls with larger BPD are associated with wider FM. Furthermore, we observed a significant positive correlation between BPD and the intercondylar and bicondylar distances possibly suggesting that the BPD increases with an increase in these distances. These findings imply that the transverse neurocranial parameters such as BPD positively correspond to the transverse dimensions of the skull base, perhaps signifying a homogenous growth between these two parts of the skull bone. The strong positive correlations observed in the males suggest that the BPD which can be externally measured, may accurately be used to approximate the deeply located skull base transverse dimensions (FM width, intercondylar and bicondylar distances) for safe surgery in males. 
The BPD in our study did not show any significant correlation with the OC length and width. Consistent with our findings, Salih et al. 22 in Sudan, also reported that the transverse and sagittal head diameters did not show any significant relationship with the OC dimensions. Based on these findings, these scholars implied that the achievement of condylectomy should not be determined by the head diameters. 22 On the contrary, Bayat et al. 1 documented a significant strong positive relationship between the circumference of the head and the OC width but not with OC length. According to Naderi et al., 25 the length of the bilateral OCs in Turkish adult skulls showed weak positive correlations with the head circumference, however, these were not statistically significant. They concluded that a surgeon cannot predetermine how challenging or easy condylectomy would be based on the size of the head. 
The AP diameter of the FM in the current study showed a significant weak positive correlation with the Ant-Opisth distance. This was significant in the studied population and only in males suggesting that this distance is larger in skulls with longer AP diameter of the FM hence providing a greater surgical corridor during approach to the craniovertebral junction.
It is evident that the correlations observed in our study varied from some previous literature reports. This study attributes these discrepancies to the differences in genetics, race, geographical and environmental factors that influence the skull development. The dissimilarities in the sample size, and methodology; CT versus direct measurement on skull bone may also contribute to these variations. The significant strong positive correlations observed in males but not in females correspond to the gender difference in the growth and remodelling of the skull which are mainly dependent on genetics and hormonal factors. [10]
Conclusion 
The significant gender differences in the OC and FM measurements should be considered during the planning of CVJ surgeries. Although significant, the correlations between the OC, FM and BPD dimensions in the studied population were weak and this emphasizes the need for their preoperative radiologic measurements to avoid complications. We suggest a future multi-centered study with a larger sample size to ascertain our findings. This will aid in safe CVJ surgeries with better outcomes in our population.









Limitation of Study
The study adopted a purposive sampling technique and used images from a single centre. Therefore, these findings may not be generalized.
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Morphometric  parameters   Mean±SD (cm)  P value  

 Males  Females  Average   

Length OC  2.443 ± 0.286  2.292 ± 0.220  2.381 ± 0.271  0.001*  

Width OC  1.380 ± 0.214  1.345 ± 0.212  1.366 ± 0.213  0.035*  

Ant - Ba  0.790 ± 0.184  0.772 ± 0.252  0.782 ± 0.214  0.299  

Post - Ba  2.916 ± 0.283  2.758 ± 0.364  2.852 ± 0. 327  0.001*  

Ant - Opisth  3.915 ± 0.429  3.806 ± 0.436  3.871 ± 0.434  0.001*  

Post - Opisth  2.672 ± 0.508  2.784 ± 0.340  2.718 ± 0.449  0.001*  

Min MID  1.347 ± 0.317   1.317 ± 0.267  1.335 ± 0.298  0.376  

Max MID  3.329 ± 0.500  3.132 ± 0.352  3.249 ± 0.455  0.001*  

Max B CD  5.087 ± 0.447  4.873 ± 0.279  5.000 ± 0.401  0.001*  

FM length  3.472±0.649cm  3.368±0.363cm  3.470±0.550cm  0.039*  

FM Width  3.087±0.714cm  3.076±0.427cm  3.080±0.561cm  0.026*  

BPD  13.669 ± 1.034  13.129 ± 1.040  13.449 ± 1.069  0.868  
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 BPD  OC  Length  OC  Width  Ant - Ba  Post - Ba  Ant - opis  Post - opis  Min  MID  Max  MID  Max - BCD  

BPD  r  1  .060  - .097  - .097  - .015  .020  .055  .106*  .007*  .120 *  

p - value   .273  .077  .077  .787  .717  .317  .042  .038  .028  

N  336  336  336  336  336  336  336  336  336  336  

FM AP        r  - .050  .017  .022  .022  - .037  .109 *  .078  - .0 01  .065  .001  

p - value  .360  .750  .683  .683  .504  .045  .153  .990  .234  .985  

N  336  336  336  336  336  336  336  336  336  336  

FM  Width  r  .310*  .013  - .020  - .020  .022  .065  .088  .289 *  .213 *  .061*  

p - value  .047  .816  .013  .713  .694  .234  .109  .000  .000  .025  

N  336  336  336  336  336  336  336  336  336  336  
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 BPD  OC  Length  OC  Width  Ant - Ba  Post - Ba  Ant - opis  Post - opis  Min  MID  Max  MID  Max - BCD  

BPD  r  1  .187  - .039  - .119  - .214  .221  .155  .548*  .612*  .551 *  

p - value   .356  .412  .145  .542  .420  .267  .036  .029  .015  

N  199  199  199  199  199  199  199  199  199  199  

FM AP     r  - .253  .189  - .093  .142  - .099  .396*  .125  - .014  .103  .037  

p - value  .412  .695  .445  .752  .415  .019  .369  .821  . 307  .549  

N  199  199  199  199  199  199  199  199  199  199  

FM Width      r  .615*  .144  - .246*  - .106  .085  .187  .061  .563 *  .544 *  .502*  

p - value  .007  .752  .014  .856  .548  .377  .218  .021  .033  .017  

 N  199  199  199  199  199  199  199  199  199  199  
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 BPD  OC  Length  OC  Width  Ant - Ba  Post - Ba  Ant - opis  Post - opis  Min  MID  Max  MID  Max - BCD  

BPD  r  1  .125  - .117  - .358  - .265  .487  .241  .412*  .214*  .335 *  

p - value   .325  .248  .125  .652  .3 21  .124  .013  .042  .005  

N  137  137  137  137  137  137  137  137  137  137  

FM AP   r  - .118  .293  - .364  .098  - .054  .205  .184  - .108  .147  .098  

p - value  .253  .689  .416  .713  .614  .060  .238  .836  .374  .769  

N  137  137  137  137  137  137  137  137  137  137  

FM  Width  r  .028*  .07 8  - .102  - .041  .042  .034  .120  .428  .324  .192  

p - value  .039  .735  .087  .689  .586  .379  .213  .277  .492  .678  

N  137  137  137  137  137  137  137  137  137  137  
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