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ABSTRACT
Sex estimation remains a fundamental aspect of forensic anthropology and medico-legal identification, particularly in situations involving incomplete skeletal remains. Cranial morphometric analysis using computerized tomography (CT) has emerged as a reliable and non-invasive approach for evaluating sexually dimorphic cranial traits. This study assessed the predictive value of selected cranial chord measurements (frontal chord, parietal chord, and occipital chord) for sex determination among individuals in Edo and Delta States, Nigeria, using computerized tomographic images. A descriptive cross-sectional design was adopted for the study. Frontal chord, parietal chord, and occipital chord measurements were extracted from CT images and analyzed using the Statistical Package for the Social Sciences (SPSS), version 27.0. Statistical analyses included descriptive statistics, independent sample t-test, and discriminant function analysis. The findings revealed sexual dimorphism across all three cranial chord parameters, with males demonstrating significantly higher mean values compared to females (p < 0.001). Discriminant function analysis demonstrated strong differentiation between male and female skulls (Wilks’ Lambda = 0.117, p < 0.001), with an overall classification accuracy of 99.4%. The study showed that frontal chord, parietal chord, and occipital chord exhibited high standardized discriminant coefficients, indicating their strong predictive capacity for sex determination. However, the study is limited by its regional sample scope and reliance on available CT scans, which may restrict the generalizability of the findings to other populations. These findings further validate the utility of CT-based cranial morphometry as an accurate and non-invasive method for sex estimation in forensic and anthropological investigations. 
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Introduction
Forensic anthropology is an important branch of anatomical science that contributes significantly to medico-legal investigations through the identification of human remains using skeletal and craniofacial characteristics. Among the various components of biological profiling, sex determination is often the first and most essential step in the identification process, as it narrows the pool of possible matches and improves the accuracy of subsequent estimations of age, ancestry, and stature. In situations involving decomposed, fragmented, or burnt human remains, cranial morphometric analysis remains one of the most reliable approaches for establishing biological sex due to the structural resilience of the skull and its marked sexually dimorphic characteristics (Abdulrazak et al., 2023).
The human skull exhibits measurable differences between males and females as a result of genetic, hormonal, and developmental influences. These differences are reflected in cranial size, shape, bone robustness, and dimensional relationships among various cranial landmarks (Enaohwo and Okoro, 2018; Enaohwo, 2018; Enaohwo et al., 2025). Sexual dimorphism in cranial structures has long been exploited in forensic anthropology for sex estimation, with studies demonstrating that specific craniometric parameters can achieve high classification accuracy when analyzed using appropriate statistical models (Beschiu et al., 2022). The reliability of these measurements has made cranial morphometry an indispensable tool in forensic identification and anthropological investigations.
Traditional craniometric studies relied primarily on direct osteometric measurements obtained from dry skull specimens using calipers and other manual instruments. While effective, these methods are limited by specimen availability, risk of damage to skeletal materials, observer-dependent errors, and inability to assess remains in medico-legal contexts where invasive handling is restricted. Advances in radiological imaging, particularly computed tomography (CT), have transformed craniometric analysis by providing highly detailed cross-sectional and three-dimensional reconstructions of cranial structures, allowing precise and reproducible measurements without physical contact with skeletal remains (Gibelli et al., 2022).
Computed tomography has become increasingly important in forensic anthropology because of its ability to generate accurate virtual skeletal models that can be manipulated, measured, and analyzed with minimal distortion. CT-based craniometry improves landmark identification by allowing visualization of anatomical reference points in multiple planes, thereby enhancing measurement precision and reducing intra- and inter-observer variability. This non-invasive technique has become a standard tool in virtual anthropology and forensic radiology, particularly for sex estimation studies involving living populations and archived clinical datasets.
Several craniometric parameters have demonstrated significant sexual dimorphism and have been widely applied in sex determination studies. Measurements of the frontal chord, parietal chord, and occipital chord are particularly relevant because they reflect developmental variations in cranial vault morphology and provide insight into sex-related differences in cranial form. These cranial chord dimensions quantify the curvature and proportional relationships of the frontal, parietal, and occipital regions of the skull, making them useful indicators in discriminant analyses for sex classification (Navega et al., 2018). 
The accuracy of craniometric sex estimation is strongly influenced by population-specific variation. Cranial morphology is shaped by genetic background, environmental influences, nutrition, and evolutionary adaptation, meaning that predictive models developed for one population may not be directly applicable to another. Numerous studies have established the need for region-specific craniometric standards to improve forensic reliability and avoid classification bias (Gibelli et al., 2022). Despite the growing use of CT-based craniometry globally, there remains limited published data on cranial morphometric parameters for sex determination in Nigerian populations.
Nigeria is characterized by considerable ethnic and biological diversity, making the development of local craniometric standards particularly important for forensic and medico-legal applications. Existing cranial studies in Nigeria have largely relied on dry skull collections or conventional anthropometric approaches, with relatively few employing computed tomography for sex estimation. This creates a significant gap in forensic reference data for the Nigerian population, especially in southern regions such as Edo and Delta States. This study therefore evaluates selected craniometric parameters for sex determination using computed tomography in a Nigerian population. 




Materials and Methods
Study Design
This study adopted a retrospective cross-sectional design.
Study Area
The study was conducted using archived head computed tomography (CT) images obtained from the Radiology Departments of Delta State University Teaching Hospital, Oghara, Delta State and Benin Medical Centre, Benin City. 
Study Population
The study population comprised adult male and female subjects aged 20-65 years whose head CT records were available in the radiological archives of the selected health institutions. Only CT images demonstrating complete cranial maturity and adequate quality for morphometric assessment were included in the study.
Sample Size and Sampling Technique
A total of 518 head CT images, consisting of 258 males and 260 females, obtained between 2018 and 2025 were purposively selected for analysis.
Data Collection Procedure
Craniometric measurements were obtained from reconstructed CT images using imaging software (3D Slicer) equipped with an inbuilt digital caliper. Images were reconstructed in the sagittal plane to identify standard cranial landmarks.
The following craniometric parameters were evaluated:
· Frontal chord: distance from the nasion to the bregma along the midline of the frontal bone. 
· Parietal chord: distance from the bregma to the lambda along the midline of the parietal bone. 
· Occipital chord: distance from the lambda to the opisthion along the midline of the occipital bone. 
These measurements were selected because of their established relevance in assessing cranial sexual dimorphism.
Inclusion and Exclusion Criteria
Inclusion criteria
· Head CT scans of adults aged 20-65 years. 
· CT scans showing complete cranial skeletal maturity. 
· Properly positioned scans with clearly visible cranial landmarks. 
Exclusion criteria
· CT scans showing cranial trauma, deformities, or pathological abnormalities. 
· Poor-quality or incomplete CT images unsuitable for measurement. 
Ethical Consideration
Ethical approval was obtained from the Research and Ethics Committee of the Faculty of Basic Medical Sciences, Delta State University, Abraka (RBC/FBMC/DELSU/25/766), the Research and Ethics Committee of Delta State University Teaching Hospital, Oghara (HREC/PAN/2025/0750) and the Research and Ethics Committee of the Benin Medical Centre, Benin-City (HREC/BMC/2025/021/0345).
Statistical Analysis
Data were analyzed using the Statistical Package for the Social Sciences (SPSS), version 27.0. Descriptive statistics were used to summarize the data. Independent samples t-test was employed to assess sex differences in the craniometric parameters, while discriminant function analysis was used to predict sex. Statistical significance was set at p < 0.05.
Results
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Figure 1: Distribution of study subject by sex
Figure 1 shows the number of subjects in the study. Out of five hundred and eighteen (518) CT images that were used in the study, 258 (49.80%) were for males while 260 (50.20%) were for females.
Table 1: Descriptive Analysis of Cranial Chord Measurements by Sex
	Variable
	Male (Mean ± SD)
	Female (Mean ± SD)

	Frontal chord (mm)
	119.67 ± 5.19
	103.23 ± 3.85

	Parietal chord (mm)
	115.01 ± 4.39
	105.01 ± 4.71

	Occipital chord (mm)
	104.74 ± 4.15
	94.80 ± 4.98



Table 1, presents the descriptive statistics of selected cranial chord measurements according to sex. The findings revealed that male subjects exhibited higher mean values than female subjects across all measured parameters, including frontal chord, parietal chord, and occipital chord. Specifically, males demonstrated a mean frontal chord of 119.67 ± 5.19 mm compared to 103.23 ± 3.85 mm in females. Similarly, the mean parietal chord was higher in males (115.01 ± 4.39 mm) than in females (105.01 ± 4.71 mm), while occipital chord measurements were also greater in males (104.74 ± 4.15 mm) compared to females (94.80 ± 4.98 mm). The observed differences suggest pronounced sexual dimorphism in cranial chord dimensions, with frontal chord showing the greatest mean difference between sexes. This indicates that these cranial parameters may serve as reliable indicators for sex determination.
Table 2: Independent Samples t-test of sex differences in selected cranial chord Measurements
	Variable
	Mean Diff (M–F)
	T(df)
	P-value
	Sig.

	Frontal chord
	16.45
	40.99(516)
	0.001
	Significant

	Parietal chord
	9.99
	24.98(516)
	0.001
	Significant

	Occipital chord
	9.93
	24.65(516)
	0.001
	Significant



Table 2 presents the independent samples t-test analysis of sex differences in selected cranial chord measurements. The results revealed significant differences between male and female subjects across all measured parameters (p < 0.05). Frontal chord demonstrated the highest mean difference between sexes (16.45 mm), with a corresponding t-value of 40.99, indicating the strongest sexual dimorphism among the variables assessed. Parietal chord and occipital chord also showed sex differences, with mean differences of 9.99 mm and 9.93 mm, and t-values of 24.98 and 24.65, respectively. These findings indicate that males possess significantly larger frontal, parietal, and occipital chord measurements than females, supporting the usefulness of these cranial parameters in sex determination.


Table 3: Discriminant function group centroids and sectioning points for selected cranial chord measurements
	Craniometric Variable
	Male Centroid
	Female Centroid
	Sectioning Point
	Interpretation

	Frontal Chord
	1.808
	-1.794
	0.007
	Values above 0.007 suggest male classification, while values below suggest female classification.

	Parietal Chord
	1.102
	-1.093
	0.005
	Values above 0.005 suggest male classification, while values below suggest female classification.

	Occipital Chord
	1.087
	-1.079
	0.004
	Values above 0.004 suggest male classification, while values below suggest female classification.


Table 3, presents the group centroids, sectioning points, and classification criteria for the selected cranial chord measurements derived from discriminant function analysis. The results revealed positive centroids for male subjects and negative centroids for female subjects across all variables, indicating clear separation between the sexes and demonstrating the discriminatory potential of the measured cranial chord parameters.
The sectioning points for all variables were close to zero, providing a practical threshold for sex classification, such that values above the sectioning point suggest male classification, while values below indicate female classification.
Among the parameters evaluated, frontal chord exhibited the widest separation between male and female centroids (1.808 and -1.794), indicating the strongest discriminatory capacity for sex determination. Parietal chord and occipital chord also demonstrated substantial centroid separation, with male centroids of 1.102 and 1.087, and female centroids of -1.093 and -1.079, respectively. These findings suggest that while all three cranial chord measurements are effective predictors of sex, frontal chord provides the highest discriminative accuracy and may be considered the most reliable parameter for sex estimation in the studied population.










Discussion
Sex determination remains one of the most fundamental components of forensic anthropological investigation, as accurate identification of biological sex significantly narrows the scope of individual identification in medico-legal contexts. Among skeletal elements, the skull is particularly valuable due to its structural durability and the presence of measurable sexually dimorphic features. Advances in computed tomography (CT) have enhanced the precision of cranial morphometric analysis by enabling non-invasive acquisition of highly accurate cranial measurements, thereby improving forensic reliability and reproducibility (Gibelli et al., 2022).
The present study evaluated the effectiveness of selected cranial chord measurements; frontal chord, parietal chord, and occipital chord for sex determination among individuals from Edo and Delta States, Nigeria. The findings demonstrated clear sexual dimorphism across all measured parameters, with male subjects exhibiting significantly higher mean values than female subjects.
The descriptive analysis revealed that males had consistently larger frontal, parietal, and occipital chord measurements compared to females. This observation reflects the well-established biological pattern of greater cranial robustness in males, which is largely attributed to hormonal influences, particularly testosterone, during skeletal maturation. Testosterone promotes increased bone deposition, prolonged cranial growth, and greater muscular attachment development, resulting in larger cranial dimensions in males compared to females.
The findings of this study are consistent with previous investigations across different populations. Milella et al. (2021) reported significantly larger cranial vault dimensions in males among an Italian population, while Hoshioka et al. (2025) similarly documented pronounced sexual dimorphism in cranial chord measurements among Japanese adults using three-dimensional CT reconstructions. Comparable findings were also reported by Battan et al. (2023) in Northwest India, where male cranial vault dimensions were significantly greater than those of females.
Independent samples t-test further confirmed statistically significant sex differences across all three cranial chord measurements (p < 0.001). Among these, frontal chord exhibited the largest mean difference between sexes, indicating the strongest expression of sexual dimorphism. This suggests that frontal bone development may be more strongly influenced by sex-related biological factors than the parietal and occipital regions.
The significant sex differences observed in frontal chord may be explained by differential frontal bone growth and cranial vault expansion during puberty. Male cranial development is characterized by more pronounced frontal sinus expansion, supraorbital ridge prominence, and anterior vault growth, all of which contribute to increased frontal chord dimensions. Similar observations have been reported by Kikuchi et al. (2025), who identified frontal cranial dimensions as among the strongest sex-discriminating cranial parameters in an Egyptian CT-based study.
Discriminant function analysis demonstrated strong differentiation between male and female skulls, with an overall classification accuracy of 99.4%. This high predictive accuracy confirms the reliability of cranial chord measurements as effective tools for sex estimation within the studied population. This classification accuracy compares favorably with findings from similar studies. Hoshioka et al. (2025) reported a discriminant accuracy of 93.9% among Japanese adults, while Battan et al. (2023) reported 93.6% in an Indian population. Jaafar et al. (2023), in a Nigerian CT-based craniometric study, also reported high discriminative accuracy for cranial measurements. The slightly higher classification accuracy observed in the present study may reflect the strong discriminatory power of the selected cranial chord variables within the studied population.
The discriminant function group centroid analysis further demonstrated clear separation between male and female classifications for all measured variables. Positive centroid values for males and negative centroid values for females indicate robust discriminatory performance and confirm the effectiveness of the classification model.
Among the parameters assessed, frontal chord exhibited the widest separation between male and female centroids, indicating the highest discriminatory strength. This finding suggests that frontal chord is the most reliable predictor of sex among the cranial chord measurements evaluated.
The superior predictive performance of frontal chord aligns with findings from Milella et al. (2021), who emphasized the frontal region as a highly sexually dimorphic component of cranial vault morphology. Similarly, Hoshioka et al. (2025) reported that frontal cranial measurements yielded some of the highest discriminant coefficients in sex estimation models. These observations suggest that the frontal region may be particularly sensitive to sex-specific developmental influences.
Parietal chord and occipital chord also demonstrated strong discriminatory ability, although their predictive power was slightly lower than that of frontal chord. Their significant contribution nonetheless confirms that cranial vault morphology as a whole plays an important role in sex determination. However, this study is limited by its cross-sectional design and the use of CT images obtained from available hospital records, which may not fully represent the wider population of Edo and Delta States.

Conclusion
This study demonstrated that cranial chord morphometry provides a reliable and scientifically valid method for sex determination in a Nigerian population. Significant sexual dimorphism was observed in frontal chord, parietal chord, and occipital chord measurements, with males exhibiting consistently larger values than females. Discriminant function analysis revealed high classification accuracy, confirming the usefulness of these cranial parameters for forensic sex estimation. Among the variables assessed, frontal chord exhibited the strongest discriminatory power and emerged as the most reliable predictor of sex. 
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