Sex Determination Using Image Processing Reveals Elliptical Features of the Female Pelvic Inlet
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SUPPLEMENTARY INFORMATION
Case Selection
It was planned to create a sample for the study that was evenly distributed in terms of age and sex. For each age from 21, where bone development is completed, to age 70, an effort was made to find 5 male and 5 female cases with Abdomino-Pelvic CT scans. For those aged 71 and above, the plan was to find 50 male and 50 female cases with matching ages. In this way, the potential confounding factor of age was mitigated to prevent adverse effects on the results. Additionally, it was considered that including an equal and sufficient number of cases from both gender groups in the sample would contribute to obtaining reliable and generalizable results, particularly in descriptive statistics and discriminant analyses16. Thanks to the hospital's extensive computed tomography archive, it was possible to assemble this sample.  Cases with congenital or acquired pelvic bone deformities, as well as those with artifacts or similar distortions in Abdomino-Pelvic CT images, were excluded from the study. This was made possible by examining the diagnoses recorded in the hospital information management system. Additionally, pelvic inlet images were evaluated for any pathology that could lead to significant deformities, and also at this stage, some cases were excluded.
3D Reconstruction and Obtaining Pelvic Inlet Boundary Coordinates
The tomography images were transferred to the Radiant DICOM viewer environment for 3D reconstruction. The 3D bone structures of the cases were visualized using the Bones B/W 3D preset in the 3D volume rendering window. A digital knife was used to remove bone structures above the 5th lumbar vertebra from the image. Similarly, bone structures below a cut parallel to the pelvic inlet plane passing above the second sacral body and the ischial spine were also removed. This process resulted in an image where an isolated pelvic inlet could be seen from an antero-superior view. To this image, a 30 cm measuring bar was added to serve as a reference for determining the millimeter value corresponding to each pixel. The final image was saved as a JPEG for the next stage of the study (Figure-1).
In the next stage, this JPEG image was transferred to ImageJ image processing software. The boundaries of the pelvic inlet surface were delineated using the software's freehand selection feature and a graphic tablet. Subsequently, the coordinates of these surface boundaries were saved as a CSV file using the ROI properties feature. Additionally, the length of the 30 cm reference measuring bar in pixels was measured and recorded using the straight-line tool. Finally, using the reference length for each case, the original CSV coordinate values were recalculated and standardized so that each pixel corresponded to 1 mm. This process resulted in the standardized pelvic inlet coordinates for all 600 cases.
Creating an Average Male and an Average Female Pelvic Inlet Image
In this study, an approach was attempted to visualize the average appearance of male and female pelvic inlets by combining data from 300 male and 300 female cases into a single visual representation. Initially, the center of mass for the pelvic inlet shape of each case was calculated. Subsequently, the coordinates were reoriented such that this center of mass became the origin point for the coordinates. The pelvic inlet coordinates of 300 cases for each sex were then merged within two separate coordinate planes, creating a distribution of points around their centers of mass. A density map was generated based on the number of points per unit area in these coordinate planes, aiming to visualize the appearance of an average male and female pelvic inlet.  
To establish the boundaries and resolution of the grid used for creating the density map, The edges of the grid in both the x and y directions are determined using the Linspace function, which divides the range of x and y coordinates into 100 evenly spaced intervals:


The density map is generated using a 2D histogram, which counts the number of points falling into each bin of the grid defined by xEdges and yEdges. For each bin (i, j), the count cij is:

where I(⋅) is the indicator function that equals 1 if the condition is true and 0 otherwise, and n is the total number of points combined coordinates. The resulting density map shows how densely packed the points are in different regions of the 2D plane.
Both images can be seen in Figure-2. The visuals created have guided us in formulating our hypotheses.
Calculating the Optimum Ellipse that Fits the Pelvic Inlet Coordinates
[bookmark: _Hlk185077111]In this stage, procedures were conducted to test the first secondary hypothesis concerning ellipse fitting. To determine the ellipse that best fits the boundary coordinates of the pelvic inlet, the ellipse fitting method proposed by Fitzgibbon et al.17 was utilized. This method employs a direct least squares approach to find the ellipse that best fits a given set of points. Using this method, the parameters of the optimal ellipse for each case's pelvic inlet (including the center, semi-axes, orientation, and eccentricity) were calculated. Subsequently, the average distance of each data point in the standard coordinate file from the fitted optimum ellipse was computed. 
The general equation of an ellipse in Cartesian coordinates is: 

where a, b, c, d, f, and g are coefficients that define the ellipse. The coefficients are estimated by solving the system of equations obtained by substituting the data points into the ellipse equation. The matrix formulation involves creating matrices D1, D2, and solving for the coefficients using: 

The eigenvector corresponding to a positive eigenvalue is used to obtain the coefficients. The center (x0, y0) of the ellipse is given by:

The semi-major axis ap and semi-minor axis bp are calculated as:


The eccentricity e and the orientation angle ϕ of the ellipse are calculated as:

For each data point (xi, yi), the distance to the ellipse is computed by finding the minimum Euclidean distance to any point on the ellipse:

The average distance is then calculated as:


[bookmark: _Hlk185077185]This average distance value which we named Ellipse Similarity Score is expected to be lower in cases where the pelvic inlet more closely resembles an ellipse (Figure-3A).  

Finding the Largest Ellipse that can Fit Inside the Pelvic Inlet
In this stage, a genetic algorithm was employed on the coordinate files to determine the parameters of the largest possible ellipse that could be fitted within the pelvic inlet. Genetic algorithms are optimization techniques inspired by biological evolution processes. These algorithms continuously improve solutions by employing genetic operators (selection, crossover, and mutation) to find the best solution within the solution space. Genetic algorithms operate in cycles, where individuals in the initial population are selected based on their fitness, and new generations are created. In each generation, better solutions are preserved through natural selection, and new individuals are generated through crossover, which increases the likelihood of reaching the global optimum solution18. This type of optimization approach provides practicality in situations where an approximate result is sufficient, rather than an exact mathematical outcome.
To find the largest ellipse that can fit inside the pelvic inlet, we initially defined a function to determine whether a point is inside or outside the ellipse, along with a fitness function aimed at maximizing the area of the ellipse. The genetic algorithm used this fitness function to optimize the center (x, y), and the lengths of the x and y axes of the ellipse for each case, thereby maximizing its area. The algorithm was run for 100 iterations on each file, where in each iteration a new set of ellipse parameters was generated by the genetic algorithm, and the ellipse area was calculated. The parameters that yielded the largest ellipse area were recorded as the optimal solution. The resultant largest ellipse was considered as the maximum possible ellipse that could fit within the pelvic inlet. This optimization algorithm, which provides an approximation rather than an exact determination, was chosen because it is not computationally expensive and mathematical precision was not necessary for our study. 
The general equation of an ellipse in Cartesian coordinates is: 

where a, b, c, d, f, and g are coefficients that define the ellipse. The coefficients are estimated by solving the system of equations obtained by substituting the data points into the ellipse equation. The matrix formulation involves creating matrices D1, D2, and solving for the coefficients using: 

The eigenvector corresponding to a positive eigenvalue is used to obtain the coefficients. The center (x0, y0) of the ellipse is given by:

The semi-major axis ap and semi-minor axis bp are calculated as:


The eccentricity e and the orientation angle ϕ of the ellipse are calculated as:

For each data point (xi, yi), the distance to the ellipse is computed by finding the minimum Euclidean distance to any point on the ellipse:

The average distance is then calculated as:


The area of the resultant largest ellipse as a percentage of the pelvic inlet area was named the Largest Ellipse Ratio and was recorded for each case (Figure-3B).
Finding Smallest Ellipse that Encloses Pelvic Inlet
[bookmark: _Hlk185767370]A similar method to the one used for finding the largest ellipse was applied to determine the smallest ellipse enclosing the pelvic inlet. Due to the change in objective, minor calibrations were made to the genetic algorithm parameters, running the algorithm for 500 generations instead of 100. Consequently, for each case, the area of the smallest found ellipse was divided by the area of the pelvic inlet, multiplied by 100, and this value was named the Smallest Enclosing Ellipse Ratio (Figure-3C).
At first, data is centered and normalized as in the previous step. Then, a fitness function was defined to evaluate how well an ellipse fits the data points. The fitness function is designed to minimize the area of the ellipse while penalizing points outside the ellipse:

where p=(h,k,a,b) represents the ellipse parameters: h and k are the coordinates of the center, and a and b are the semi-major and semi-minor axes, respectively. The “safe divide” function ensures that division by zero does not occur:

Then we use the differential evolution algorithm to find the optimal parameters of the enclosing ellipse. The differential evolution algorithm optimizes the fitness function over the following bounds:

The algorithm iterates over a population of potential solutions, using strategies like mutation and recombination to explore the parameter space and converge to the optimal solution.  Finally, the area of the polygon formed by the data points and the area of the smallest enclosing ellipse are computed:


The ratio of the ellipse area to the shape area (Smallest Enclosing Ellipse Ratio) is calculated as:

Calculating the Excess Area Ratio and the Recess Depth Ratio
For excess area ratio and recess depth, the Transverse Diameter (TD) and Antero-Posterior Diameter (APD) were determined. Then, an ellipse was drawn passing through the two ends of the TD line and the anterior end of the APD line. After this, the region within the upper half of the drawn ellipse and the pelvic inlet shape was found using the Monte Carlo simulation method and its area was calculated. The Monte Carlo Intersection function generates random points within the bounding box of the ellipse and the upper boundary. It checks if each point lies within both the ellipse and the upper boundary using the Inpolygon function. The intersection area is estimated by counting the points that lie within both regions and scaling by the total area of the bounding box:

The Excess Area is calculated using the formula:

The Excess Area Ratio (EAR) is calculated using the formula:


Table: Sexual dimorphism by separate age groups.
	Comparison of the Distribution of Variables in Males and Females in
Separate Age Groups


	
	
	21-30
	31-40
	41-50
	51-60
	61-70
	71≤

	
	
	μ
	p
	μ
	p
	μ
	p
	μ
	p
	μ
	p
	μ
	p

	ESS
	Male
	3.77
	0.000**
	3.63
	0.001*
	3.78
	0.000**
	4.09
	0.000**
	3.89
	0.269†
	4.08
	0.298†

	
	Female
	3.06
	
	3.10
	
	3.17
	
	3.23
	
	3.68
	
	3.82
	

	LER
	Male
	79.8
	0.000**
	79.8
	0.000**
	79.0
	0.000**
	77.1
	0.000**
	77.5
	0.013*
	76.7
	0.119
†

	
	Female
	84.0
	
	83.7
	
	83.0
	
	82.5
	
	79.8
	
	78.0
	

	SEER
	Male
	126.5
	0.000**
	125.3
	0.000**
	126.4
	0.000**
	128.3
	0.000**
	126.7
	0.135†
	128.2
	0.001*

	
	Female
	121.1
	
	121.1
	
	121.3
	
	121.6
	
	124.8
	
	124.2
	

	TD
	Male
	125.2
	0.000**
	126.2
	0.000**
	127.6
	0.000**
	128.5
	0.000**
	129.1
	0.002*
	131.3
	0.015*

	
	Female
	132.4
	
	135.4
	
	136.7
	
	137.4
	
	134.5
	
	135.7
	

	APD
	Male
	112.2
	0.000**
	107.7
	0.000**
	106.8
	0.000**
	104.9
	0.000**
	102.8
	0.001*
	101.6
	0.022*

	
	Female
	119.1
	
	119.7
	
	115.4
	
	114.1
	
	108.8
	
	106.7
	

	PIRD
	Male
	36.9
	0.000**
	38.8
	0.000**
	38.4
	0.000**
	40.8
	0.000**
	39.2
	0.009*
	39.4
	0.004*

	
	Female
	29.9
	
	29.5
	
	30.4
	
	30.6
	
	34.2
	
	34.6
	

	EAR
	Male
	29.1
	0.000**
	34.3
	0.000**
	33.4
	0.000**
	35.8
	0.000**
	34.5
	0.000**
	38.4
	0.000**

	
	Female
	23.1
	
	22.1
	
	22.5
	
	23.8
	
	26.4
	
	28.5
	

	RDR
	Male
	33.2
	0.000**
	36.4
	0.000**
	36.4
	0.000**
	39.4
	0.000**
	38.6
	0.001*
	39.2
	0.001*

	
	Female
	25.2
	
	24.9
	
	26.8
	
	26.9
	
	31.8
	
	32.8
	

	AREA
	Male
	11169
	0.000**
	10788
	0.000**
	10742
	0.000**
	10641
	0.000**
	10497
	0.000**
	10615
	0.000**

	
	Female
	12484
	
	12867
	
	12500
	
	12425
	
	11706
	
	11745
	

	PERI
	Male
	450.2
	0.142†
	423.9
	0.000**
	432.6
	0.000**
	445.4
	0.000**
	457.1
	0.188†
	466.4
	0.016*

	
	Female
	463.8
	
	481.5
	
	464.8
	
	479.8
	
	493.8
	
	498.1
	

	
Stepwise Discriminant Analysis Sex Determination Accuracies in 
Separate Age Groups


	
	
	21-30
	31-40
	41-50
	51-60
	61-70
	71≤

	
	Male
	82.0%
	82.0%
	80.0%
	86.0%
	80.0%
	70.0%

	
	Female
	76.0%
	80.0%
	84.0%
	94.0%
	72.0%
	78.0.%

	
	Total
	79.0%
	81.0%
	82.0%
	90.0%
	76.0%
	74.0%

	μ: Mean
*: 0.000 < P < 0.05
**: P<0.000
†: P>0.05
ESS: Ellipse Similarity Score; LER: Largest Ellipse Ratio; SEER: Smallest Enclosing Ellipse Ratio; TD: Transverse Diameter; APD: Antero-Posterior Diameter; PIRD: Pelvic Inlet Recess Depth; EAR: Excess Area Ratio; RDR: Recess Depth Ratio; AREA: Pelvic Inlet Area; PERI: Pelvic Inlet Perimeter.



