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Abstract of Thesis 
 
 

Evaluation of Craniofacial Superimposition as a Technique for Measuring Mountain 
Gorilla Facial Soft Tissue Depth and Implications for Hominid Facial Approximation 

 
 

Paleoanthropological facial approximation (also known as hominid facial 

reconstruction) refers to the results and investigations undertaken to determine and 

represent the life appearance of the earliest humans. Integrating skeletal, biomechanical, 

behavioral and environmental data, each approximation takes us on a journey through time, 

embodies decades of research and archaeological discovery, and tells the unique story of a 

species in anatomic detail. Despite its utility in connecting scientific and public audiences, 

facial approximation remains hindered by two factors: the first, a lack of methodological 

standardization and testing within the field, and the second a lack of facial thickness data 

for non-human primates.  

This study presents a novel application of craniofacial superimposition as a 

noninvasive way to measure facial soft tissue depth in great apes. Three-dimensional skull 

models and corresponding ante-mortem images of six adult male mountain gorillas 

(Gorilla beringei beringei) are overlaid in a computer-automated superimposition, and the 

point-to-point distances between skull surfaces and outer facial envelopes measured. A 

series of statistical analyses assess variation in measurements due to the type of software 

and number of images used. Further comparisons are drawn between mountain gorillas, 

chimpanzees, and humans in facial tissue thickness. Results support craniofacial 

superimposition as a measurement approach. However further study is needed to determine 

the technical limits that may occur in practice and improve methods for use in facial 

approximation and paleoanthropology. 
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Chapter 1: Introduction 
 

 
1.1 The Utility of Primate Facial Soft Tissue Depth  

 
  Blending scientific research and artistry, anatomical approximations enhance our 

understanding of the functional and morphological features of an extinct species (Antón et 

al. 1998). As researchers continue to debate the life appearance and taxonomic 

classification of early human relatives, and specifically, the derived or plesiomorphic state 

of certain facial and dental traits, approximations hold great potential in helping us 

understand and communicate aspects of our history (Gurche 2013). A central challenge in 

creating realistic and scientifically accurate reconstructions is the prediction of facial soft 

tissue depth (FSTD) from skeletal remains. Many facial muscles do not attach directly to 

the skull but insert in other areas of soft tissue, making predictions of soft tissue shape and 

depth subjective or empirically unjustifiable (Stephan et al. 2003).  

Facial approximation, or the three-dimensional reconstruction of a face from 

skeletal elements, is traditionally used in forensic investigatory contexts for victim 

identification.  When creating an approximation, practitioners use standards derived from 

anthropometric, human dissection, and medical imaging research to determine the position 

of the eyes, mouth, nose, and ears, and facial soft tissue depth data, to recreate the shape of 

the facial envelope (De Greef et al. 2009). Facial approximation techniques are thus 

scrupulously suited to the anatomy, shape, texture, and thickness of the modern human 

face, and require a substantial amount of modification for application in other species. 

Hundreds of facial soft tissue depth studies have been conducted beginning in the 19th 

century (Wilkinson 2004). Studies typically report soft tissue thickness means, medians, 

standard deviations and ranges for specific populations based on ethnic group, or sub-
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categorizations by sex, age, or Body-Mass-Index (BMI) (Wilkinson 2004). To date, only 

one study provides tissue depth values for a great ape species (See Hanebrink 2006).  

Of course, primate FSTD data are not germane to human identification cases, 

however, the utility of these data in informing paleoanthropological approximations has 

been overlooked. If we consider the lack of quantitative data on facial tissue thickness in 

large-bodied primates and the large degree of inference associated with the transfer of 

human tissue depth information to hominid facial approximations (Antón et al. 2009), a 

movement towards primate centered facial soft tissue depth prediction and collection 

methods is beneficial. The continued application of facial approximation techniques to 

fossil species thus hinges on the comparative anatomy of our closest living relatives.  

1.2 Research Questions   
 

To redress the paucity of primate FSTD data, craniofacial superimposition (CFS) 

is proposed here as a viable alternative to invasive FSTD measurement methods.  Using 

computer-automated craniofacial superimposition to achieve anatomical correspondence 

between facial outlines and virtual crania, facial tissue thickness measurements were 

estimated at specific measurement sites for six male mountain gorillas (Gorilla beringei 

beringei). In addition, facial tissue thickness was measured directly on a single adult male 

gorilla at necropsy. Specifically, this study (1) reports the first facial soft tissue depth 

values for an adult male mountain gorilla, (2) examines CFS as a facial tissue thickness 

measurement method, and (3) evaluates the effect of software and image in CFS-based 

FSTD measurement. Additional comparisons are drawn between mountain gorillas, 

chimpanzees, and humans in facial thickness, based on available published data. As 

comparative facial tissue thickness data derive almost entirely from human populations, 



 3 

results of this study provide a basis from which practitioners can more reliably approximate 

the appearance of hominids that have been shown to possess traits observable in both 

modern humans and living apes.  

Two main questions guided the assessment of CFS as a viable depth measurement 

method; these are elaborated in more detail below. 

Question 1: Will FSTDs measured in one software package differ from FSTDs measured 
within a second software package?  
 

The first question examines the degree to which software type impacts FSTD 

measurements. Craniofacial superimposition is an overlay process in which images 

and virtual models of an individual's skull and face are aligned and their degree of 

morphological correspondence evaluated. When the image and virtual model are 

known to derive from the same individual, CFS provides a substrate for an optimal 

fit between the face and skull and thus an opportunity to measure the distance 

between them. For CFS to be considered a viable measurement method, the skull 

to face distances measured in one software package should resemble those obtained 

in a second separate software package, with software type having no effect on 

FSTD measurements. To test this, superimpositions were carried out in two distinct 

software platforms.  

 
Question 2: Will different images of the same individual produce comparable depth 
measurements? 
 

The second research question considers the effect different images may have on 

FSTD measurement. Special focus is placed on the degree of difference in 

measurements obtained from a superimposition which uses a primary image and a 

second superimposition which uses a different image of the same individual. 
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Chapter 2: Literature Review 

 
2.1 Traditional Facial Approximation  
 

Facial approximation methods are primarily employed in forensic or 

anthropological investigations. In forensic contexts, approximation may aid the 

identification of recovered remains that would otherwise be unidentifiable due to 

postmortem mechanisms of deterioration (Prag and Neave 1997; Balter 2009). 

Anthropological approximations are three-dimensional depictions of historical figures or 

fossil humans for display in exhibitions (Wilkinson 2010). Both contexts have received 

extensive scientific criticism on the grounds that approximation techniques rely too heavily 

on anecdotal criteria and artistic skill (Suk, 1935; Vanezis et al. 1989; Stephan 2003). 

A hypothesized relationship between the facial skeleton and overlying soft tissue 

forms the basis of all facial approximation techniques. However many details about the 

nature of this spatial relationship are still poorly understood (Stephan 2003; Tyrrell et al. 

1997). Manual approximations begin with a palter or urethane casted skull replica, upon 

which practitioners deposit tissue depth markers and modeling clay in the shape of muscles, 

glands, and fat tissues using established guidelines. Practitioners make inferences about 

aspects of the face, where direct information is lacking, and may apply individual hairs or 

other modeling materials to bring color and topical detail to the face (Tyrrell et al. 1997). 

Computerized approximations work in a similar manner. However, skin, musculature, and 

other details are modeled within computer rendering software (Tyrrell et al. 1997; Lee et 

al. 2012).  

Facial approximation techniques have been practiced for more than 200 years, yet 

a lack of rigorous testing and improvement of methods have delayed its classification as a 
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true scientific discipline (Stephan 2003). The difficulty associated with predicting the 

appearance of antemortem facial features is compounded by the fact that some facial 

muscles do not attach directly to the skull or are highly variable in structure or presence 

(Tyrrell et al. 1997; Stephan 2003). Contemporary approximation techniques derive from 

guidelines established by early practitioners such as Gerasimov (1968), Krogman (1946), 

Gatliff (1984), Helmer (1989), and Prag and Neave (1997) (Wilkinson 2005). Krogman 

(1946) and Gerasimov (1968), for example, published an early set of rules for 

approximating both the placement and size of facial structures with little to no calculable 

relationship to the facial skeleton (i.e., the relation of the eyeball to the orbit, the shape of 

the nose tip, the orientation of the eyes, the location and length of the ear, width of the 

mouth, ear length). However, as indicated by Stephan (2003) the appearance of some 

features, such as the fullness of the lips, can only be achieved through intuition.  Currently, 

there are several different methods in use to approximate the same trait, yet no methods 

that assist the precise determination of muscle origins and insertions, a fact that casts 

considerable uncertainty on the effectiveness of each approach (Stephan 2003). Moreover, 

some practitioners have created paleoanthropological reconstructions by digitally 

distorting a human face until a more “ape-like” appearance is reached (Moraes and 

Miamoto 2015). This approach entirely circumvents the use of the distinctive anatomical 

information and fails to consider the skeletal and facial shape variation that undoubtedly 

exists between individuals and populations. Given the lack of systematic testing and 

subjective criteria employed in current approximation methods, critical examination and a 

revision of techniques is warranted (Stephan, 2003). 

2.2 Facial Soft Tissue Depth: A Turning Point in the Field  
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Metric assessments of facial soft tissue depth conducted in the 1800s represent the 

first and most notable stride toward quantitative methodology in facial approximation to 

date (Stephan 2003). Facial soft tissue depth is measured as the distance from the skin 

surface to the surface of underlying bone at standardized landmarks (Stephan and Simpson 

2008). A thin layer of soft tissue separates the skin surface from bone at varying levels of 

thickness such that the contours of the living face reflect those of the bone very closely 

(Brues 1958). FSTD measurements thus provide a picture of how the facial envelope fits 

over and around an individual’s skull. This fit is generalized as FSTD measurements do 

not discriminate between types of tissue, but sum the thickness of fat, organs, and muscles 

at a particular landmark (Brues 1958; Stephan and Simpson 2008). FSTD measurements 

hold scientific value in that the depth of facial fat and muscle have been shown to correlate 

with age, sex, and ethnicity. These measurements also set an important standard for 

anatomical consistency and repeatability in facial approximation (Stephan 2003).  

The forehead, root and bridge of the nose, the outermost protruding part of the 

cheekbone, and the lower border of the jaw hold less tissue and are more readily predictable 

in contrast to areas in which facial features are unpredictable or much less predictable such 

as the tip of the nose, the lips, and the hollows of the cheeks (Brues 1958). It is not possible, 

from skeletal remains, to predict the amount of subcutaneous fat within an individual's face, 

a problem which invariably affects the recognition of approximations used in forensic 

settings (Tyrrell 1997).          

Since 1883, FSTD research has been extensive with numerous studies reporting 

FSTD means obtained through various measurement techniques, for different ethnic 

groups, population sizes, anatomical landmarks and biographical variables (e.g., sex, age, 
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BMI) (Huete et al. 2015; Wilkinson 2004; Stephan and Simpson 2008; Codinha 2010). 

Several methods exist to measure FSTD, including include needle puncture, caliper, RTG-

roentgenography, MRI-magnetic resonance imaging, CT-computed tomography and US-

ultrasound. Although met with some resistance, the needle puncture method made famous 

by the facial approximation of Johann Sebastian Bach measures depth through the insertion 

of a needle or pin into a cadaver face at specific measurement sites until the surface of bone 

is reached (His, 1985; Rhine and Campbell 1980). Computer-based methods do not require 

the use of cadaver and can be used to obtain FSTD with more accuracy from living 

populations. All current methods, however, carry limitations (Sahni et al. 2008; Decker 

and Ford 2013; El-Mehallawi and Soliman 2001; Cavanagh and Steyn 2011). For example, 

CT scanning provides accurate and reproducible measurements, but if performed with 

individuals in a supine position, these measurements may be impacted by the effect of 

gravity. Similarly, measurement errors may result from contact and pressure between the 

probe and face in ultrasonic methods (Stephan and Simpson 2008). An excellent overall 

review of the strengths and limitations associated with each method is provided by Preedy 

(2012) and Stephan and Simpson (2008). While the adoption of FSTD standards in facial 

approximation represents disciplinary advancement, it has remained the sole movement in 

this direction (Stephan, 2003; Stephan and Henneberg 2001). These reviews make clear 

that parameters for standardization and accuracy are needed as FSTD approaches evolve 

and new technologies become available.   

 
2.3 Facial Approximation in Paleoanthropology  
 

Widespread use of the terms facial reconstruction or facial reproduction rather than 

facial approximation, has perhaps led some to assume that practitioners have the ability to 
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exact rather than approximate the antemortem appearance of an individual (Stephan 2003). 

In practice, approximations involve large degrees of inference and uncertainty which have 

been addressed in more detail in previous sections. Notwithstanding technical limits, it is 

imperative to minimize error in both approximation attempts and FSTD collection methods 

(Stephan 2003; Tyrrell 1997).  

This minimization becomes more crucial when we consider the number of 

questions associated with paleoanthropological approximations. John Gurche chronicles 

the many questions that arose during his work constructing the faces of early human species 

for the Smithsonian Institution’s Hall of Human Origins exhibit in Shaping Humanity 

(2013). A specific dilemma Gurche encountered while building the face of 

Australopithecus afarensis specimen A.L.444-2, was the color of the individual’s sclera. 

The sclera is the part of the eye that surrounds the cornea. It appears white in modern 

humans and dark in living primates. A. afarensis lived in Eastern Africa between two and 

three million years ago and possessed adaptations like strong arms and long curved fingers 

for climbing in trees as well as some human-like facial proportions and adaptations for 

bipedalism (Johanson et al. 1978; Johanson and Edey 1981; Kimbel and Delezene 2009). 

Although we have skeletal remains from over 300 A. afarensis individuals, we do not have 

a way to study the soft tissue aspects of the species. While this is a seemingly minor detail, 

comparative studies on primate eye morphology and head movement suggest that the white 

sclera of the human eye is an adaptation that allows us to see where others are gazing, in 

contrast to the deeply pigmented sclera which works in nonhuman primates to camouflage 

gaze direction against predators or other individuals (Gurche 2013; Kobayashi and 

Koshima 2001). Drawing on paleoanthropological research in communication, 
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environment, and cognition, Gurche ultimately decided to use a white sclera in his 

approximation, an anatomical decision that undoubtedly implies information about the 

cognitive and social capabilities of A. afarensis, a hominid known to possess both apelike 

and human characteristics (Balter 2009; Gurche 2013). Features like skin color present a 

similar challenge. It is possible to use environment and latitude information to infer the 

skin color, however, the final decision is still partly derived from intuition (Gurche 2013; 

Stephan 2003; Balter 2009).  

Approximations thus have the potential to encode unintended information about the 

individuals upon which they are based, and as some researchers have suggested influence 

how people interpret the behaviors of human ancestors (Balter 2009). A famous example 

of this interaction is illustrated by the 1908 discovery of a partial Neanderthal skeleton at 

La Chapelle-aux-Saints. Marcellin Boule was the first to study and publish on the 

specimen. From his analysis, Boule concluded that Neanderthals were incompletely erect 

and unlikely candidates for human ancestry and later commissioned a hunched, ape-like 

illustration of the skeleton (Trinkaus 1985). His conclusions were revised in the 1950’s 

when the specimen was reassessed and found to be diseased. Modern research has revealed 

morphological and behavioral similarities between humans and Neanderthals yet, the 

popular depiction of Neanderthals as stooped, club-wielding brutes remains today 

(Trinkaus 1985).      

Critical examination of the inference involved with paleoanthropological 

approximation does not diminish its demonstrative value. We can acknowledge the 

limitations of facial approximation and the fossil record while also highlighting the breadth 

of questions they are suited to answer. While not to be taken as exact representations of 
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past individuals, approximations are instrumental in promoting archaeological research, 

informing public audiences, and urging researchers to consistently refine their views of 

how our ancestors functioned in their environment (Balter 2009).  

Moreover, further research should work to correct and validate current 

methodology, and specifically, put forth a common framework from which forensic facial 

approximation techniques can be appropriately applied to paleoanthropological cases. The 

lack of available primate FSTD data suggests that researchers either have not published 

their activity in the field or have based paleoanthropological approximations on human 

standards. Given the appreciable differences between human populations, it is reasonable 

to assume that significant differences also exist between human and ape populations 

(Lodha et al. 2016; Claes et al. 2006). The implications of the emphasis on human data are 

biased and potentially misleading paleoanthropological approximations generated from 

human facial soft tissue depth values. The inclusion of primate soft tissue measurements 

to FSTD databases will minimize much of the “guesswork” associated with 

paleoanthropological approximation and provide context for interpreting differences 

between species (Stephan 2003).   

2.4 Craniofacial Superimposition  
 

In this study, craniofacial superimposition (CFS) is used to align 3D cranial models 

and antemortem images to measure mountain gorilla FSTD. Craniofacial superimposition 

is the overlay and assessment of morphological correspondence between a skull or skull 

model and an antemortem image, typically used in forensic contexts for missing persons 

identification (Huete et al. 2015; Santoro et al. 2017). In this study, an automated CFS 
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overlay is used measure the distance between 3 Dimensional models and antemortem 

images of mountain gorillas.  

Technological advancements in the field of 3D facial acquisition have led to new 

techniques involving the combination of computer automation, CFS, photogrammetry and 

3D modeling (Santoro et al. 2017). Like facial approximation, craniofacial superimposition 

centers on a relationship between the skull and face (Santoro et al. 2017). Superimpositions 

are evaluated on the basis of anatomical consistency between facial and cranial structures, 

with anthropometric landmarks, soft tissue outlines, and positional relationships between 

the skull and face used to establish alignment (Heute et al. 2015; Taylor and Brown 1998). 

Several studies discuss the quality or degree of morphological correspondence in 

craniofacial superimposition, as well as the criteria used to assess this relationship. A 

comprehensive review of the fundamentals and historical use of CFS is provided by Martin 

and Saller (1957) and Huete et al. (2015). A specific focus on automated CFS is presented 

here as these methods are employed in later phases of study.  

In computer-automated CFS initial steps involve the acquisition of input data (i.e., 

antemortem image and skull image or 3D cranial model). The quality of both images and 

models intended for use must be considered along with technical details regarding the 

photographic equipment (i.e., focal length, distance to camera, size of image) (Heute et al. 

2015). Automated skull-face overlay methods use registration algorithms or evolutionary 

computation (Bäck et al. 1997) which apply a projective transformation over the image and 

3D model to minimize the distance between craniometric and cephalometric landmarks. 

Computational systems are often incorporated into a program or software package 

ultimately automating the human tasks of sizing and scaling antemortem images, manually 
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orienting the skull and aligning the two objects (Huete et al. 2015). Registration algorithms 

find the optimal superimposition between a skull model and antemortem image and 

evaluate their correspondence using objective and numerical data. Practitioners may also 

choose to visually evaluate the skull face overlay that is obtained by the computer (Huete 

et al. 2015). Following the skull face overlay stage, practitioners may introduce tissue 

markers or distance measures, to make decisions regarding the anatomical correspondence 

between the skull and face (Jayaprakash et al. 2001; Ricci et al. 2006; Huete et al. 2015). 
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Chapter 3: Methods and Materials 

3.1 Materials   

 
Figure 1. Map indicating location of Volcanoes National Park. 

 
Gorilla Study Population:  
 

Antemortem photos and cranial models used in this study derive from the Mountain 

Gorilla Skeletal Project (MGSP) skeletal collection in Rwanda (McFarlin et al. 2009). The 

skeletal collection of mountain gorillas from Volcanoes National Park, Rwanda is an ideal 

dataset for testing hypotheses related to the relationship of skeletal and facial tissue, given 

the availability of photos and detailed life history information for many of the specimens 

in the collection. Study individuals belonged to habituated social groups from the Karisoke 

study area in the Volcanoes National Park. This area has been the focus of continuous 

behavioral observation since 1967 by the Dian Fossey Gorilla Fund International’s 

Karisoke Research Center (Caillaud et al. 2014; Grueter et al. 2013; Fossey, 1979; Fossey 

and Cantwell 1983; Watts 1998).  All gorillas were wild adult silverback males aged 

between 18 and 27 years, without facial deformities, pathological conditions or signs of 

serious injury. Descriptive information for the gorillas is summarized in Table 1.   
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Table 1. List of individuals included in study (Males aged 18-27). 

ID Number  Name Sex  Chronological Age (Years) 

01 Bwenge Male 25 

02 Gushimira Male 19 

03 Umishikirano Male 22 

04 Ugenda Male 27 

05 Wageni Male 20 

06 Ugutsinda Male 25 

07* Vuba Male 24 

All individuals derived from MGSP skeletal collection. *Facial soft tissue depth 
measurements were collected from Vuba (07) during veterinary necropsy using a 
needle puncture protocol described in Appendix item A; Vuba’s depth information 
was not included in superimposition trials. Chronological ages were rounded to 
nearest integer.  

 
Photographs were sourced from a gorilla photogrammetry study by Galbany et al. 

2017.  Only static photographs taken of non-posed gorillas in lateral view (norma lateralis) 

were used in this study. Visual inspection aided the selection of appropriate photos of 

individuals in norma lateralis, where the entire lateral wall of the head was visible and the 

target object plane appeared perpendicular to the optical axis of the lens (Galbany et al. 

2017). Gorillas were photographed in seated or standing positions in which their bodies 

were not turned toward or away from the camera (Galbany et al. 2017). Images were 

collected using a mounted Nikon D800 digital single-lens reflex (DSLR) camera system 

from a distance of seven to thirteen meters at 36.3 MP resolution (Galbany et al. 2017; 

Galbany et al. 2016). Visual inspection determined whether photo subjects were in focus 

and the entire craniomaxillofacial area was visible. Photographs in which the faces of 

gorilla were obstructed by vegetation or other objects were excluded from use. Three-

dimensional surface scans of each gorilla crania were collected in Rwanda using either a 
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NextEngine 3D laser scanner at a geometry resolution of 1.2mm (triangle edge length), or 

a Brueckmann smartscan3D white light scanner. Three-dimensional models encompassed 

the entire cranial surface. The Brueckmann scanner projects patterned white light onto the 

rotating cranial specimen while capturing digital photographs at 180 µm resolution. A total 

of thirty to fifty images were taken of specimens digitized with the Brueckmann scanner 

to capture the entire surface geometry of the skulls. Geospatial modeling and visualization 

software programs Optocat (Optocat 2012) and Geomagic Design X (3D Systems, Inc, 

2017) were used to optimize, align, and export digitized 3D cranial data as comprehensive 

cranial models saved in polygon file format. The cranial models and corresponding 

antemortem images of each gorilla were paired prior to CFS. 

Direct FSTD Measurement: 
 

Comparative FSTD values were necessary for assessment of CFS as a viable 

measurement method. A single set of FSTD values were collected during veterinary 

autopsy from adult male silverback mountain gorilla Vuba (07) who died naturally in 

September of 2017. Depth measurements were extracted using a needle puncture protocol 

modified from Rhine and Campbell (1980) for use on gorillas (See Appendix Item A).  

For purposes of comparison, Vuba’s measurements were used as ‘ground truth’ or 

representative FSTDs for mountain gorillas. This study is thus the second study to present 

facial tissue depth data for a non-human primate (see Hanebrink 2006), and the first to 

present FSTD data for mountain gorillas. FSTD measurements were taken from Vuba at 

33 measurement sites on the face. Table 2 describes landmark measurement sites used in 

this study. Per-point depth values for Vuba are listed in Table 15.  

Comparative FSTD Data:  
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Chimpanzee FSTDs used for interspecific comparison were sourced from 

Hanebrink (2013). Using Ultrasonic imaging, Hanebrink (2013) collected facial tissue 

thickness measurements from a sample 44 captive chimpanzees from the University of 

Louisiana at Lafayette New Iberia Research Center. Landmark measurement sites found to 

correspond between this study and Hanebrink’s study were included in interspecies 

comparison. Comparisons were limited to Hanebrink’s category of chimpanzee males aged 

18-30.   

Human FSTD data are sourced from Stephan and Simpson’s (2013) T-tables 

available at craniofacialidentification.com. The authors collapsed prior FSTD data from 

previous studies using weighted means and standard deviations within age ranges 

producing T-tables with depth values for over 3000 individuals at common craniofacial 

landmarks. The pooled data include measurements from studies using different 

measurement methods and populations. Landmark measurement sites found to correspond 

with those included in the pooled data were used in ape to human comparison. Pooled data 

were not separated by sex, but were separated by age. Comparisons were limited to adult 

males and females aged 18 and older. 

3.2 Superimposition Procedure  
 

Craniofacial superimposition is defined here as an automated overlay between a 

three-dimensional cranial model and a two-dimensional photo of an individual in life. 

Depth estimates derive from the distance measured between anthropometric landmarks 

identified on the three-dimensional virtual cranial surface and the soft tissue envelope 

observed in the two-dimensional photograph. An automated superimposition process was 

selected over a manual process to reduce the error associated with a user-determined fit 
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between images and models. FSTD values were estimated in two different software 

platforms to assess the effect of software on CFS-based measurements: Cephalometrics© 

(3DMD, Croissy-Beauborg, France) and Maxilim® (Medicim NV, Mechelen, Belgium), 

both commercially available virtual surgical planning (VSP) software packages. VSP 

software allows users to visualize and extract geometric information from 3D digital skull 

models that combine volumetric and surface data (Zhao et al. 2012). Once entered into the 

software, the superimposed 3D facial skeleton model and 2D antemortem image simulate 

a surgical patient in anatomic detail, providing a noninvasive planning environment for 

users (Zhao et al. 2012). Other VSP features include the rotation, measurement, scaling, 

zooming, panning, and isolation of a region of interest, as well as the application of 

transparency threshold filters, which allow users to distinguish tissues of different densities 

(i.e., soft and hard tissues) (Zhao et al. 2012). Using transparency thresholds, it is possible 

to visualize the thickness of soft tissue at various points. Cephalometrics© and Maxilim® 

were selected because they have similar user interfaces, comparable functionality, and use 

the same automated registration algorithm to superimpose objects. 

Step 1: Computer-Aided Registration  
 
Consistent superimposition between VSP platforms required a standard protocol. 

Prior to superimposition, craniofacial landmark reference points were identified on each 

skull model and corresponding antemortem photo. All steps in the process were executed 

by a single examiner. The image and 3D model were loaded into the software interface and 

the field of view set to 300 millimeters. Cranial models were scaled to 29.5 cm in length, 

15.5 cm in width and a height of 24.7 cm. Automated pixel-voxel (picture elements to 3D 

volume elements) surface-based registration merged each 3D model and photo into a 
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common spatial reference frame. Registration places different objects, in this case a 3D 

model and 2D image, into a common coordinate system, bringing the points as close 

together as possible, while minimizing the error of a given metric of resemblance. Both 

Maxilim® and Cephalometrics© use the maximization of mutual information algorithm to 

avoid observer dependent errors involving the overlap of anatomic surface information 

(Maes et al. 1997). Following registration, the rigid Iterative Closest Point algorithm 

obtained the best alignment between the 3D Model and antemortem image. A visual 

inspection confirmed the match between superimposed 3D cranial surface and contours of 

the face, however, no manual manipulation of the surfaces was carried out. 

Step 2: Landmark Placement  
 
The implant simulation module incorporated within the VSP software was used to 

measure the distance between crania and facial envelopes. The user was prompted to place 

markers along the outline of the face establishing a facial border. Homologous landmarks 

were identified on the facial border and cranial surface, and digital markers placed at six 

predetermined measurement sites (i.e., glabella was identified on the skull surface and 

secondarily identified on the facial envelope at the intersection of a perpendicular 

trajectory). Two pools of information were used to determine landmark measurement sites: 

(1) the types of landmarks standard in facial approximation (Wilkinson 2004; Vanezis et 

al. 1989), and (2) the degree to which certain landmarks can consistently be identified 

across hominids including modern, extinct and non-human species. Table 2 lists landmark 

measurement sites used in the current study. The use of 2 dimensional over 3-dimensional 

photos of the gorillas in lateral view precluded the selection of bilateral landmarks for CFS-

based measurement. 
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Table 2. Craniofacial landmark measurement sites used in study with descriptions. 
Number  Landmark Abbreviation  Description  

1 Glabella * GL Most anterior point on the frontal bone as 
viewed in Frankfort Horizontal plane.  

2 Nasion * NA Midline intersection of nasal and frontal 
bones or Fronto-Nasal suture.  

3 Rhinion * RH Most anterior point in midline on nasals.  

4 Nasospinale* NS Most anterior point on nasal spine; Inferior 
most midline point of piriform aperture.  

5 Mid philtrum* MP Midline point midway between the base of 
the nasal spine and prosthion on the 
anterior edge of the maxillae.  

6 Prosthion* PR Anterior point of projection of premaxilla 
between central incisors.  

7 Infradentale ID The apex of the septum between the 
mandibular central incisors.  

8 Mentolabial 
sulcus 

MS Point of greatest concavity in the midline 
between the lower lip and chin.  

9 Gnathion GN Lowest point on the anterior margin of the 
lower jaw in midsagittal plane.  

10,11 Mid Torus 
Inferior 

MTI Midline point of the superior margin of 
orbit.  

12, 13 Frontomalare 
orbitale 

FMO Where frontozygomatic suture crosses the 
inner orbital rim.  

14, 15  Dacryon DAC Junction of frontal, lacrimal, and maxilla. 

16, 17  Prema-max 
superior 

PMS Where premaxillary-maxillary suture meets 
nasal bone, or aperture, if it does not 
continue to the nasal bone.  

18, 19  Zygoorbitale ZO Point at which the zygomaticomaxillary 
suture meets the orbital rim.  

20, 21 Jugale JU Point in the depth of notch between the 
temporal and frontal.  

22. 23 Infraorbital 
Foramen 

IF Measured at the center, in the plan of the 
bone surface.  
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24, 25  Zygomaxillare ZM The most lateral point on the margin of the 
nasal aperture.  

26, 27 Alare 
 

Most lateral point on margin of nasal 
aperture.  

28, 29 Mid Ramus MR Point at the Center of mandibular ramus.  

30, 31 Gonian GO Point of intersection between ramus plan 
and mandibular plane.  

32, 33 Alveolar P3 AP3 Point in the center of the external border of 
the P3 alveolus.  

*denotes unilateral landmark sites measured in CFS procedure, all other landmarks were used in collection 
of direct measurements from Vuba during necropsy.  

 
Figure 2. Frontal and lateral views of soft tissue depth landmark measurement sites on 

gorilla skull model. 
Step 3: Depth Estimation  
 

Detecting distance between equivalent point markers placed on the outermost 

border of the skull and facial surface, VSP software linked the points with a colorized line 

and displayed a numerical measurement. Repeated measurements at the same site 
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generated different depth values resulting from slight variation in observer placement of 

landmarks between trials (i.e., intraobserver error). Each image and 3D model underwent 

three CFS measurement trials within each software package. Depth readouts were only 

visible to the examiner after landmarks had been placed on both surfaces. The process was 

first conducted in Cephalometrics© software and completed in Maxilim® a week 

following. Secondary images were available for four gorillas. Additional trials were run on 

the secondary images in Cephalometrics© and Maxilim® to assess the effect different 

images have on measurements.      

3.3 Statistical Analyses  
 
Statistical analyses and graphing were carried out in open source statistical 

computation program R version 3.3.1 (R Core Team, 2016) and graphing package Plot.ly 

(Sievert et al. 2017). Mean, standard deviation and software estimated facial tissue depth 

ranges are reported for all study individuals. Depth readouts were organized by software 

and photograph in Microsoft Excel 2016. To assess variation in depth measurements due 

to software, a paired t-test was conducted to compare landmark depth measurements from 

Cephalometrics© and Maxilim®. This test compares the means of two sets of observations. 

Here, a non-significant test result (two-tailed, p>0.05) would suggest no difference 

between CFS-based FSTDs measured in Cephalometrics© and Maxilim®.  

The non-parametric equivalent to the t-test, a Wilcoxon signed-rank test was also 

used to compare measurements from both software packages. This test compares two 

matched or related samples to determine whether population means from the two samples 

differ and is suited to cases where data are not normally distributed. Additional paired t 

and Wilcoxon signed-rank tests compared measurements obtained from CFS trials which 
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used a primary image (Image A) against those which used a secondary image (Image B) of 

the same individual. Interspecific comparisons were made between direct mountain gorilla 

FSTD values collected at necropsy, and previously published facial tissue thickness 

averages for chimpanzees and humans (Hanebrink 2006; Stephan and Simpson 2013).  
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Chapter 4 Results 
 

4.1 Assessment of CFS-based FSTD measurements: the effect of software 
 

Table 3 presents facial soft tissue depth means, standard deviations and ranges for 

three CFS measurement trials run in Cephalometrics©. Table 4 presents FSTD means, 

standard deviations and ranges for three CFS measurement trials run in Maxilim®. 

Variation can be observed at each landmark between individuals.   

Table 3. CFS-based FSTD means (mm) per three measurement trials using 
Cephalometrics©. 

Gorilla ID 01 02 03 04 05 06 
  

Landmark M M M M M M SD Range 

1 Glabella 1.0 2.5 2.0 1.3 2.5 2.0 0.58 1.0-2.5 

2 Nasion 3.5 4.1 - 3.9 3.0 3.9 0.41 3.0-4.1 

3 Rhinion 2.5 3.0 3.0 2.2 2.6 2.5 0.34 2.0-3.1 

4 Nasospinale 4.6 5.0 5.1 - - 4.5 0.26 4.5-5.1 

5 Mid Philtrum 9.0 13.0 10.0 - 12.3 12.8 1.70 9.0-13.0 

6 Prosthion 8.0 9.2 - - 10.4 9.1 0.89 8.0-10.4 

Table 3 presents landmark FSTD values for six mountain gorillas obtained using Cephalometrics© 
software.  Each individual was represented by one photo, and subject to three independent 
measurement trials. The mean (M) of these trials for each individual is reported here, followed by 
the range and standard deviation (SD) of these means across individuals. 

 
Table 4. CFS-based FSTD means (mm) per three measurement trials using Maxilim®. 

Gorilla ID 01 02 03 04 05 06 
  

Landmark M M M M M M SD Range 

1 Glabella 1.4 2.6 2.3 1.6 2.6 2.1 0.49 1.3-2.7 

2 Nasion 3.7 4.5 4.2 4.1 3.0 4.3 0.52 3.0-4.5 

3 Rhinion 2.5 3.2 3.0 2.6 2.6 2.8 0.35 2.2-3.3 
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4 Nasospinale 4.9 5.2 5.5 - - 4.5 0.39 4.0-5.5 

5 Mid Philtrum 10.1 13.0 10.1 - 12.3 12.5 1.35 10.0-13 

6 Prosthion 9.0 9.1 8.9 - 10.4 9.0 0.59 8.8-10.4 

Table 4 presents landmark FSTD values for six mountain gorillas obtained using Maxilim® software.  
Each individual was represented by one photo, and subject to three independent measurement trials. 
The mean (M) of these trials for each individual is reported here, followed by the range and standard 
deviation (SD) of these means across individuals. 

Table 5. Per-point FSTD measurements (mm) obtained through CFS for each 
measurement trial in Cephalometrics© at Glabella. 

Individual  Trial 1 Trial 2 Trial 3 D 
Bwenge 1.0 1.1 1.1 0.1 
Gushimira 2.5 2.5 2.5 0.0 
Umishikirano 2.1 2.0 2.0 0.1 
Ugenda 1.5 1.4 1.1 0.4 
Wageni 2.7 2.5 2.3 0.4 
Ugutsinda  2.0 2.0 2.0 0.0 
Table 5 presents raw FSTD values for six mountain gorillas per three craniofacial superimposition 
trials at the glabella measurement site. The 3D model and antemortem photograph of each 
individual was superimposed and the distance between them at six landmarks measured three 
times. Error in landmark identification may have impacted results, as the use of VSP systems 
required the examiner to identify the same measurement site during each trial. The depth at glabella 
is reported here, followed by the difference (D) between the highest and lowest depth values.  

 
In comparing CFS-based FSTD measurements at glabella derived from 

Cephalometrics© to measurements obtained in Maxilim®, results for the paired t-test run 

at a 95% confidence interval indicate a significant difference in the scores for 

Cephalometrics© (M=1.88, SD=0.61) and Maxilim® (M=2.1, SD=0.51); t (3.9929), 

p=0.0104. Similar results were obtained in subsequent t-tests for other landmark 

measurements sites. When paired t-tests were run at run at a 91% confidence interval, the 

difference is less significant. These results suggest that differences in software impact 

FSTD measurement and specifically FSTD measurements taken at a landmark 

measurement site in one software package may differ from those taken at the same 



 25 

measurement site in a different software package. Mean Cephalometrics© and Maxilim® 

FSTD measurements at each landmark are displayed as a scatter plot in Figure 4.  
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Table 6. 95% confidence interval Paired t-test results table for landmark FSTDs obtained in Cephalometrics© and Maxilim® 

(Equal Variance Assumed)  
 
1 Glabella 

t df Sig. (2-tailed) Mean Difference Lower Upper 

3.9929 5 0.0104 0.2166 0.0771 0.3561 

2 Nasion -3.2071 4 0.0326 -0.24 -0.4477 0.0326 

3 Rhinion -1.9365 5 0.1106 -0.1 -0.2327 0.0327 

4 Nasospinale -2.6349 3 0.0779 -0.225 -0.4967 0.0465 

5 Mid Philtrum -0.6609 4 0.5448 -0.16 -0.8321 0.5121 

6 Prosthion -0.7470 3 0.5092 -0.2 -1.0519 0.6519 

Hypothesis = no difference between mean depths obtained from Cephalometrics© and mean depths obtained from Maxilim®. 
 
 

Table 7.  91% confidence interval Paired t-test results table for landmark FSTDs obtained in Cephalometrics© and Maxilim® 

(Equal Variance Assumed)  

1 Glabella 

t df Sig. (2-tailed) Mean Difference Lower Upper 

-3.9929 5 0.0104 -0.21 -0.3305 -0.1028 

2 Nasion -3.2071 4 0.0326 -0.24 -0.4065 -0.0734 

3 Rhinion -1.9365 5 0.1106 -0.1 -0.2083 0.0083 

4 Nasospinale -2.6349 3 0.0779 -0.23 -0.4359 -0.0140 

5 Mid Philtrum -0.6609 4 0.5448 -0.16 -0.6988 0.3788 

6 Prosthion -0.7471 3 0.5092 0.5092 -0.8615 0.4614 

Hypothesis = no difference between mean depths obtained for image A and image B. 
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Table 8.  Wilcoxon signed-rank test results table for landmark FSTDs obtained in Cephalometrics© and Maxilim® 

91% Confidence Interval of the Difference 

 V(test stat) P Value  Median Difference Lower Upper 

 1 Glabella  0 0.0260 -0.2 -0.3 -0.1 

2 Nasion 0 0.0679 -0.3 -0.4 -0.2 

3 Rhinion 0 0.1088 -0.2 -0.3 -0.1 

4 Nasospinale 0 0.1088 -0.3 -0.4 -0.2 

5 Mid Philtrum 1 0.6547 -0.4 -1.1 0.3 

6 Prosthion 3 1.0000 -0.35 -0.5 0.1 
           Alternative hypothesis = true location shift is not equal to 0. 
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Figure 3. Mean FSTDs (mm) at each landmark obtained through Cephalometrics© CFS by those obtained with Maxilim® CFS. 
Facial soft tissue depth in millimeters is shown on the y axis’ x axis specifies gorilla ID number.  
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Figure 4. Bar graph displaying CFS-based mean FSTD values at single craniofacial 
landmark (Glabella) to illustrate difference in measurements between Cephalometrics© 
and Maxilim®. 
 

To examine the variation in measurements due to antemortem image, a paired t-test 

compared measurements obtained from CFS trials which used a primary image (Image A) 

against those which used a secondary image (Image B). Table 9 presents mean depths for 

and differences between images A and B derived from CFS in Cephalometrics©. A 

significant difference was observed in scores between image A and Image B for all gorillas. 

Tables 11 and 12 present t-test results comparing Image A with Image B. Paired t-tests run 

at 95% confidence intervals indicate differences in landmark measurement between photos 

of the same individual. These results suggest that the use of different images for CFS may 

result in different measurements at specific landmarks for the same individual.   
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Table 9. Facial tissue depth means (mm) measured via CFS for gorillas generated via superimposition with Image A versus Image B. 

Gorilla ID 
 

01 
  

04 
   

05 
  

06 
 

Landmark Image 
A Mean 

Image 
B Mean 

D Image 
A Mean 

Image B 
Mean 

D Image A 
Mean 

 
Image B 

Mean 
D Image A 

Mean 
Image B 

Mean 
D 

1 Glabella 1.0 1.3 0.3 1.6 1.3 0.3 2.6 
 

2.6 0.0 2.1 1.4 0.7 

2 Nasion 3.5 3.6 0.1 4.1 4.0 0.1 3.0 
 

3.1 0.1 4.3 3.6 0.7 

3 Rhinion 2.5 2.5 0.0 2.2 2.0 0.2 2.6 
 

2.5 0.1 2.8 2.3 0.5 

4 Nasospinale 4.6 4.7 0.1 - 5.0 - - 
 

4.0 - 4.5 4.0 0.5 

5 Mid Philtrum 9.0 10.1 1.1 - 9.8 - 12.3 
 

11.9 0.4 12.5 11.7 0.8 

6 Prosthion 8.0 9.0 1.0 - 10.0 - 10.4 
 

10.0 0.4 9.0 9.2 0.2 

D is difference between corresponding measurements obtained from image B and Image A.   
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Table 10.  95% confidence interval Paired t-test results table for landmark FSTDs obtained in Image A versus Image B 
superimposition. 

(Equal Variance Assumed) t df Sig. (2-tailed) Mean Difference Lower Upper  

1 Glabella 1.507 3 0.2288 0.25 -0.2777 0.7777 

2 Nasion 1.155 3 0.3318 0.2 -0.3512 0.7512 

3 Rhinion 1.852 3 0.1612 0.2 -0.1437 0.5437 

4 Nasospinale 2.333 1 0.2578 0.35 -1.5560 2.2560 

5 Mid Philtrum 1.7321 2 0.2254 0.4 -0.5937 1.3936 

6 Prosthion 0.377 2 0.7418 0.06 -0.6922 0.8255 
               Hypothesis = no difference between mean depths obtained for image A and image B 
 

Table 11.  91% confidence interval Paired t-test results table for landmark FSTDs obtained in Image A versus Image B 
superimposition. 

(Equal Variance Assumed) t df Sig. (2-tailed) Mean Difference Lower Upper 

 1 Glabella  1.5076 3 0.2288 0.25 -0.1597 0.6597 

2 Nasion 1.1547 3 0.3318 0.2 -0.2279 0.6279 

3 Rhinion 1.8516 3 0.1612 0.2 -0.0669 0.4668 

4 Nasospinale 2.3333 1 0.2578 0.35 -0.7039 1.4039 

5 Mid Philtrum 1.7321 2 0.2254 0.4 -0.3168 1.1168 

6 Prosthion 0.3779 2 0.7418 0.0666 -0.4808 0.6141 
                Hypothesis = no difference between mean depths obtained for image A and image B.  
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Table 12.  Wilcoxon signed-rank test results table for landmark FSTDs obtained in Image A versus Image B superimposition. 

91% Confidence Interval of the Difference 

 
V(test stat) P value Median Difference Lower Upper 

1 Glabella  3 0.1797 0.5 0.3 0.7 

2 Nasion 7.5 0.3573 0.10 -6.8239 4.0002 

3 Rhinion 6 0.1088 0.26 0.1 0.5 

4 Nasospinale 3 0.1797 0.35 0.2 0.5 

5 Mid Philtrum 3 0.1797 0.6 0.4 0.8 

6 Prosthion 2 0.6547 0.1 -0.2 0.4 
    Alternative hypothesis - true location shift is not equal to 0. 
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Table 13.  Comparison of mountain gorilla FSTD means (mm) derived from CFS-based measurement (Cephalometrics© and 
Maxilim® software) and direct necropsy measurements. 

Landmark  Direct Measurements Cephalometrics© Maxilim® Percent Difference 

Glabella  2.0 1.9 2.1 10% 

Nasion 4.0 3.7 3.9 5.3% 

Rhinion 2.5 2.6 2.7 3.8% 

Nasospinale 5.0 4.8 5.0 4.1% 

Mid Philtrum 10.0 11.4 11.6 1.7% 

Prosthion 8.0 9.2 9.2 0.0 
 
Table 14. CFS-based mountain gorilla FSTD means (mm): comparison of CFS measurements using Bwenge Image A versus Bwenge 

Image B. 

Landmark  Direct Measurements Image A Image B Percent Difference 

Glabella  2.0 1.0 1.1 9.5% 

Nasion 4.0 3.5 3.3 5.9% 

Rhinion 2.5 2.5 2.5 0.0 

Nasospinale 5.0 4.7 4.3 8.9% 

Mid Philtrum 10.0 9.3 9.0 3.3% 

Prosthion 8.0 8.0 8.9 10.7% 
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4.2 Interspecific FSTD Comparison:  

Further comparisons are drawn between mountain gorilla Vuba (07), chimpanzees, 

and humans. Table 12 compares Vuba’s depth values with FSTD means from Stephan and 

Simpson’s (2013) human study and Hanebrink’s (2006) study on chimpanzees. Excluding 

the current study, Hanebrink’s (2006) study is the first to provide tissue thickness data for 

a non-human primate. Stephan and Simpson (2013) present FSTD means for white, black, 

and mixed adults aged eighteen years and above pooled from 58 independent studies 

(N>2600 individuals) (Stephan and Simpson 2013). Figure 6 compares Vuba’s per-point 

depth values to averaged chimpanzee and human FSTD values. The greatest difference 

among the three groups is seen at Gonian. Per-point FSTD measurements for Vuba 

collected using needle puncture method are reported in Table 11.   

Table 15. Per-point facial tissue depth measurements for silverback male gorilla aged 24 
years, collected at necropsy.  

Number (L, R)  Landmark Depth (mm) 

1 Glabella 2.0 

2 Nasion 4.0 

3 Rhinion 2.5 

4 Nasospinale 5.0 

5 Mid philtrum 10.0 

6 Prosthion 8.0 

7 Infradentale 9.0 

8 Mentolabial sulcus 9.0 

9 Gnathion 6.0 

10,11 Mid-Torus Inferior 2.0, 2.5 

12, 13 Frontomalare orbitale 3.0, 3.0 

14, 15  Dacryon 3.5, 3.0 
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16, 17  Prema-max superior 7.0, 8.0 

18, 19  Zygoorbitale 3.5, 4.0 

20, 21 Jugale 6.0, 6.5 

22. 23 Infraorbital Foramen 9.0, 9.5 

24, 25 Zygomaxillare 7.5, 7.5 

28, 29 Mid Ramus 3.3, 2.9 

30, 31 Gonian 7.0, 6.5 

32, 33 Alveolar P3 8.5, 9.0 

Measurements 10-33 were collected on left and right sides of 
the face. 

 
Figure 5. Plot comparing mean FSTD values collected directly from chimpanzee, human 
and mountain gorilla. Data source: mountain gorilla (current study); chimpanzee 
(Hanebrink 2006); human (Stephan and Simpson 2013).  
 
Table 16. Per-point FSTD means (mm) for mountain gorillas, humans, and chimpanzees  

Landmark 
Gorilla beringei beringei 

N=1 
Homo sapiens sapiens 

N=2600 
Pan troglodytes 

N=11 
Glabella 2.0 5.0 4.8 
Nasion 4.0 8.0 3.7 
Mid Philtrum 10.0 11.5 16.3 
Infradentale 9.0 14.5 14.3 
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Gnathion 6.0 6.5 7.4 
Mid Torus Inferior (L) 2.0 5.0 6.9 
Zygoorbitale (L) 3.5 6.0 4.4 
Zygomaxillare (L) 7.5 - 7.2 
Alare (L) 11.0 7.5 10.3 
Gonian (R) 6.5 13.0 20.0 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 37 

Chapter 5 Discussion and Conclusions 
1.1 Discussion 
 

This study used computer automated craniofacial superimposition to measure facial 

soft tissue depth in mountain gorillas at six craniofacial landmarks. Two different VSP 

software packages and when available two different images of the same subject were used 

to conduct the superimposition. Collectively, results suggest that the combined effects of 

software and source image limit the numerical exactitude of CFS-based facial tissue 

thickness measurements. Inexactitude was evidenced by variance in CFS measured FSTDs 

between software packages and between images used. Overall, measurements between 

software programs and images were similar. Measurements collected using 

Cephalometrics© were on average 1.7%-10.0% different from corresponding 

measurements taken in Maxilim®, with slightly higher depth values obtained from 

Maxillim. Similarly, measurements collected from superimposition with Image A were on 

average 3.3%-10.7% different from corresponding measurements with Image B. 

Mean CFS-based FSTD measurements were comparable to direct needle puncture 

FSTD measurements for mountain gorilla Vuba (See Table 14), which suggests that 

although approximate, CF-based measurements likely fall within the range of normal 

FSTDs for mountain gorillas. From this, it is determined that discretionary use of the CFS 

method to obtain approximate FSTD means for a sample population is appropriate. 

5.2 Project Limitations  
 

An inherent shortcoming of the approach presented here involves the uncertainty 

of the skull-face overlay. Superimposition based measurements are highly dependent on 

morphological correspondence between the cranial model and antemortem photo facial 

outline. CFS provides a substrate for alignment between antemortem photos and crania, 
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but is ultimately an approximation of anatomic truth, even when automated. The absence 

of raw soft tissue data for the tested population presents a similar problem. Validation of 

this method requires comparison of CFS-based measurements with direct measurements 

collected directly from gorillas postmortem or in vivo during veterinary examination. As 

subjects died before the start of this study, direct FSTD information was not available. 

Error in landmark identification may have also impacted results, as the use of VSP systems 

required the examiner to identify the same measurement site multiple times (i.e., 

intraobserver error). The small sample size of this study poses another problem. Sample 

size was limited by the availability of antemortem photos and accompanying cranial 

models for each individual. Future studies should attempt to test the reliability and 

reproducibility of CFS-based measurements using a larger study population.  

  Moreover, the use of two dimensional over three dimensional antemortem photos 

precluded the superimposition and measurement of bilateral landmarks, although unilateral 

landmarks and a lateral facial orientation were preferred due to a number of challenges 

associated with the complexity of bilateral landmarks (i.e., frontal view of subject is 

affected by gorilla hair surface which presents a inexact boundary for determining 

landmarks, anatomical complexity of morphological structures such as the sagittal crest, 

reliable identification of landmarks on curved surfaces).  

Lastly, error may have been introduced by the use of the needle puncture method 

to collect direct tissue thickness measurements from Vuba. Although the method has been 

validated (Simpson 2002; Taylor and Angel 1998; Domaracki and Stephan 2006), 

researchers have reported a number of challenges associated with the use of cadavers to 

obtain FSTD data. Specifically, soft tissue deformation resulting from natural processes of 
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postmortem deterioration can effect cadaver-based FSTD measurements. Statistically 

significant reliability studies that tackle the challenges identified here are required to obtain 

a more solid picture of the strength of craniofacial superimposition as a measurement 

method. 

5.3 Project Contributions and Opportunities for Future Work  
 

Despite the inexactness associated with CFS measured FSTDs, it is pertinent to 

emphasize the practical value of CFS as a noninvasive measurement method of particular 

use to practitioners who require FSTD from endangered species. Several disciplines 

interested in the quantitative assessment of facial soft tissue structures can benefit from 

fast, noninvasive, and low-cost approaches. As mountain gorilla FSTD values have not, to 

the best of our knowledge, been reported previously, this study provides practitioners with 

additional primate data of use to paleoanthropological approximations; a rare opportunity 

given the invasiveness and technical requirements associated with the collection of this 

type of data. As hard tissue evidence is most frequently used to study relationships between 

primates (Diogo and Wood, 2011), there is a need to assess methods which focus on soft 

tissue in its relation to underlying bone and to discover new ways in which hard tissue can 

inform us about soft tissue. Within the field of facial approximation, there is a need to 

standardize and increase the reliability of existing methods and increase the available data 

from which practitioners can approximate the appearance of early hominids.     

The lack of available primate FSTD data has limited our ability to appropriately 

approximate the life appearance of fossil species. Future research should work to test CFS 

on subjects for which direct FSTD information is available. The opportunity to test direct 

FSTD values for Vuba against Vuba’s CFS-based FSTD measurements may be possible 
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once his skeletal remains are added to the MGSP collection. The outcome of this work is a 

novel conceptualization of craniofacial superimposition as a substrate for facial tissue 

thickness measurement, and an improved framework from which to compare the facial 

anatomy of humans and extant apes. 
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Appendix  
 
 
Needle Puncture Protocol 

  
Soft tissue thicknesses were collected from Vuba (07) using the needle puncture 

method (Rhine and Campbell 1980; Rhine and Moore 1984) in September of 2017, by 

Jordi Galbany during a necropsy conducted by the Mountain Gorilla Veterinary Project. 

This approach allows investigators to measure any site on the head using inexpensive and 

minimal equipment, without movement from the subject (Domaracki and Stephan 2006). 

The needle puncture method remains the oldest and most commonly published facial tissue 

thickness method (Welcker et al. 1883; His 1895; Kollmann 1898; Hunger and Leopold 

1978; Rhine and Campbell 1980; Simpson and Henneberg 2002; Domaracki and Stephan 

2006). Computer-assisted techniques such as ultrasound or MRI are often favored over the 

needle puncture method, however, similar measurement errors have been reported for both 

needle puncture and computerized techniques (Stephan and Simpson 2008; Stephan and 

Henneberg 2002; Smith and Throckmorton 2004; Smith and Throckmorton 2006) 

Tissue depths were collected by a single examiner during veterinary autopsy shortly 

after death. Following established protocol by Rhine and Campbell (1980) the thirty-three 

landmark sites described in Table 1 were identified on the gorilla’s face and marked prior 

to measuring thickness with a white marking pencil. Each needle was first dipped into 

powdered charcoal and then inserted into the face at a landmark site perpendicular to the 

skin surface until bone was reached. The needle was then removed and the clean portion 

of the needle measured in millimeters. A new needle was used at each landmark. At sites 

with increased tissue density where needle insertion was difficult, a small amount of oil 
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was placed onto the tip of the needle to facilitate insertion or a steel periodontal probe with 

a handle was used to measure depth. 

 

 

 


