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ABSTRACT 

 

 

This study predominantly examined sexually dimorphic size and shape differences of the 

basicranium.  Landmark coordinate data was collected from crania from the Southeast Texas 

Applied Forensic Science Facility at Sam Houston State University in Huntsville, Texas.  42 

landmarks from 191 individuals of reported White group affiliation were recorded, divided into 

data subsets, and used to compute traditional linear measurements, centroid sizes, and shape 

differences using principal components and relative warp graphs.  Discriminant functions applied 

to all linear measurements and basicranial linear measurement produced classification accuracies 

of 88.48% and 71.73% respectively.  T-tests of centroid sizes showed significant differences 

between male and female means for all subsets meaning that males exhibited significantly larger 

crania than females.  Principal component analyses and their respective relative warp graphs 

exhibited relative homogeneity between male and female shapes within the sample.  Despite the 

homogeneity of shape between the sexes, consistent significant shape differences between males 

and females were observed in the basicranium.  Males consistently exhibited increased 

basicranial flexion between the landmarks Basion and Hormion in comparison to females.  

Increased basicranial flexion and larger cranial vaults in males compared to females supports 

previous allometric research stating that larger cranial vaults correlate with an increase in 

basicranial flexion.  It is suggested that further research on the possible correlation of cranial 

vault size and basicranial flexion focuses on allometric differences rather than sexual 

dimorphism.     
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CHAPTER 1  

INTRODUCTION 

Geometric morphometrics is a relatively novel method of investigating morphology in 

the biological sciences.  Geometric morphometrics is becoming widely used in biological 

anthropology because of its ability to interpret differences in shape of skeletal remains.  Studies 

of sexual dimorphism have used geometric morphometric methods to observe and interpret size 

and shape differences between males and females.  Most studies of sexual dimorphism have 

focused on areas of the cranium such as the face and the cranial vault while the basicranium is 

often underrepresented in landmark selection.  Results from a study by Bigoni et al. (2010) found 

that the basicranium did not exhibit significant sexual dimorphism.  The current study 

reexamines the results of Bigoni et al. (2010) using similar basicranial landmarks to examine 

sexual dimorphism of the basicranium on a different sample population.   

The results of this study were meant to facilitate the sexing of unidentified crania in 

forensic contexts.  Additionally, this study sought to provide insights in development and 

evolution of the cranium with respect to the basicranium.  While the primary focus was the 

basicranium, additional landmarks were recorded for the face, cranial vault, and midsagittal 

plane.  These landmarks were recorded for future analysis in order to examine covariance 

between and within the regions of the cranium.  Landmarks from these areas were included for 

size and shape analysis in order to provide additional means of sexing unidentified crania.    

Chapter 2 discusses previous relevant research in the field of geometric morphometrics in 

biological anthropology and briefly discusses some of the key concepts of geometric 

morphometrics.  Chapter 3 discusses the materials and methods used in this research.  Chapter 4 
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illustrates the statistical results from the study.  Chapter 5 discusses the implications and uses of 

the results.  The study ends with concluding statements and prospects for future research in 

Chapter 6 followed by a list of references and appendices. 
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CHAPTER 2  

 

BACKGROUND 

 

 

Morphometric analysis has been used by anthropologists and biological scientists to 

describe changes in shape and size.  Traditionally in anthropology, non-metric observations and 

linear measurements are used quantify and qualify shape and size of specimens (Howells, 1973; 

Bookstein, 1991). Metric measurements are typically recorded as linear measurements in order to 

assess size morphology whereas non-metric observations are typically used to assess shape 

morphology.  Geometric morphometrics assess both size and shape through analysis of Cartesian 

coordinates in two or three-dimensional space (Klingenberg, 2015).   

Metric linear measurements can be useful in determining size variation but yield more 

limited insight into a more complete understanding of shape variation.  Linear measurements 

may be able to analyze or portray differences in size and shape, but they lack reference points 

that help describe the nature of the morphological differences.  For example, Angel (1982) and 

Moore-Jansen (1989) both took cranial measurements of nineteenth to twentieth century human 

skeletal samples to observe secular changes in the human cranium over time.  Angel (1982) 

recorded measurements from Porion to Basion whereas Moore-Jansen (1989) recorded 

measurements using a radiometer inserted into the external auditory meatii and measured to 

Bregma and Basion.  Angel (1982) found that the height of the cranial base increased over time 

from Porion to Basion whereas Moore-Jansen (1989:127) found that the height of the cranial 

vault was increasing from the transmeatal axis to Bregma as opposed to the transmeatal axis to 

Basion.  These two studies were later reviewed by Wescott and Jantz (2005) who used geometric 

morphometric techniques and found that the cranial base, including the transmeatal axis, had 

increased in height while the height of the cranial vault had remained relatively constant.  In this 
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regard, both Angel and Moore-Jansen were correct in their assessment of cranial shape change, 

but neither were able to fully explain the nature of the change in shape of the crania occurring 

over time.  In this example, geometric morphometrics show a distinct advantage over traditional 

linear measurements as the geometric morphometric techniques used by Wescott and Jantz were 

able to explain the movements of cranial landmarks with reference to each other. 

The important take-away from the previous example is that geometric morphometrics 

presents changes in landmark placements and how they change in relation to each other.  

Landmark locations are possibly one of the most important considerations when beginning 

morphometric analysis.  In order to assess size and shape variation of multiple specimens that are 

biologically similar, landmarks must be assigned that are consistent on all of the specimens or 

“biologically homologous” (Bookstein, 1991).  These landmarks come in three forms: 

juxtapositions of tissue, maximum curvatures, or extremal points (Bookstein, 1991).  

Juxtapositions of tissue are landmarks whose positions are defined by visible connections of 

adjacent forms such as sutural points (e.g. nasion).  Maximum curvatures are landmarks whose 

positions are typically defined by the extremes of formations such as crests, troughs, or circular 

openings like foramina.  Extremal points are landmarks whose positions are at the outer bounds 

of what is being measured such as diameters (e.g. opisthocranion).   

Analysis of geometric morphometric data does not focus primarily on the variations of 

landmark placements themselves, but it instead focuses on the spaces between the landmarks 

(Zelditch, 2004).  Landmarks serve as beacons to help understand the biological workings that 

take place in the spaces in-between landmarks.  If two observed landmarks become more 

distanced, it is now apparent that the space between the landmarks is changing.  If another 

landmark is recorded between the two previous landmarks, this landmark can provide more 
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information on which particular distance is increasing.  The previous example by Wescott and 

Jantz presents this concept well.  Their study did not highlight the change in landmarks 

specifically, but the change in space between the landmarks. 

Analysis of shape first requires a cursory discussion of shape and shape theory.  The 

analysis of shape, until recently, has been limited to linear measurements and morphological 

observations.  The past two decades have seen a burst in technology and statistical methods that 

aid morphologists in their analysis of shape (Zelditch, 2004; Klingenberg, 2015).  Digitization 

techniques have had a significant impact on shape theory regarding morphology.  In order to 

understand the techniques and measurements used to quantify shape, it is essential to understand 

the definition of shape.  Theorists have had difficulty defining and measuring shape for a long 

time.  It is generally agreed upon that to define shape, it is simpler to define what it is not 

(Zelditch 2004; O’Higgins 2000; Klingenberg 2015; Bookstein 1991).  Furthermore, it is 

commonly accepted that shape is what remains after scaling, orientation, and rotation have been 

removed from an object (Zelditch; O’Higgins 2000; Klingenberg 2015; Bookstein 1991).  Once 

scaling, orientation, and rotation have been removed from an object or image, all that remains is 

shape, which can then be analyzed. 

 The first step of geometric morphometric analysis is to select and record landmarks. 

Landmark coordinate data is recorded electronically from a series of specimens via scans or 3-

dimensional digitizing techniques.  The data is then recorded as Euclidean coordinates for each 

individual examined.  To analyze three-dimensional coordinate data, the landmark data must first 

be ‘registered’ or aligned.     

 When geometric data are registered using Procrustes superimposition or generalized 

Procrustes analysis, the data are configured within Kendall’s Shape Space (Klingenberg, 2015; 
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O’Higgins, 2000; Zelditch, 2004).  Kendall’s shape space is a theoretical hypersphere in which 

the arc between each set of landmarks is minimized through rotation (Zelditch, 2004).  Kendall’s 

shape space is a complex theoretical structure from which traditional statistical analyses cannot 

be used because it is spherical (Zelditch, 2004; Klingenberg, 2015).  Kendall, the theorizer of 

Kendall’s shape space, himself could not find an appropriate way to analyze data within the 

shape space due to its complexity (Zelditch, 2004).  Therefore, it is necessary to convert the data 

within the shape space into Euclidean coordinates in order to carry out statistical analyses 

(Zelditch, 2004).  Converting coordinates from Kendall’s shape space into Euclidean coordinates 

is similar mapping the Earth, a spherical object, on to two dimensions (Zelditch, 2004; 

O’Higgins, 2000).  Similar to mapping the Earth, projection of coordinates from Kendall’s shape 

space into Euclidean coordinates causes distortions in the data.  Less spread in landmark 

configurations throughout a sample leads to less amount of distortion in the projected 

coordinates (Zelditch, 2004).  Therefore, selected landmarks for individuals within a species will 

show less distortion as compared to selected landmarks for individuals between species.  This is 

not to discourage future researchers of comparative biology and anatomy, but to advise them of 

potential noise within the data. 

Size analysis is performed using centroid size.  Centroid size is recorded before the 

scaling process for the general Procrustes analysis.  The centroid is the center or mean point of a 

triangle formed from three landmarks.  The centroid size is the squared root of the sums of 

squared distances from the landmarks to their average location (centroid) (Bookstein, 1991; 

Slice, 2007).  Comparisons of centroid size can yield observations of size morphology between 

and among groups.  Scaling of centroid size is the first function performed in general Procrustes 

analysis.   Additionally, traditional linear measurements can also be found from the digitized 
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landmarks.  This is useful for comparison studies between traditional linear measurements and 

geometric morphometrics such as presented by McKeown and Jantz (2005).   

Shape analysis can be conducted by comparing relative angles of triangles between the 

landmark coordinates for specimen.  Shape analysis is performed through principal component 

analysis.  Principal component analysis places the coordinates around their means and runs linear 

regression models through the coordinates.  The linear model that contains the most amount of 

the variation within the sample is the first principal component.  The following principal 

components account for the next largest amount of variation, which reduces the amount of 

variation accounted for by each consecutive principal component.  Principal component scores 

can then be processed through statistical applications such as MANOVA or PERMANOVA to 

address the significance of shape changes in samples.   

Geometric morphometrics have become a widely used technique in the study of human 

skeletal biology.  Geometric morphometrics is a useful tool that has been implemented in many 

morphological studies of the cranium.  The subtleties of variation in crania can be analyzed using 

geometric morphometric methods with more quantitative explanation than morphological 

observations, and geometric morphometric methods examine changes in shape better than 

traditional linear measurements.  One study of note performed by Viðarsdottir et al. (2002) 

mapped ontological trajectories of crania from 10 modern human populations from infancy to 

adulthood.  The main purpose of their study was to observe when phenotypic cranial 

morphologies become distinct between major populations with reference to ontological 

development.  The study found that there were no significant divergent ontological trajectories 

between sexes within a population (Viðarsdóttir et al., 2002:214).  Viðarsdóttir et al. (2002) state 

that the combined sex allometric vector adequately represents developmental shape changes for a 
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population as a whole.  Therefore, there is very little diversion in shape vectors between the 

sexes within a geographic population.  This implies that there will be very little shape difference 

between the sexes, and the shape variation between the sexes will be relatively homogenous.  

These findings agree with findings by Gonzalez et al. (2011) who found that shape differences 

between the sexes are low, but when size is analyzed with shape, there is a large separation 

between the sexes.  Franklin et al. (2012) confirmed these findings by exhibiting that sexual 

dimorphism is explained better by size differences rather than sex differences, and while it is still 

possible to obtain high classification accuracies using shape, size is a better predictor of sex than 

shape.  
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CHAPTER 3  

 

MATERIALS AND METHODS 

 

 

Materials 

Data was collected at the Southeast Texas Applied Forensic Science Facility at Sam 

Houston State University in Huntsville, Texas.  The sample at the facility was collected through 

donations within a 200-mile radius of Huntsville, Texas.  Therefore, the sample is a 

representation of a contemporary population from Southeast Texas.  Data was collected from 248 

complete, partial, and autopsied crania consisting of 173 males and 75 females.  The age at death 

of the collected sample averaged 62 years and ranged from 18 to 96 years.  The reported group 

affiliations included 211 White, 9 Black, 3 Asian, 8 Hispanic, 1 Native American, and 16 

individuals with unknown group affiliations. 

 Only the individuals from the White sample (N=211) were analyzed as this was the only 

group affiliation with a sufficient number of individuals to perform meaningful statistical 

analyses.  The age distribution of the White sample is illustrated in Table 1.  Individuals with 

unknown ages (n = 1) or were missing data points (n = 5) were omitted for the sample prior to 

further analysis.  In the preliminary assessment, those whose age fell outside two standard 

deviations of the mean (38.31-85.57) were excluded from analysis (N = 12).  The remaining 

individuals’ data were transferred to MorphoJ (Klingenberg, 2011) where incomplete 

observations and outliers were found and excluded from analysis.  Five individuals were 

excluded for missing data, and three outliers were excluded.  One of the excluded outliers was an 

achondroplastic dwarf, and the other two outliers were excluded due to possible observer error.  

The remaining individuals and their data (N = 191) were then reevaluated using descriptive 
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statistics in which all remained within acceptable parameters.  The remaining 191 individuals 

comprise the following analyses, and their descriptive statistics are illustrated in Table 1. 

Table 1. Descriptive Statistics for Preliminary and Final White Samples 

 N Mean Age 
Median 

Age 

Age 

Standard 

Deviation 

Age 95% 

Range 
Males Females 

Preliminary 

Assessment 
210 61.94 61.5 11.81 38.31-85.57 141 58 

Final Sample 191 62.77 62 9.68 43.42-82.13 135 56 

 

Data Acquisition and Calibration 

Sagittal and bilateral landmarks, illustrated in Table 2, were located on the crania using a 

pencil to mark their positions.  Autopsied crania were rearticulated using clay as an adhesive.  

The crania were placed on a clay mount to secure the crania with the basicranium facing up.  A 

radiometer was then placed into each of the external auditory meatii (EAM).  The radiometer 

was modified by removing the arm that measures subtenses, and replacing original metallic 

bullet shaped pegs were replaced with wooden pegs.  The wooden pegs had small holes bored 

into each lateral end so that a digitizer stylus could be consistently placed on the same points.   

A Microscribe 3DX digitizer created by the Immersion Corporation was used to record 

the landmark data into Rhinoceros Software Version 6 SR20 created by Robert McNeal and 

Associates.  Rhinoceros requires that three geometric axes be determined for the calibration.  

Before recording landmark data, the digitizer was calibrated with the orientation of the crania.  

These axes were determined by selecting points on the crania.  The first point required for 

calibration is the origin, which was taken on the radiometer at the left EAM.  The second point 

connects to the first in order to define the x-axis and was taken on the radiometer at the right 

EAM.  The third point connects a line perpendicular to the x-axis in order to define the y-axis 
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and was taken at the landmark Nasion.  After calibrating the x and y axes by selecting the three 

calibration points, the Z-axis is then calculated perpendicular to the x and y axes by the 

Rhinoceros software.  With this calibration, the transmeatal axis serves as the x-axis, the 

perpendicular line extending from Nasion to the transmeatal axis serves as the y-axis, and the z-

axis extends superiorly and inferiorly projecting through the sagittal suture approximately one 

third of the distance posterior to Bregma (Plates 1 and 2).  The landmark Nasion was chosen to 

calibrate the y-axis as it can be found and digitized consistently, and it digitally oriented the 

cranium to an orientation similar to the Frankfurt Plane, which aided in the ease of interpreting 

the data.  

Table 2. List of Cranial Landmarks in Sequence 

Sequence  Abreviation Name 

1 EAM-L External Auditory meatus Left 

2 EAM-R External Auditory meatus Right 

3 N Nasion (H) 

4 ZO-L Zygoorbitale Left (H) 

5 ZO-R Zygoorbitale Right (H) 

6 FMT-L Frontomalare Temporale Left (MS) 

7 FMT-R Frontomalare Temporale Right (MS) 

8 ZMA-L Zygomaxillare Anterior Left (H) 

9 ZMA-R Zygomaxillare Anterior Right (H) 

10 FT-L Frontotemporale Left (MS) 

11 FT-R Frontotemporale Right (MS) 

12 PT-L Pterion Left (MS) 

13 PT-R Pterion Right (MS) 

14 SR Staurion (Medial and Transverse Palatine Sutures) (VT) 

15 MFO-L 
Medial Foramen Ovale Left - most medial point on the margin 

of the foramen ovale (VT) 
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Table 2. List of Cranial Landmarks in Sequence (Continued) 

16 MFO-R 
Medial Foramen Ovale Right - most medial point on the margin 

of the foramen ovale (VT) 

17 SP-L 
Spinale Left - most medial point on the margin of the foramen 

spinosum (MS) 

18 SP-R 
Spinale Right - most medial point on the margin of the foramen 

spinosum (MS) 

19 ST-L 
Stenion Left - intersection of sphenoid and temporal near 

sphenoid spine (MS) 

20 ST-R 
Stenion Right - Intersection of sphenoid and temporal near 

sphenoid spine (MS) 

21 MC-L 
Medial carotid Left - most medial point on the margin of the 

carotid foramen (VT) 

22 MC-R 
Medial carotid Right - most medial point on the margin of the 

carotid foramen (VT) 

23 HR Hormion (MS) 

24 BA Basion (H) 

25 CF-L Condylar foramen Left (WMJ) 

26 CF-R Condylar foramen Right(WMJ) 

27 OCL-L Occipital condyle lateral Left (D) 

28 OCL-R Occipital Condyle latera right (D) 

29 OCM-L Occipital condyle medial Left (D) 

30 OCM-R Occipital condyle medial Right (D) 

31 OCA-L Occipital condyle anterior Left (D) 

32 OCA-R Occipital condyle anterior Right (D) 

33 OCP-L Occipital condyle posterior Left (D) 

34 OCP-R Occipital condyle posterior Right (D) 

35 O Opisthion (H) 

36 MS-L 
Mastoidale Left - most inferior margin of the mastoid process 

(MS) 

37 MS-R 
Mastoidale Right- most inferior margin of the mastoid process 

(MS) 

38 AST-L Asterion Left (H) 

39 AST-R Asterion Right (H) 

40 OP Opisthocranion (MS) 

41 L Lambda (H) 

42 B Bregma (H) 
H = Howells (1973); VT = Von Török (1890); WMJ = Wescott and Moore-Jansen (2001); D = Adapted from Droessler 

(1981); MS = Martin and Saller (1957) 
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Plate 1. Lateral view of cranium portraying the x (red), y (yellow), and z (blue) calibration axes. 

 

 

Plate 2. Three-quarter view of cranium portraying the x (red), y (yellow), and z (blue) calibration 

axes. 
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Landmark Acquisition 

After calibration, landmark data was recorded sequentially, with the cranial base facing 

up, by positioning the Microscribe 3DX stylus tip on the marked landmarks and recording them 

as Euclidean coordinates in the Rhinoceros Software.  The landmarks were found and recorded 

in sequence with reference to Table 2.  After the collection of the first 41 landmarks, the crania 

were repositioned with the superior aspect facing up, and the digitizer was recalibrated.  Then the 

final landmark, Bregma, was recorded.  Due to the intent of previous definitions for landmark 

identification and acquisition (linear measurements), the following landmarks require additional 

explanation on how they were identified and recorded.  Frontotemporale left and right were 

found by measuring minimal frontal breadth with a sliding caliper and marking their positions 

with a pencil (Martin and Saller, 1957).  Opisthocranion was found by measuring from Nasion to 

the maximum sagittal length of the posterior occipital bone using spreading calipers (Nasio-

Occipital length) and was subsequently marked with a pencil (Howells, 1973:171).  Nasio-

Occipital length (NOL) was chosen as opposed to Glabello-Occipital length (GOL) because 

Nasion is a type 1 landmark whereas Glabella is a type 3 landmark as defined by Bookstein 

(1991:63-66).  A study by Sholts et al. (2011) found that type 1 and 2 landmarks are recorded 

with better accuracy than type 3 landmarks when using digitizers.  Therefore, as Nasion was 

already recorded as a point on the y-axis it was prudent to avoid using additional type 3 

landmarks such as Glabella.  Nasion is also found quicker and more consistently than Glabella, 

which was useful given the time constraints.  Time and accuracy favored the use of Nasion over 

Glabella.   
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Bilateral Data Analysis and Management 

In geometric morphometric analysis, all landmarks must be recorded for all observations 

in order to perform analysis.  A collection of landmarks on one specimen is itself considered one 

measurement (Zelditch, 2004).  Changing or excluding landmarks on separate specimens thus 

renders the analysis invalid.  Therefore, all landmark coordinates must be recorded for every 

observed specimen, or else the specimen must be excluded.  This being said, this presents some 

problems for the acquisition of bilateral landmark data.  Crania are frequently damaged in 

archaeological and forensic context as well as in handling.  In order to record the largest possible 

sample within the collection, crania were required to have a) all sagittal landmarks present or 

within a reasonable estimable range and b) at least one of two of the bilateral landmarks present 

or within a reasonable estimable range.  The reasoning stands that the sagittal landmarks cannot 

be substituted in order for data analysis to occur, but missing counterparts of bilateral landmarks 

can be estimated in order to analyze a complete set of landmarks.  It was decided that landmark 

estimation of missing bilateral landmarks should err on the side of symmetry.  In order to record 

missing bilateral landmarks while maintaining the recording sequence, the lone bilateral 

landmark was recorded as usual, and its missing counterpart was recorded at the origin (left 

EAM) which would provide a coordinate point of (0,0,0).  During data management, the raw 

data was observed, and data points containing the same coordinates as the origin were found and 

edited.  In order to estimate symmetry of the missing data point, the coordinates of the available 

landmark counterpart were reflected across the y-axis. The x coordinate of the available 

landmark was either added or subtracted from the x coordinate of Nasion, depending on the side 

of the bilateral landmark, and the y and z coordinates were kept the same and transferred to the 

missing landmark.  This method results in a mirror reflection of the coordinates around Nasion 
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(y-axis).  With this method of symmetrical estimation, incomplete crania could be recorded and 

thus increase the sample size.  A list of crania and their landmarks that were symmetrically 

estimated can be found in Appendix A. 

 

Analytical Methods 

 Generalized Procrustes analyses, centroid sizes, and principal component analyses of 

Procrustes coordinates were computed using MorphoJ software (Klingenberg, 2011).  

Conversions of landmark coordinate data to linear measurements were computed using 

Microsoft Excel.  T-tests, ANCOVA, MANOVA, MANCOVA, and discriminant functions were 

computed using SPSS statistical software version 23 by IBM. 

 

Linear Measurements 

 It is essential that three-dimensional coordinate data be converted into linear 

measurements for skeletal analysis.  Results found in this study and subsequent studies must be 

applicable in the field for archaeological and forensic contexts, and digitizing equipment is 

impractical to take into the field due to its bulk.  Linear measurements are a much more practical 

means of gathering data in the field, and therefore three-dimensional coordinate data results 

should be converted into a usable standard, such as linear measurements, for field acquisition.  

Coordinate data was converted into linear measurements using the formula in Figure 1.  In the 

formula, X1, Y1, and Z1 coincide the x, y, and z coordinates of the first landmark data point and 

X2, Y2, and Z2 coincide with the x, y, and z coordinates of the second landmark data point.  A list 

of the calculated linear measurements is illustrated in Table 3.  

 



 

 17 

______________________________________________________________________________ 

 

√(𝑋1 − 𝑋2)2 + (𝑌1 − 𝑌2)2 + (𝑍1 − 𝑍2)2 

______________________________________________________________________________ 

Figure 1.  Distance formula for conversion of three-dimension coordinates to linear 

measurements (Campbell, 2005; Franklin, 2005). 

 

Table 3. List of Linear Measurements 

NOL Nasio-Occipital Length (H) PT Pterion Breadth 

BNL Cranial Base Length (H) MFO* Medial Foramen Ovale Breadth 

(VT) 

FRC Frontal Chord (H) SP* Spinale Breadth (VT) 

PAC Parietal Chord (H) ST* Stenion Breadth 

OCC Occipital Chord (H) MC* Medial Carotid Breadth (VT) 

FOL* Foramen Magnum Length (H) BFD* Distance Between Condylar 

Foramina (WMJ) 

SRB Staurion-Basion Length MWC* Maximum Condyle Breadth (WMJ) 

SRH Staurion-Hormion Length MND* Minimum Distance Between 

Condyles (WMJ) 

BHL* Basion-Hormion Lenth (MS) MLC-L* Maximum Condyle Length - Left 

Na-Sr Nasion-Staurion Length MLC-R* Maximum Condyle Length - Right 

Na-Hr Nasion-Hormion Length MS Bi-Mastoidale Breadth 

Br-Hr Bregma-Hormion Length AST Bi-Asterionic Breadth 

ZO Zygoorbitale Breadth MDH-L Mastoid Length - Left (MJ) 

FMT Upper Facial Breadth (MJ) MDH-R Mastoid Length - Right (MJ) 

ZMA Bimaxillary Breadth (H) MDL-L Mastoid Total Length 

FT Minimum Frontal Breadth (MJ) MDL-R Mastoid Total Length 
*Measurements used in basicranial measurement analysis 

H = Howells (1973); VT = Von Török (1890); MJ = Moore-Jansen et al. (1994); MS = Martin and Saller (1957); WMJ = 

Wescott and Moore-Jansen (2001) 

 

 The calculated linear measurements were then analyzed using univariate and multivariate 

analyses.  Two-tailed independent sample t-tests with assumed unequal variances were first 

applied to the linear measurements to test for differences between the autopsied and non-

autopsied individuals.  Then two-tailed independent sample t-tests with assumed unequal 

variances were used to assess statistical significance of each measurement in relation to the 

sexes.  Then the measurements were analyzed using a discriminant function analysis through 

stepwise minimization of Wilks’ Lambda.  Discriminant function analysis using stepwise 

minimization of Wilks’ Lambda selects the measurements that contribute most to sex 
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discrimination through a stepwise progression.  Discriminant function analysis was used to 

analyze a set of all the measurements and a set of measurements that are only found on the 

basicranium.  Unstandardized discriminant function coefficients were then used to create 

discriminant functions for each set of measurements for the purpose of estimating sex using the 

defined measurements.  The discriminant functions were applied to the sample in order to assess 

the accuracy of the discriminant function for sex estimation.  

 

Three-Dimensional Landmark Coordinate Analysis 

 

Generalized Procrustes Analysis 

 The raw coordinate data was reformatted in Microsoft Office Excel and transferred to a 

.txt file from which it was uploaded into the MorphoJ software (Klingenberg, 2011). The data 

then needed to be registered.  The method of registration that was used for this analysis was the 

Generalized Procrustes Analysis.  Generalized Procrustes analysis is a widely accepted method 

of registration in geometric morphometrics due to its statistical robusticity (Zelditch 2004; 

Cridlin, 2018; O’Higgins, 2000; Kimmerle et al., 2008; Klingenberg 2015).  Generalized 

Procrustes analysis begins by first selecting one of the measured specimens and then scales, 

orients, and rotates all other specimens to the selected one.  This is known as a Procrustes 

superimposition (Slice, 2005).  Then the mean of all the scaled, oriented, and rotated specimens 

is calculated, and the Procrustes superimposition is repeated using the calculated mean as 

reference (Slice, 2005).  The method of rescaling, reorienting, and rotating specimens to the 

mean form continues until there are redundancies (Slice, 2005).  The repeated Procrustes 

superimpositions around a mean form until redundancies are encountered is known as 
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generalized Procrustes analysis.  This produces a mean of all the landmark data points, which 

can then be compared to the landmark data points of each specimen comprising the sample.  

The coordinate landmarks were registered with object symmetry in MorphoJ and 

subjected to generalized Procrustes analysis aligned by the principal axes.  Registering 

landmarks with object symmetry and performing generalized Procrustes analyses on them in 

MorphoJ divides the data into two components, symmetric and asymmetric.  The symmetric 

component uses a “reflection fit” method that is standard in shape and symmetry studies 

(Klingenberg and McIntyre, 1998).  The reflection fit minimizes the shape differences between 

left and right sides in order to reduce noise and present pertinent shape data (Klingenberg et al., 

2002).  The symmetrical component of the generalized Procrustes analysis was then used for 

following analyses. 

 The generalized Procrustes analysis produces Procrustes coordinates which are 

coordinates projected from Kendal’s shape space onto Euclidean space (Zelditch, 2004).  The 

projection of Procrustes coordinates into Euclidean space is necessary for the use of statistical 

analyses as Kendal’s shape space is a hypersphere and is too nuanced to use in statistical 

analyses (Zelditch, 2004).  It is assumed at this point that the Procrustes coordinates contain only 

pure shape data (O’Higgins, 2000; Klingenberg, 2015; Zelditch, 2004).  Generalized Procrustes 

analysis performs well in removing all non-shape data, but size can never be completely 

removed (Klingenberg, 2015).  Therefore, it can only be assumed that Procrustes coordinates 

only contain pure shape data (Klingenberg, 2015; Zelditch, 2004).  With Procrustes coordinates 

in Euclidean space, shape can now be analyzed statistically. 

 Whereas landmark coordinates cannot be analyzed individually, it is possible to take the 

complete set of landmark coordinates and subdivide them into sections for more detailed 



 

 20 

analyses and interpretations (Zelditch, 2004).  Bigoni et al. (2010) found that landmark subsets 

showed more significant correlations with sexual dimorphism than all the landmarks as a 

complete set.  Landmarks were subdivided into subsections of the face, basicranium, cranial 

vault, and midsagittal landmarks.  Landmarks used for each subsection can be found in Table 4.  

Both landmarks recorded on the left and right EAM were excluded from the complete dataset 

and all subsequent subsets.  These landmarks were originally recorded as a precaution to assess 

the validity of the digitizer calibration.  These landmarks have little to no analytical value within 

this study and were excluded from analysis.  The landmark Mastoidale was placed within both 

subsets of basicranium and cranial vault.   

Table 4. List of Subsets and Their Landmarks 

Basicranium Landmarks 
Face 

Landmarks 

Cranial Vault 

Landmarks 

Sagittal 

Landmarks 

MFO-L OCL-L N PT-L N 

MFO-R OCL-R ZO-L PT-R SR 

SP-L OCM-L ZO-R MS-L HR 

SP-R OCM-R FMT-L MS-R BA 

ST-L OCA-L FMT-R AST-L O 

ST-R OCA-R ZMA-L AST-R OP 

MC-L OCP-L ZMA-R OP L 

MC-R OCP-R FT-L L B 

HR O FT-R B  

BA MS-L SR   

CF-L MS-R    

CF-R     

 

Centroid Size 

 Centroid size is the accepted unit of size measurement in geometric morphometrics 

(O’Higgins, 2000; Zelditch, 2004; Viðarsdóttir et al. 2002).  Centroid size is defined by triangles 

and is the center or mean point within a triangle (Zelditch, 2004; Klingenberg 2015).  Picture 
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lines connecting the shortest distance from the legs of the triangle to the center of the triangle.  

Centroid size is the square root of the sum of squares of each line.  Centroid size is independent 

of shape (Zelditch, 2004) and is therefore useful for calculating size in geometric morphometrics.  

Centroid size is a useful quantitative measurement of size independent of shape that can be 

analyzed statistically in order to assess size differences.  

When performing generalized Procrustes analysis in MorphoJ, centroid size is retained 

for further analysis.  The centroid sizes of the complete set and all subsets were analyzed using 

ANCOVA to test for the interaction of sex and age.  Then the centroid sizes were analyzed using 

t-tests to test for significant differences of mean centroid sizes between the sexes.   

 

Principal Component Analysis 

 Principal component analysis is a dimension reduction technique frequently used and 

widely accepted in geometric morphometrics (Viðarsdóttir et al., 2002; Franklin, 2005; Zelditch, 

2004; O’Higgins, 2000).  Principal component analysis itself is not a statistical procedure but a 

dimension reduction technique so that the data can be statistically analyzed (Klingenberg, 2015; 

Zelditch, 2004).  The result of principal component analysis in three-dimensional geometric 

morphometrics is a reduction of the number of dimensions from three to two divided into 

multiple principal components.  This is performed in order to make the form changes observable 

on a two-dimensional scale.  Principal component analysis works by creating a line through the 

area containing the most variation.  That is, it creates a line through a series of data points in 

which the data points are as close to the line as possible, similar to a linear regression, but in 

multiple dimensions.  From the original line, a second line is generated that extends containing 

the second most amount of variation.  This continues until all or most of the variation has been 
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accounted for.  Each principal component can then be graphed into two dimensions allowing for 

ease of interpretation as compared to three dimensions.  Principal component scores are 

generated for each individual specimen for each principal component.  The principal component 

scores generated from principal component analysis can then be analyzed using statistical 

analyses.   

 Each principal component accounts for a percentage of the variation which can be 

observed in a table or a scree plot. Principal component analysis typically generates a long list of 

principal components when using a large number of landmarks and specimens. The first five 

principal components usually account for most of the variation and the rest usually account for 

an infinitesimally small amount (Franklin et al. 2007; Viðarsdóttir et al. 2002).  It is precedence 

in craniometric morphometrics that only the principal components accounting for eighty percent 

of the sample variation should be retained for analysis (Franklin et al. 2007; Viðarsdóttir et al. 

2002).  Principal component scores accounting for eighty percent of the variation for the 

complete set were analyzed using MANCOVA with sex as an independent variable and 

autopsied/non-autopsied as a covariate to assess the interaction of sex and autopsied/non-

autopsied specimens.  The results from this MANCOVA were assumed to be consistent with the 

following subsets.  Then the principal component scores accounting for eighty percent of the 

variation for the complete set and all subsets were analyzed using MANCOVA with sex as an 

independent variable and age as a covariant to assess the interaction of sex and age on the 

principal components.  Then the principal component scores for the complete set and all subsets 

were analyzed using MANOVAs with sex as an independent variable to assess significance 

differences in sex between the principal components.  Finally, the principal component scores of 

the data subsets were analyzed using reduction of Wilks’ Lambda through a forward stepwise 
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discriminant function using prior probabilities calculated from the sample using leave one out 

method with sex as an independent variable.  This method highlights the principal components 

that contribute most to differences between the sexes.  The forward stepwise discriminant 

function was applied to the complete dataset, but the results are not displayed in this analysis as 

they are exceedingly vast, and visualization of the results would be somewhat uninterpretable.   

 

Warps and Visualization of Shape Change 

Principal component analysis produces principal component coefficients or loadings, 

that, when applied to Procrustes coordinates, show shape change along the principal component 

axis.  When the principal component coefficients are applied to Procrustes coordinates to show 

shape differences, graphs are produced that show shape differences between the mean landmarks 

and the principal component adjusted landmarks (Webster and Sheets, 2010; Zelditch, 2004).  

These adjusted landmarks are known as relative warps (Webster and Sheets, 2010; Zelditch, 

2004).  After performing a principal component analysis in MorphoJ, the program produces 

relative warp graphs for each principal component.  These relative warp graphs are used to 

visualize shape differences within the sample.  Wireframe graphs are graphs that connect each of 

the coordinate landmarks with lines to facilitate visualization between shape differences.  

Wireframe graphs were created for each of the principal components highlighted from the 

discriminant function analysis for each dataset.  The principal component wireframe graphs are 

presented in Appendix B and depict extremal values for male (blue) and female (red) trends.  

The black wireframe portion of the graphs represents the mean shape of all values along the 

principal component.  Male and female trends were differentiated along the principal component 

axes by which side of the axis each sex sample means were found.   
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CHAPTER 4  

 

RESULTS 

 

 

Linear Measurements 

 Linear measurements were first analyzed using independent sample two tailed t-tests with 

assumed unequal variances to compare the difference in means between the autopsied and non-

autopsied individuals.  All of the measurements were found to be insignificant, with the 

exception of medial foramen ovale breadth, in regards to differences between the autopsied and 

non-autopsied samples at an alpha level of .05.  Foramen ovale breadth is a measurement that 

does not cross over an autopsy cut, and it is therefore assumed that the significant t-test for this 

measurement can be attributed to random factors and not differences between autopsied and non-

autopsied individuals.  Knowing that linear measurements do not vary significantly between 

autopsied and non-autopsied individuals, autopsied and non-autopsied crania could then be 

pooled for analysis.   

 The linear measurements were then analyzed using independent sample two tailed t-tests 

with assumed unequal variances to compare the difference in means between the sexes.  All 

measurements except minimum distance between the condyles exhibited significant differences 

at an alpha level of .05. 

 The discriminant function analysis using forward stepwise reduction of Wilks’ Lambda 

on the all linear measurements produced six steps containing cranial base length, mastoid 

breadth, mastoid height-left, Nasion-Staurion length, Pterion breadth, and medial foramen ovale 

breadth in order of descending amount of variance explained by sex respectively.  These 

measurements reduced Wilk’s Lambda to .423 at a significance level of p < .001, illustrated in 

Table 5.  A discriminant function was created from the unstandardized coefficients and produced 
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an 100% accuracy of correct classification for females, an 83.70% accuracy of correct 

classification for males, and an overall correct classification accuracy of 88.48% when applied to 

the total sample. The results of the discriminant function analysis for all the measurements is 

illustrated in Table 6. 

Table 5. All Linear Measurements Stepwise Discriminant Function Analysis of Sex 

Variables Entered/Removed 

Step Entered Statistic df1 df2 df3 
Exact F 

Statistic df1 df2 Sig. 

1 BNL .630 1 1 189 110.893 1 189 <.001 

2 MS .549 2 1 189 77.197 2 188 <.001 

3 MDH-L .481 3 1 189 67.190 3 187 <.001 

4 N-SR .457 4 1 189 55.244 4 186 <.001 

5 PT .443 5 1 189 46.581 5 185 <.001 

6 MFO .423 6 1 189 41.890 6 184 <.001 

 

Table 6. All Linear Measurements Discriminant Function Classification Accuracies 

PT (.062) – MFO (.126) + MS (.140) + MDH-L (.183) + BNL (.069) + NA-SR (.100) - 33.572 

  Females Males Pooled 

 n (%) n (%) n (%) 

Correct 56 (100) 113 (83.70) 169 (88.48) 

Incorrect 0 (0) 22 (16.30) 22 (11.52) 

Total 56 (100) 135 (100) 191 (100) 

 

The discriminant function analysis using forward stepwise reduction of Wilks’ Lambda 

on the linear basicranial measurements produced six steps containing Stenion breadth, Basion-

Hormion length, foramen magnum length, occipital condyle length-left, medial foramen ovale 

breadth, and Spinale breadth in order of descending amount of variance explained by sex 

respectively.  These measurements reduced Wilk’s Lambda to .676 at a significance level of p < 

.001, illustrated in Table 7.  A discriminant function was calculated from the unstandardized 

coefficients and produced an 87.5% accuracy of correct classification for females, a 65.91% 
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accuracy of correct classification for males, and an overall correct classification accuracy of 

71.73%, which is illustrated in Table 8.  A discriminant function for sex using these 

measurements can also be found in Table 8. 

Table 7. Linear Basicranium Measurements Stepwise Discriminant Function Analysis of Sex 

Variables Entered/Removed 

Step Entered Statistic df1 df2 df3 
Exact F 

Statistic df1 df2 Sig. 

1 ST .851 1 1 189 33.097 1 189 <.001 

2 BHL .784 2 1 189 25.833 2 188 <.001 

3 FOL .734 3 1 189 22.558 3 187 <.001 

4 MLC-L .712 4 1 189 18.844 4 186 <.001 

5 MFO .694 5 1 189 16.344 5 185 <.001 

6 SP .676 6 1 189 14.722 6 184 <.001 

 

Table 8. Linear Basicranium Measurements Discriminant Function Classification Accuracies 

MFO (-.191) + SP (.149) + ST (.135) + MLC-L (.132) + BHL (.178) + FOL (.151) - 24.104 

  Females Males Pooled 

 n (%) n (%) n (%) 

Correct 49 (87.5) 88 (65.19) 137 (71.73) 

Incorrect 7 (12.5) 47 (34.81) 54 (28.27) 

Total 56 (100) 135 (100) 191 (100) 

 

Centroid Size 

Centroid sizes for all datasets were first analyzed using ANCOVA with sex as a 

dependent variable and age as a covariate to test for interaction between the two variables.  This 

was a necessary first step for analyzing data as prior knowledge assumed a possibility that sex 

and age would interact with regards to centroid size.  The results of the centroid size ANCOVA 

can be found in Table 9.  None of the datasets showed significant interaction between age and 

sex with high, insignificant p-values (p > 0.05).  Then centroid sizes were analyzed in relation to 

sex knowing that age did not significantly interact with sex. 
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Table 9. Centroid Size ANCOVA Tests of Interaction Between Sex and Age 

Dataset 
Type III Sum 

of Squares 
df 

Mean 

Square 
F 

p-value 

 (Sig. at p < .05) 

Full Dataset 11.187 1 11.187 .095 .758 

Face 23.278 1 23.278 .764 .383 

Basicranium .894 1 .894 .032 .858 

Cranial Vault 22.388 1 22.388 .544 .462 

Sagittal 

Landmarks 
1.436 1 1.436 .026 .871 

 

 The centroid size datasets were all analyzed using independent sample two-tailed t-tests 

with unequal variances assumed.  The results of the centroid size t-tests can be found in Table 

10.  The results of the t-tests were significant for all datasets at p < .001 for an alpha level of .05 

(p > .05). 

Table 10. Centroid Size T-tests 

Dataset  t df 
p-value 

 (Sig. at p < .5) 

Male 

Means 

Female 

Means 
Mean Difference 

Full Dataset 12.120 103.976 < 0.001 408.47 387.74 20.724 

Face 9.468 117.885 < 0.001 153.15 145.3 7.849 

Basicranium 9.575 96.338 < 0.001 159.89 151.64 8.245 

Cranial Vault 11.965 110.347 < 0.001 241.17 229.39 11.781 

Sagittal Landmarks 8.897 113.469 < 0.001 223.04 213.01 10.028 

 

Principal Component Analysis 

 

Complete Morphology Dataset 

 Principal component analysis applied to the complete dataset Procrustes coordinates 

produced 60 principal components accounting for 100% of the variation within the sample.  The 

first 17 principal components accounted for 80.942% of the variation and were selected for the 
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multivariate analyses.  The first 17 principal components and their associated eigenvalues for the 

full dataset are illustrated in Table 11.  A MANCOVA was applied to the principal components 

to test for the interaction between autopsied/non-autopsied specimens and sex.  A MANCOVA 

produced a large Wilks’ Lambda value (.949) that was insignificant at an alpha level of .05 (p. = 

.931) (Table 12).  This showed that the re-articulation of autopsied calottes with their 

corresponding crania using clay were within acceptable parameters, and autopsied and non-

autopsied crania could then be analyzed within a pooled sample.  From this analysis, it is 

assumed that the subdivided datasets are not affected by postmortem.  

Table 11. Face Principal Components, Eigenvalues, and  

Cumulative Percentages 

PCs Eigenvalues % Variance  Cumulative % 

1 0.000762 18.85 18.85 

2 0.000441 10.923 29.773 

3 0.000339 8.402 38.175 

4 0.000247 6.103 44.278 

5 0.000183 4.533 48.811 

6 0.000165 4.096 52.907 

7 0.000147 3.633 56.54 

8 0.000129 3.196 59.736 

9 0.000128 3.162 62.898 

10 0.00012 2.976 65.875 

11 0.000111 2.758 68.633 

12 0.000104 2.577 71.209 

13 9.16E-05 2.267 73.476 

14 8.58E-05 2.124 75.6 

15 7.59E-05 1.877 77.477 

16 7.26E-05 1.797 79.275 

17 6.74E-05 1.668 80.942 

 

A MANCOVA testing for interaction between age and sex of the complete dataset 

produced a large Wilks’ Lambda value (.962) that was insignificant at an alpha level of .05 (p = 

.694), which is illustrated in Table 12.  Showing that age did not significantly interact with sex, 
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the two variables could be pooled for analysis.  A MANOVA of the principal components using 

sex as an independent variable produced a moderately large Wilks’ Lambda value (.678) that 

was statistically significant at an alpha level of .05 (p < .001), which is illustrated in Table 12. 

 

Table 12. Complete Dataset Principal Components MANCOVA and MANOVA 

Full Dataset PCs 1-17 
Wilks' 

Lambda 
F Hypothesis df Error df 

p-value 

 (Sig. at p < .05) 

MANCOVA 

Sex * Autopsy 
.949 .538 17 171 .931 

MANCOVA 

Sex * Age 
.926 .798 17 171 .694 

MANOVA 

Sex 
.678 4.829 17 173 <.001 

 

 

Facial Morphology Dataset 

Principal component analysis applied to the face dataset Procrustes coordinates produced 

12 principal components accounting for 100% of the variation in the sample.  The principal 

components and their associated eigenvalues for the face dataset is illustrated in Table 13.  The 

first 7 principal components accounted for 85.97% of the variation and were selected for the 

multivariate analyses.  A MANCOVA testing for interaction between age and sex of the face 

dataset produced a large Wilks’ Lambda value (.978) that was insignificant at an alpha level of 

.05 (p = .763), which is illustrated in Table 14.  Showing that age did not significantly interact 

with sex, the two variables could be pooled for analysis.  A MANOVA of the principal 

components using sex as an independent variable produced a large Wilks’ Lambda value (.888) 

that was statistically significant at an alpha level of .05 (p = .002), which is illustrated in Table 

14. 
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Table 13. Face Principal Components, Eigenvalues, and  

Cumulative Percentages 

PCs Eigenvalues % Variance  Cumulative % 

1 0.00075078 24.637 24.637 

2 0.00051671 16.956 41.593 

3 0.00034415 11.293 52.886 

4 0.00030105 9.879 62.765 

5 0.00027084 8.888 71.652 

6 0.00023605 7.746 79.399 

7 0.00020037 6.575 85.974 

8 0.0001541 5.057 91.031 

9 0.00009395 3.083 94.114 

10 0.00007992 2.623 96.736 

11 0.00006181 2.028 98.765 

12 0.00003764 1.235 100 

 

Table 14. Face Principal Components MANCOVA and MANOVA 

Face PCs 1-7 
Wilk's 

Lambda 
F Hypothesis df Error df 

p-value 

 (Sig. at p < .05) 

MANCOVA 

Sex * Age 
.978 .591 7 181 .763 

MANOVA 

Sex 
.888 3.305 7 183 .002 

 

The discriminant function analysis using forward stepwise reduction of Wilks’ Lambda 

on the face dataset produced two steps containing principal components 6 and 4 in order of 

descending amount of variance explained by sex respectively.  These principal components 

reduced Wilk’s Lambda to .922 at a significance level of p < .001, which is illustrated in Table 

15.  The discriminant function analysis produced a 70.2% accuracy of correct classification for 

the original groupings and a 69.6% accuracy for cross validation scores when using principal 

components 4 and 6 to estimate sex, which is illustrated in Table 16.   



 

 31 

Wireframe graphs that visually present the facial shape change in relation to the mean 

shape are illustrated as figures in Appendix B.  The mean shape is presented as black lines with 

open circles representing landmarks.  Female trending shape changes are presented as red lines 

with closed red circles representing landmarks, and male trending shape changes are presented as 

blue lines with closed blue circles.  The shape changes are presented from both anterior and 

lateral perspectives.  Note that the shape variants are the most extremal points on either side of 

the principal component axes representing the most female and male trends. 

 

Table 15. Face Principal Components Stepwise Discriminant Function Analysis of Sex 

Variables Entered/Removed 

Face PCs 1-7  

Step Entered Statistic df1 df2 df3 
Exact F 

Statistic df1 df2 Sig. 

1 PC6 .944 1 1 189 11.281 1 189 .001 

2 PC4 .922 2 1 189 7.998 2 188 <.001 

 

Table 16. Face Principal Component Discriminant Function  

Classification Accuracies 

Classification Results 

Sex 

Predicted 

Classification Total 

M F 

Original 

Count 
M 127 8 135 

F 49 7 56 

% 
M 94.1 5.9 100.0 

F 87.5 12.5 100.0 

Cross-

validated 

Count 
M 127 8 135 

F 50 6 56 

% 
M 94.1 5.9 100.0 

F 89.3 10.7 100.0 
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Basicranial Morphology Dataset 

 Principal component analysis applied to the basicranium dataset Procrustes coordinates 

produced 32 principal components accounting for 100% of the variation in the sample.  The 

principal components and their associated eigenvalues for the basicranium dataset are illustrated 

in Table 17.  The first 12 principal components accounted for 81.48% of the variation and were 

selected for the multivariate analyses.  A MANCOVA testing for interaction between age and 

sex of the basicranium dataset produced a large Wilks’ Lambda value (.891) that was 

insignificant at an alpha level of .05 (p = .052), which is illustrated in Table 18.  Showing that 

age did not significantly interact with sex, the two variables could be pooled for analysis.  A 

MANOVA of the principal components using sex as an independent variable produced a 

moderate Wilks’ Lambda value (.615) that was statistically significant at an alpha level of .05 (p 

< .001), which is illustrated in Table 18. 

Table 17. Basicranium Principal Components, Eigenvalues, and Cumulative Percentages 

PCs Eigenvalues % Variance Cumulative % PCs Eigenvalues % Variance Cumulative % 

1 0.001446 19.607 19.607 17 0.000108 1.465 90.274 

2 0.000925 12.541 32.149 18 9.69E-05 1.313 91.588 

3 0.000753 10.211 42.359 19 8.33E-05 1.13 92.718 

4 0.000698 9.462 51.821 20 7.6E-05 1.031 93.749 

5 0.000478 6.488 58.309 21 7.27E-05 0.985 94.734 

6 0.000342 4.638 62.947 22 7.12E-05 0.966 95.699 

7 0.000322 4.369 67.317 23 5.72E-05 0.776 96.475 

8 0.000273 3.699 71.016 24 4.97E-05 0.675 97.149 

9 0.000226 3.067 74.083 25 4.61E-05 0.626 97.775 

10 0.000187 2.538 76.621 26 3.98E-05 0.54 98.315 

11 0.000183 2.483 79.104 27 2.96E-05 0.401 98.715 

12 0.000175 2.374 81.478 28 2.66E-05 0.36 99.076 

13 0.000154 2.087 83.565 29 2.16E-05 0.293 99.369 

14 0.000139 1.881 85.446 30 1.97E-05 0.268 99.637 

15 0.000134 1.823 87.27 31 1.71E-05 0.232 99.868 

16 0.000114 1.54 88.81 32 9.7E-06 0.132 100 
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Table 18. Basicranium Principal Components MANCOVA and MANOVA 

Basicranium 

PCs 1-12 

Wilk's 

Lambda 
F Hypothesis df Error df 

p-value 

 (Sig. at p < .05) 

MANCOVA 

Sex * Age 
.891 1.793 12 176 .052 

MANOVA 

Sex 
.615 9.299 12 178 <.001 

 

The discriminant function analysis using forward stepwise reduction of Wilks’ Lambda 

on the basicranium dataset produced 5 steps containing principal components 7, 6, 1, 8, and 5 in 

order of descending amount of variance explained by sex respectively.  These principal 

components reduced Wilk’s Lambda to .667 at a significance level of p < .001, illustrated in 

Table 19.  The discriminant function analysis produced a 78% accuracy of correct classification 

for the original groupings and a 75.9% accuracy for cross validation scores when using principal 

components 1, 5, 6, 7, and 8 to estimate sex, which is illustrated in Table 20.   

Wireframe graphs that visually present the basicranial shape change in relation to the 

mean shape are illustrated as figures in Appendix C.  The mean shape is presented as black lines 

with open circles representing landmarks.  Female trending shape changes are presented as red 

lines with closed red circles representing landmarks, and male trending shape changes are 

presented as blue lines with closed blue circles.  The shape changes are presented from both 

anterior and lateral perspectives.  Note that the shape variants are the most extremal points on 

either side of the principal component axes representing the most female and male trends. 
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Table 19. Basicranium Principal Components Stepwise Discriminant Function Analysis of Sex 

Variables Entered/Removed 

Basicranium PCs 

1-12 
Wilks' Lambda 

Step Entered Statistic df1 df2 df3 
Exact F 

Statistic df1 df2 Sig. 

1 PC7 .848 1 1 189 33.790 1 189 <.001 

2 PC6 .782 2 1 189 26.166 2 188 <.001 

3 PC1 .723 3 1 189 23.907 3 187 <.001 

4 PC8 .690 4 1 189 20.920 4 186 <.001 

5 PC5 .667 5 1 189 18.499 5 185 <.001 

 

Table 20. Basicranium Principal Component Discriminant Function  

Classification Accuracies 

Classification Resultsa,c 

Sex 

Predicted 

Classification Total 

M F 

Original 

Count 
M 121 14 135 

F 28 28 56 

% 
M 89.6 10.4 100.0 

F 50.0 50.0 100.0 

Cross-

validatedb 

Count 
M 119 16 135 

F 30 26 56 

% 
M 88.1 11.9 100.0 

F 53.6 46.4 100.0 

a. 78.0% of original grouped cases correctly classified. 

b. Cross validation is done only for those cases in the analysis. In cross validation, 

each case is classified by the functions derived from all cases other than that case. 

c. 75.9% of cross-validated grouped cases correctly classified. 

 

Cranial Vault Morphology Dataset 

Principal component analysis applied to the cranial vault dataset Procrustes coordinates 

produced 11 principal components accounting for 100% of the variation in the sample.  The 

principal components and their associated eigenvalues for the cranial vault dataset are illustrated 

in Table 21.  The first 5 principal components accounted for 81.18% of the variation and were 

selected for the multivariate analyses.  A MANCOVA testing for interaction between age and 
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sex of the cranial vault dataset produced a large Wilks’ Lambda value (.983) that was 

insignificant at an alpha level of .05 (p = .677), which is illustrated in Table 22.  Showing that 

age did not significantly interact with sex, the two variables could be pooled for analysis.  A 

MANOVA of the principal components using sex as an independent variable produced a large 

Wilks’ Lambda value (.910) that was statistically significant at an alpha level of .05 (p = .004), 

which is illustrated in Table 22. 

 

Table 21. Cranial Vault Dataset Principal Components,  

Eigenvalues, and Cumulative Percentages 

PCs Eigenvalues % Variance  Cumulative % 

1 0.001838 43.871 43.871 

2 0.000562 13.403 57.274 

3 0.0004 9.555 66.829 

4 0.000314 7.498 74.326 

5 0.000287 6.851 81.178 

6 0.000241 5.758 86.936 

7 0.000161 3.843 90.779 

8 0.000146 3.487 94.266 

9 0.000138 3.286 97.552 

10 8.25E-05 1.968 99.52 

11 2.01E-05 0.48 100 

 

Table 22. Cranial Vault Principal Components MANCOVA and MANOVA 

Cranial Vault 

PCs 1-5 

Wilk's 

Lambda 
F Hypothesis df Error df 

p-value 

(Sig. at p < .05) 

MANCOVA 

Sex * Age 
.983 .630 5 183 .677 

MANOVA 

Sex 
.910 3.654 5 185 .004 

 

The discriminant function analysis using forward stepwise reduction of Wilks’ Lambda 

on the cranial vault dataset produced 2 steps containing principal components 4 and 1 in order of 

descending amount of variance explained by sex respectively.  These principal components 
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reduced Wilk’s Lambda to .944 at a significance level of p = .004, illustrated in Table 23.  The 

discriminant function analysis produced a 71.2% accuracy of correct classification for the 

original groupings and a 69.6% accuracy for cross validation scores when using principal 

components 1 and 4 to estimate sex, which is illustrated in Table 24.   

Wireframe graphs that visually present the cranial vault shape change in relation to the 

mean shape are illustrated as figures in Appendix D.  The mean shape is presented as black lines 

with open circles representing landmarks.  Female trending shape changes are presented as red 

lines with closed red circles representing landmarks, and male trending shape changes are 

presented as blue lines with closed blue circles.  The shape changes are presented from both 

anterior and lateral perspectives.  Note that the shape variants are the most extremal points on 

either side of the principal component axes representing the most female and male trends. 

 

Table 23. Cranial Vault Principal Components Stepwise Discriminant Function Analysis of Sex 

Variables Entered/Removed 

Cranial Vault PCs 1-5 Wilks' Lambda 

Step Entered Statistic df1 df2 df3 Exact F 

Statistic df1 df2 Sig. 

1 PC4 .963 1 1 189 7.249 1 189 .008 

2 PC1 .944 2 1 189 5.620 2 188 .004 
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Table 24. Cranial Vault Principal Component Discriminant Function 

Classification Accuracies 

Classification Resultsa,c 

Sex 

Predicted 

Classification Total 

M F 

Original 

Count 
M 131 4 135 

F 51 5 56 

% 
M 97.0 3.0 100.0 

F 91.1 8.9 100.0 

Cross-

validatedb 

Count 
M 129 6 135 

F 52 4 56 

% 
M 95.6 4.4 100.0 

F 92.9 7.1 100.0 

a. 71.2% of original grouped cases correctly classified. 

b. Cross validation is done only for those cases in the analysis. In cross validation, 

each case is classified by the functions derived from all cases other than that case. 

c. 69.6% of cross-validated grouped cases correctly classified. 

 

Sagittal Landmarks Morphology Dataset 

Principal component analysis applied to the sagittal landmark dataset Procrustes 

coordinates produced 17 principal components accounting for 100% of the variation in the 

sample.  The principal components and their associated eigenvalues for the sagittal landmark 

dataset is illustrated in Table 25.  The first 5 principal components accounted for 83.51% of the 

variation and were selected for the multivariate analyses.  A MANCOVA testing for interaction 

between age and sex of the sagittal landmark dataset produced a large Wilks’ Lambda value 

(.970) that was insignificant at an alpha level of .05 (p = .351), which is illustrated in Table 26.  

Showing that age did not significantly interact with sex, the two variables could be pooled for 

analysis.  A MANOVA of the principal components using sex as an independent variable 

produced a large Wilks’ Lambda value (.865) that was statistically significant at an alpha level of 

.05 (p < .001), which is illustrated in Table 26. 
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Table 25. Sagittal Landmark Dataset Principal Components, Eigenvalues,  

and Cumulative Percentages 

PCs Eigenvalues % Variance Cumulative % 

1 0.001775 47.899 47.899 

2 0.000511 13.782 61.681 

3 0.000319 8.6 70.281 

4 0.000295 7.957 78.239 

5 0.000195 5.267 83.506 

6 0.000116 3.144 86.65 

7 0.000111 2.992 89.642 

8 8.47E-05 2.285 91.927 

9 7.13E-05 1.924 93.851 

10 6.07E-05 1.639 95.489 

11 5.17E-05 1.395 96.884 

12 4.19E-05 1.13 98.014 

13 2.46E-05 0.663 98.677 

14 1.96E-05 0.529 99.207 

15 1.28E-05 0.345 99.552 

16 1.17E-05 0.316 99.867 

17 4.92E-06 0.133 100 

 

 

 

Table 26. Sagittal Landmark Principal Components MANCOVA and MANOVA 

Sagittal 

Landmark PCs 

1-5 

Wilk's 

Lambda 
F Hypothesis df Error df 

p-value 

 (Sig. at p < .05) 

MANCOVA 

Sex * Age 
.970 1.121 5 183 .351 

MANOVA 

Sex 
.865 5.780 5 185 <.001 

 

The discriminant function analysis using forward stepwise reduction of Wilks’ Lambda 

on the sagittal landmark dataset produced 2 steps containing principal components 4 and 1 in 

order of descending amount of variance explained by sex respectively.  These principal 

components reduced Wilk’s Lambda to .906 at a significance level of p < .001, illustrated in 
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Table 27.  The discriminant function analysis produced a 69.1% accuracy of correct 

classification for the original groupings and a 68.6% accuracy for cross validation scores when 

using principal components 1 and 4 to estimate sex, which is illustrated in Table 28. 

Wireframe graphs that visually present the sagittal landmark shape change in relation to 

the mean shape are illustrated as figures in Appendix E.  The mean shape is presented as black 

lines with open circles representing landmarks.  Female trending shape changes are presented as 

red lines with closed red circles representing landmarks, and male trending shape changes are 

presented as blue lines with closed blue circles.  The shape changes are presented from both 

anterior and lateral perspectives.  Note that the shape variants are the most extremal points on 

either side of the principal component axes representing the most female and male trends. 

 

Table 27. Sagittal Landmark Principal Components Stepwise Discriminant Function Analysis of 

Sex 

Variables Entered/Removed 

Sagittal Landmark 

PCs 1-5 
Wilks' Lambda 

Step Entered Statistic df1 df2 df3 
Exact F 

Statistic df1 df2 Sig. 

1 PC4 .906 1 1 189 19.619 1 189 <.001 

2 PC1 .873 2 1 189 13.733 2 188 <.001 
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Table 28. Sagittal Landmark Principal Component Discriminant Function 

Classification Accuracies 

Classification Resultsa,c 

SexID 

Predicted 

Classification Total 

M F 

Original 

Count 
M 121 14 135 

F 45 11 56 

% 
M 89.6 10.4 100.0 

F 80.4 19.6 100.0 

Cross-

validatedb 

Count 
M 120 15 135 

F 45 11 56 

% 
M 88.9 11.1 100.0 

M 80.4 19.6 100.0 

a. 69.1% of original grouped cases correctly classified. 

b. Cross validation is done only for those cases in the analysis. In cross validation, 

each case is classified by the functions derived from all cases other than that case. 

c. 68.6% of cross-validated grouped cases correctly classified. 
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CHAPTER 5  

 

DISCUSSION 

 

 

Linear Measurements 

 Results of the linear measurement t-tests comparing autopsied and non-autopsied crania 

were found to be insignificant, with the exception of foramen ovale breadth in which the 

significant t-test was attributed to random factors because the measurement does is not taken 

across autopsy cuts.  The insignificant results of these t-tests show that the use of clay to 

rearticulate calottes to their separated cranial is an adequate and useful method when recording 

linear measurements on autopsied crania.   

 Results of all linear measurement t-tests comparing males and females were all found to 

be significant with the exception of minimum distance between the occipital condyles.  

Significant differences were observed between the male and female means for all linear 

measurements except the minimum distance between the occipital condyles.  The discriminant 

function derived from the stepwise discriminant function analysis created for all the linear 

measurements and the basicranial measurements exhibited moderately high classification 

accuracies when applied to the sample.  The discriminant function that was derived from all the 

measurements had a higher total correct classification accuracy at 88.48% and tended to 

misclassify males as females.  Females were not misclassified with an accuracy of 100%.  

Therefore, the discriminant function derived from all the measurement is best at estimating 

females from this sample population.  The discriminant function that was derived from the 

basicranial measurements had a total correct classification accuracy of 71.73% and tended to 

misclassify males more than females.  The correct classification accuracy of males using this 
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discriminant function was 65.91%, which is exceedingly close to random chance accuracy, 

whereas the females were correctly classified with an 87.5% accuracy.   

The discriminant function derived from all the measurements would be preferable in the 

field as a result of its high classification accuracy.  Though, if a researcher or investigator only 

has a basicranium present, using the discriminant function for the basicranium may slightly 

improve the accuracy of sex estimation for an unknown individual.  This is to be taken with 

caution because the basicranial discriminant function exhibits lower classification accuracies 

than would be recommended.  Both discriminant functions favor correctly classifying males over 

females.  This is most likely due to the disproportionate sample sizes between the sexes. Because 

the male sample was larger, it would have exhibited more variation than the female sample and 

thus would have caused the male sample to be misclassified more often.   

 

Centroid Size 

 Results of ANCOVA of centroid size showed that sex and age had no significant 

interaction and allowed analysis of sex to proceed with a pooled sample of the two variables.  T-

tests for differences of mean centroid sizes between the sexes were found to be statistically 

significant for all landmark datasets.  The results of these tests demonstrate recognizable sexual 

dimorphism with regards to size within the study sample.  Males exhibited consistently larger 

centroid size means than females.  This demonstrated that male crania were consistently 

significantly larger than female crania within the sample population. 
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Principal Component Analysis 

 

 Morphology 

 Multivariate analyses found that shape differences between the males and females were 

significant for all datasets, but there were no interactions between sex and age.  This suggests 

that shape of the cranium is affected by sex with no significant covariance from age.  Wilks’ 

Lambda values produces from the dataset MANOVAs showed that the basicranium dataset 

(.615) and complete dataset (.678) were the datasets that accounted for the most variation 

between the sexes with regards to shape.  The following discussion highlights key results for 

each dataset as follows: complete dataset, face dataset, basicranium dataset, cranial vault dataset, 

and sagittal landmarks dataset.  The implications of these results are then discussed.  

 

Complete Morphology 

 A MANCOVA testing for interaction between sex and autopsied/non-autopsied 

individuals applied to the complete dataset principal components showed that there was no 

interaction between sex and autopsy/non-autopsy and allowed analysis of sex to proceed with a 

pooled sample of the two variables.  The insignificant results of the MANCOVA showed that the 

use of clay to rearticulate calottes to their separated cranial is an adequate and useful method that 

does not affect shape when recording three-dimension landmark coordinate data on autopsied 

crania.  The results of this analysis were assumed to be reflective of all subsets because if 

significant differences between autopsied and non-autopsied crania were found in the complete 

dataset, then the subsets derived from the complete dataset would be affected.  The complete 

dataset was not significantly affected, and it was assumed that the subsets were not affected by 
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autopsy.  The Wilks’ Lambda produced from the complete dataset MANOVA (.678) indicates 

that differences in shape with regards to sex account for 32.2% of the variation within the 

sample.  The results of this analysis suggest that differences in the shape of all recorded 

landmarks account for a low amount of variation describing differences between males and 

females.   

 

Facial Morphology 

 The stepwise discriminant function produced two principal components with significant 

shape differences between the sexes.  Principal component 4 accounted for 9.879% of the total 

variation and 5.6% of the sexual variation, and principal component 6 accounted for 7.746% of 

the total variation and 2.2% of the sexual variation.   

The wireframe graphs for both of the principal components tended to exhibit 

contradictory shape differences between the sexes with reference to landmark configurations.  

There appears to be only one consistency between the two principal components that 

discriminates sex.  In both principal components, the distance between the left and right 

zygomaxillare anterior landmarks is wider in males than in females.  This suggests that the 

zygomaxillary suture angles more laterally at the inferior aspect in males than in females.  

Alternatively, if the zygomaxillary suture angles the same in males and females, then the margin 

of the masseter muscle, as described by Howells (1973), would be found more superiorly in 

females than in males.   

The principal components describing these possible changes in the face only account for 

a small portion of the total variation and sexual variation, and therefore the use of these 

interpretations must be used with skepticism.  The limited amount of variation accounted for by 
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these principal components can most likely be explained by the limited number of landmarks 

recorded on the face of the cranium.  Therefore, it was unlikely that principal components 

produce from the facial landmarks would account for a large range of variation in the face. 

 

Basicranial Morphology 

A MANOVA applied to the basicranium dataset principal components produced the 

smallest Wilks’ Lambda value (.615) suggesting that the basicranial landmarks accounted for the 

most variation between the sexes.  This is most likely because the basicranium dataset had the 

largest number of landmarks in order to record variation.  The stepwise discriminant function 

produced five principal components with significant shape differences between the sexes.  

Principal component 1 accounted for 19.607% of the total variation and 5.9% of the sexual 

variation, principal component 5 accounted for 6.488% of the total variation and 2.3% of the 

sexual variation, principal component 6 accounted for 4.638% of the total variation and 6.6% of 

the sexual variation, principal component 7 accounted for 4.369% of the total variation and 

15.2% of the sexual variation, and principal component 8 accounted for 3.699% of the total 

variation and 3.3% of the sexual variation.   

The superior view wireframe graphs tended to exhibit contradictory shape changes 

between the sexes with reference to landmark configurations.  The lateral view wireframe graphs 

show some shape differences that are consistent with other studies.  Wireframe graphs for 

principal components 1, 7, and 8 exhibit an increased acuteness of angles between the landmarks 

Basion and Hormion in males.  In other words, the angles between the landmarks between 

Basion and Hormion exhibit more angularity in males.  This is consistent with an increase of 

basicranial flexion.  The female angles exhibit a ‘flatter’ pattern between these landmarks.  This 
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is consistent with a study by Rosas and Bastir (2002) that found a possible increase in the area of 

the pharyngeal space in males.  Males tend to exhibit increased metabolic rates which require 

more energy (Rosas and Bastir, 2002).  This would lead to an increase of the respiratory 

pathways and retraction or concavity of the skeleton surrounding these areas.  The area between 

the landmarks Basion and Hormion may potentially be affected by these processes.  The increase 

of basicranial flexion in this area in males may be a result of increased respiration in males. 

  

Cranial Vault Morphology 

The stepwise discriminant function produced two principal components with significant 

shape differences between the sexes.  Principal component 1 accounted for 43.871% of the total 

variation and 1.9% of the sexual variation.  Principal component 4 accounted for 7.498% of the 

total variation and 3.7% of the sexual variation.   

Anterior views of the wireframe graphs for principal components 1 and 4 show that 

Asterion tends to be located more superiorly in males than in females.  Lateral views of principal 

component 1 show that Opisthocranion tends to be found more superiorly and closer to lambda 

in females in comparison to males.   

 

Sagittal Landmark Morphology 

The stepwise discriminant function produced two principal components with significant 

shape differences between the sexes.  Principal component 1 accounted for 47.899% of the total 

variation and 3.3% of the sexual variation.  principal component 4 accounted for 7.957% of the 

total variation and 9.4% of the sexual variation.   
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The wireframe graphs for principal component 1 exhibit similar results compared to the 

cranial vault principal component 1 wireframe graphs such that Opisthocranion tends to be 

located more superiorly and closer to lambda in females in comparison to males.  In the sagittal 

landmark wireframe graphs for both principal components, the inferior range from Opisthion to 

Staurion tends to be angled more acutely in females in comparison to males.  In males, Opisthion 

tends to be located more posteriorly and superiorly in relation to Basion in comparison to 

females. 

 

Summary 

The discriminant functions created from the all the linear measurements and basicranium 

measurements showed moderate to high classification accuracies.  The low classification 

accuracy of the basicranium discriminant function suggests that the basicranium should not be 

used as an area to estimate sex using linear metric measurements unless absolutely necessary.  

Whether an unidentified cranium is complete or fragmentary, it is always prudent to record as 

many relevant linear metric measurements as possible in order to accurately estimate sex. 

Centroid sizes were statistically significant between the sexes at very low p-values.  

While shape differences between the sexes were found to be statistically significant, they 

explained a moderate to low amount of the sexual variation.  This indicates that size differences 

are possibly playing a more important role with regards to sexual dimorphism.  This is consistent 

with results from previous studies (Franklin et al., 2012; Gonzalez et al., 2011).  While 

morphological observations of shape may be a useful tool in sex estimation, differences in size 

are more prominent between the sexes.    
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The face, cranial vault, and sagittal landmark datasets exhibit low levels of significant 

shape variation between the sexes.  This is most likely a result of the minimal number of 

landmarks chosen to represent these areas.  Conversely, the complete dataset and basicranium 

dataset exhibit moderate levels of significant shape variation between the sexes, which is most 

likely a result of the large number of landmarks chosen to represent these areas.  The anterior 

portion of the basicranium exhibits sexually dimorphic expression through differences in 

angularity between the landmarks Basion and Hormion.  The increased flexion of the anterior 

basicranial area is consistent with other studies that suggest that males require more air intake 

(Bastir et al. 2010).  Increased basicranial flexion in males compared to females was also found 

in a study performed by Bulygina et al. (2006). 

 

Concluding Statements 

Size and Shape 

This study examined size and shape differences between males and females of white 

group affiliation from a contemporary population in eastern Texas.  The results of this study 

suggested that size differences may contribute more to sexual dimorphism than shape differences 

in this specific population.  The results of centroid size analyses showed that males are 

significantly larger than females within all datasets.  Whereas some principal components within 

the datasets showed significant shape differences, these principal components did not account for 

much of the total shape variation.  This leads to the hypothesis that size contributed more to 

sexual dimorphism than shape within this sample population.  This hypothesis is given further 

credence by the high classification accuracies of the linear measurement discriminant functions, 

specifically the discriminant function that includes all linear measurements.  Linear 

measurements measure differences in form, size and shape, but not much shape data could be 
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interpreted through the analysis of linear measurements.  It could then be assumed that linear 

measurements represent size better than shape.  The significant differences between male and 

female centroid sizes and high classification accuracies of linear measurement discriminant 

functions support the hypothesis that size contributed more to sexual dimorphism of the cranium 

than shape within the sample. 

  

Shape Changes 

 Though size may have contributed to sexual dimorphism of the cranium more than shape, 

observations of shape differences between males and females may still prove useful for sex 

estimation of unidentified skeletal remains.  As this study focused on the shape differences of the 

basicranium, relatively few landmarks were selected for the face, cranial vault, and sagittal 

landmark subsets.  Because the face, cranial vault, and sagittal landmark subsets had few 

landmarks, only minor shape variations were observed between males and females, and often 

these shape variations produced contradictory results.  The results of the relative warp graphs 

suggested that male and female shapes are relatively homogeneous within this sample.  

Occasionally, minor shape differences between males and females could be observed, and these 

shape differences could potentially be useful in the determination of unidentified skeletal 

remains.  Further research using more landmarks from these areas would be necessary to find 

consistent differences between males and females in these areas of the cranium.   

 The basicranial shape differences between males and females accounted for the largest 

portion of total variation of all the data subsets.  This was most likely a result of the large 

selection of landmarks on the basicranium.  The angularity between the landmarks in-between 

the landmarks Basion and Hormion showed that males consistently exhibited more basicranial 
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flexion.  This description of basicranial flexion between the landmarks Basion and Hormion in 

males could be useful for sexing unidentified crania, specifically in eastern Texas, in a forensic 

context.  Furthermore, studies by (Rosas and Bastir, 2002; Ross and Ravosa, 1993) show that 

basicranial flexion increases with cranial vault size.  Males had significantly larger cranial vault 

sizes than females and also exhibited more basicranial flexion.  The results of this study support 

the hypothesis that basicranial flexion increases with an increase of cranial vault size.  Further 

research on the relation of basicranial flexion and cranial vault size should approach the issue 

through examination of allometry rather than sexual dimorphism.  Examination of allometric 

changes of basicranial flexion with regards to cranial vault size would lead to further 

understanding of cranial development and evolutionary trends. 
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APPENDIX A  

LIST OF CRANIA AND THEIR SYMMETRICALLY ESTIMATED LANDMARKS 

Identification Numbers 
Symmetrically Estimated 

Landmarks 

12 ZOL, FMTL, ZMAL 

71 OCML 

89 MFOR 

102 ZOL 

112 ZOL 

133 ZOR, OCAR 

139 MSR 

147 OCAR 

152 FTR, FMTR 

186 OCAL 

208 ZOL 

241 PTL 

243 ZMAR 
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APPENDIX B  

 

WIREFRAME GRAPHS DISPLAYING FACIAL SHAPE DIFFERENCES BETWEEN 

MALES AND FEMALES 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 2. Wireframe graph showing shape variation of the facial landmarks along PC 4 from an 

anterior perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 3. Wireframe graph showing shape variation of the facial landmarks along PC4 from an 

anterior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

______________________________________________________________________________ 

Figure 4. Wireframe graph showing shape variation of the facial landmarks along PC 4 from a 

right lateral perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 

______________________________________________________________________________ 

Figure 5. Wireframe graph showing shape variation of the facial landmarks along PC4 from a 

right lateral perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
_____________________________________________________________________________ 

Figure 6. Wireframe graph showing shape variation of the facial landmarks along PC 6 from an 

anterior perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 
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Figure 7. Wireframe graph showing shape variation of the facial landmarks along PC6 from an 

anterior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 8. Wireframe graph showing shape variation of the facial landmarks along PC 6from a 

right lateral perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 
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Figure 9. Wireframe graph showing shape variation of the facial landmarks along PC6 from a 

right lateral perspective.  Black: mean shape. Blue: male trend. 
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APPENDIX C  

 

WIREFRAME GRAPHS DISPLAYING BASICRANIAL SHAPE DIFFERENCES BETWEEN 

MALES AND FEMALES 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 10. Wireframe graph showing shape variation of the basicranial landmarks along PC1 

from a superior perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 11. Wireframe graph showing shape variation of the basicranial landmarks along PC1 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 12. Wireframe graph showing shape variation of the basicranial landmarks along PC1 

from a lateral perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 13. Wireframe graph showing shape variation of the basicranial landmarks along PC1 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 14. Wireframe graph showing shape variation of the basicranial landmarks along PC5 

from a superior perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 
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Figure 15. Wireframe graph showing shape variation of the basicranial landmarks along PC5 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 16. Wireframe graph showing shape variation of the basicranial landmarks along PC5 

from a lateral perspective.  Black: mean shape. Red: female trend. 
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Figure 17. Wireframe graph showing shape variation of the basicranial landmarks along PC5 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 18. Wireframe graph showing shape variation of the basicranial landmarks along PC6 

from a superior perspective.  Black: mean shape. Red: female trend. 
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Figure 19. Wireframe graph showing shape variation of the basicranial landmarks along PC6 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 20. Wireframe graph showing shape variation of the basicranial landmarks along PC6 

from a lateral perspective.  Black: mean shape. Red: female trend. 
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Figure 21. Wireframe graph showing shape variation of the basicranial landmarks along PC6 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 22. Wireframe graph showing shape variation of the basicranial landmarks along PC7 

from a superior perspective.  Black: mean shape. Red: female trend. 
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Figure 23. Wireframe graph showing shape variation of the basicranial landmarks along PC7 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

Figure 24. Wireframe graph showing shape variation of the basicranial landmarks along PC7 

from a lateral perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 
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Figure 25. Wireframe graph showing shape variation of the basicranial landmarks along PC7 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 
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Figure 26. Wireframe graph showing shape variation of the basicranial landmarks along PC8 

from a superior perspective.  Black: mean shape. Red: female trend. 
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Figure 27. Wireframe graph showing shape variation of the basicranial landmarks along PC8 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

Figure 28. Wireframe graph showing shape variation of the basicranial landmarks along PC8 

from a lateral perspective.  Black: mean shape. Red: female trend. 
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Figure 29. Wireframe graph showing shape variation of the basicranial landmarks along PC8 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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APPENDIX D  

 

WIREFRAME GRAPHS DISPLAYING CRANIAL VAULT SHAPE DIFFERENCES 

BETWEEN MALES AND FEMALES 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 30. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from an anterior perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 31. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from an anterior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

Figure 32. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from a lateral perspective.  Black: mean shape. Red: female trend. 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 33. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 34. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from a superior perspective.  Black: mean shape. Red: female trend. 
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Figure 35. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

Figure 36. Wireframe graph showing shape variation of the cranial vault landmarks along PC4 

from an anterior perspective.  Black: mean shape. Red: female trend. 
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Figure 37. Wireframe graph showing shape variation of the cranial vault landmarks along PC4 

from an anterior perspective.  Black: mean shape. Blue: male trend. 
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______________________________________________________________________________ 

Figure 38. Wireframe graph showing shape variation of the cranial vault landmarks along PC4 

from a lateral perspective.  Black: mean shape. Red: female trend. 
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Figure 39. Wireframe graph showing shape variation of the cranial vault landmarks along PC4 

from a lateral perspective.  Black: mean shape. Blue: male trend. 
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Figure 40. Wireframe graph showing shape variation of the cranial vault landmarks along PC4 

from a superior perspective.  Black: mean shape. Red: female trend. 
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Figure 41. Wireframe graph showing shape variation of the cranial vault landmarks along PC1 

from a superior perspective.  Black: mean shape. Blue: male trend. 
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APPENDIX E  

 

WIREFRAME GRAPHS DISPLAYING SAGITTAL LANDMARK SHAPE DIFFERENCES 

BETWEEN MALES AND FEMALES 

______________________________________________________________________________ 

 
______________________________________________________________________________ 

Figure 42. Wireframe graph showing shape variation of the sagittal landmarks along PC1 from a 

lateral perspective.  Black: mean shape. Red: female trend. 
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Figure 43. Wireframe graph showing shape variation of the sagittal landmarks along PC1 from a 

lateral perspective.  Black: mean shape. Blue: male trend. 
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Figure 44. Wireframe graph showing shape variation of the sagittal landmarks along PC4 from a 

lateral perspective.  Black: mean shape. Red: female trend. 
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Figure 45. Wireframe graph showing shape variation of the sagittal landmarks along PC4 from a 

lateral perspective.  Black: mean shape. Blue: male trend. 

 

 

 

N 

SR HR 

BA 
O 

OP 

L 

BR 

N 

SR HR 

BA 
O 

OP 

L 

BR 


	CHAPTER 1
	INTRODUCTION
	CHAPTER 2
	BACKGROUND
	CHAPTER 3
	MATERIALS AND METHODS
	Materials
	Data Acquisition and Calibration
	Landmark Acquisition
	Bilateral Data Analysis and Management

	Analytical Methods
	Linear Measurements

	Three-Dimensional Landmark Coordinate Analysis
	Generalized Procrustes Analysis
	Centroid Size
	Principal Component Analysis
	Warps and Visualization of Shape Change


	CHAPTER 4
	RESULTS
	Linear Measurements
	Centroid Size
	Principal Component Analysis
	Complete Morphology Dataset
	Facial Morphology Dataset
	Basicranial Morphology Dataset
	Cranial Vault Morphology Dataset
	Sagittal Landmarks Morphology Dataset


	CHAPTER 5
	DISCUSSION
	Linear Measurements
	Centroid Size
	Principal Component Analysis
	Morphology
	Complete Morphology
	Facial Morphology
	Basicranial Morphology
	Cranial Vault Morphology
	Sagittal Landmark Morphology

	Summary
	Concluding Statements
	Size and Shape
	Shape Changes


	REFERENCES
	APPENDICES
	APPENDIX A
	LIST OF CRANIA AND THEIR SYMMETRICALLY ESTIMATED LANDMARKS
	APPENDIX B
	WIREFRAME GRAPHS DISPLAYING FACIAL SHAPE DIFFERENCES BETWEEN MALES AND FEMALES
	APPENDIX C
	WIREFRAME GRAPHS DISPLAYING BASICRANIAL SHAPE DIFFERENCES BETWEEN MALES AND FEMALES
	APPENDIX D
	WIREFRAME GRAPHS DISPLAYING CRANIAL VAULT SHAPE DIFFERENCES BETWEEN MALES AND FEMALES
	APPENDIX E
	WIREFRAME GRAPHS DISPLAYING SAGITTAL LANDMARK SHAPE DIFFERENCES BETWEEN MALES AND FEMALES


