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ABSTRACT: Identifying group affinity from human crania is a long-standing problem in forensic and physical anthropology. Many craniofacial
differences used in forensic skeletal identification are difficult to quantify, although certain measurements of the midfacial skeleton have shown high
predictive value for group classifications. This study presents a new method for analyzing midfacial shape variation between different geographic
groups. Three-dimensional laser scan models of 90 crania from three populations were used to obtain cross-sectional midfacial contours defined by
three standard craniometric landmarks. Elliptic Fourier transforms of the contours were used to extract Fourier coefficients for statistical analysis.
After cross-validation, discriminant functions based on the Fourier coefficients provided an average of 86% correct classifications for crania from the
three groups. The high rate of accuracy of this method indicates its usefulness for identifying group affinities among human skeletal remains and
demonstrates the advantages of digital 3D model-based analysis in forensic research.
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Identifying group affinity from human crania is a long-standing
problem in forensic and physical anthropology. Group trait differ-
ences that are visually distinctive may not be amenable to measure-
ment, and their variation can be difficult to quantify (1). Early
anthropologists often recorded these traits in observational terms
until systematic cranial measurements were made possible with
specialized instruments, such as subtense calipers and simometers
(2). As a result, measurements of subtenses, fractions, and linear
distances between anatomical landmarks have been used to estab-
lish geographic patterns of worldwide craniometric variation. Mea-
surements of facial projection have proven to be particularly useful
for differentiating populations (3), and Gill and Hughes (4.5) have
devised three indices of midfacial projection that separate European
and Native American crania with higher accuracy than discriminant
functions based on overall cranial morphology (6). The Gill method
has since been tested and refined to optimize its performance in a
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forensic context, where the assessment of group affinity is a major
part of constructing a biological profile for unidentified human
remains. However, a drawback of the Gill method is that it does
not distinguish groups of different non-European affinity from each
other (7,8).

In recent years, technological advances have allowed researchers
to quantify craniofacial shape variation using measurements beyond
the conventional subtenses and linear distances (9—11), but few
methods have found widespread use or broad practical application.
As a result, population affinities of unidentified crania are still fre-
quently determined on the basis of traditional craniometric parame-
ters (12,13), even though the inadequacy of those parameters for
describing complex shapes and certain craniofacial features has
been noted (14).

In this study, a new method for the identification of group affinity
based on midfacial skeletal morphology is tested (15). Three-dimen-
sional (3D) digital models of 90 crania representing three different
geographic groups were created with a desktop laser scanner. A geo-
metric plane passing through the craniometric landmarks nasion and
right and left zygomaxillare was used to isolate a midfacial region
of the cranium and to produce a contour representing several aspects
of midfacial curvature. This contour was subjected to elliptic Fourier
analysis, and the resulting Fourier coefficients were used to develop
discriminant functions that successfully separate the crania according
to their affinity group. The high rate of accuracy of this method indi-
cates its potential usefulness for identifying group affinities among
unidentified human skeletal remains and demonstrates the advanta-
ges of digital 3D model-based analysis in forensic research.
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Materials

The 90 adult male crania used in this study were recovered by
archaeological excavations in Norway, China, and the U.S. Age
and sex determinations were made according to the standards for
data collection from human skeletal remains (16). The Norwegian
crania (n = 30) were excavated from the medieval parish grave-
yards of the St. Hallvard and St. Nicolaus churches in Oslo and are
housed at the Anatomical Institute of the University of Oslo, Nor-
way. The Chinese crania (n = 30) were excavated from Ming
Dynasty tombs in the Yunnan province of southern China and are
housed at the Institute of Vertebrate Paleontology and Paleoanthro-
pology in Beijing, China. The (native) Californian crania (n = 30)
were excavated from several prehistoric cemeteries on Santa Rosa
Island off the Southern California coast (site numbers SRI-2, -3,
and -41) and are housed at the Santa Barbara Natural History
Museum in California, U.S.A.

Methods
3D Model Analysis

Digital models of all crania were created with a NextEngine
desktop 3D laser scanner (NextEngine, Inc., Malibu, CA), using a
previously described protocol of 16 scans per cranium (17). Scan
data were captured at a resolution of 150 dots per inch, and models
were rendered with mesh triangles 0.11 c¢m in size.

Each model was imported into the RapidWorks software version
2.3.4 (Inus Technology, Inc., Malibu, CA; NextEngine, Inc.), where
it was repositioned in correct anatomical position within the 3D
coordinate system of the software, that is, in alignment with the
midsagittal and Frankfurt horizontal plane (18). A midfacial refer-
ence plane was then defined using the three standard craniometric
landmarks nasion and right and left zygomaxillare ([14]; Fig. 1A).
The y-axis was redefined along this plane, and the z-axis was
adjusted for orthogonality. Next, the portion of the model anterior
to the midfacial plane was isolated. A plane parallel to the x—z
plane and passing through the lower of the two zygomaxillare land-
marks was then created, and the isolated midfacial component of
the 3D model was truncated by this second plane to eliminate any
morphological differences caused by pre- and postmortem tooth
loss. A two-dimensional (2D) outline of the remaining midfacial
portion was created using built-in RapidWorks software tools,

FIG. 1—The procedure for obtaining midfacial contours from a cranial
3D model. (A) The landmarks nasion and right and left zygomaxillare are
identified and used to define a geometric plane, which isolates the anterior
midfacial skeleton. (B) A second plane removes the portion below zygomax-
illare. (C) The silhouette of the remaining midfacial portion yields the
closed contour used for comparisons.

resulting in a closed contour consisting of c¢. 300 data points
(Fig. 1C). This procedure was repeated for all 3D cranial models,
allowing for comparisons of the midfacial regions of the crania.
Before exporting the contour point coordinates in standard x—y for-
mat (z-values being constant and thus not used for statistical analy-
sis), the origin of the coordinate system for each model was set at
nasion, providing a homologous starting point for the subsequent
mathematical operations.

Elliptic Fourier Transformation

The midfacial x- and y-contour point coordinates were imported
into MATLAB software (The MathWorks, Inc., Natick, MA) as
comma-separated values (CSV) (i.e., CSV files), and an Elliptic Fou-
rier transform (19) was employed to convert the contour data into ser-
ies of Fourier coefficients, using the protocol by Kuhl and Giardina
(20). Each closed two-dimensional curve f{f) thus became represented
by two traditional Fourier series, one for x(f) and one for y(¢):

k

x(t) = Ao+ Y _ ancos(nt) + i b, sin(nr) (1)

n=1 n=1

and
k k
y(t) = Co + Z ¢ cos(nt) + Z d,, sin(nt) (2)

n=1 n=1

where n is the harmonic number, k£ is the maximum harmonic
number, and the interval is over 2z (20,21). This expression yields
four Fourier coefficients for each harmonic, that is, x-sin, x-cos,
y-sin, and y-cos, and includes two constants Ay and C that describe
the position of the contour in the arbitrary coordinate system and
which should be discarded when comparing Fourier coefficients of
the different contours. As the values of the first-order coefficients
contain information about the size and orientation of the long and
short axes of the contour, these coefficients were used to normalize
the sine and cosine series for size and orientation effects. Because
each contour contained about 300 points, Fourier coefficients for
64 harmonics could be obtained without violating the specifications
of the Nyquist theorem (i.e., 2 X 64 < 300; Fig. 2). To reduce the
number of coefficients and to discard the phase information which
appeared to be less informative for the purpose of this study, the
absolute values for the x-series, abs(x,), were calculated from the
(a,, b,) coefficient pairs:

abs(x,) = /a2 + b2 (3)

and the corresponding expression was used to obtain the abs(y,)
values from the (c,, d,) coefficient pairs. The 64 first absolute val-
ues for each of the x- and y-series were used as independent vari-
ables for multivariate statistical analysis (Fig. 3).

FIG. 2—Reconstructions of a midfacial contour using different numbers
of coefficients (n): (A) n=2; (B) n=4; (C) n=8; (D) n=16; (E)
n = 32; and (F) n = 64.



Linear Distance Measurements

With each 3D model aligned along the Frankfurt horizontal
plane, RapidWorks software tools were used to identify seven cra-
niometric landmarks and measure 13 linear distances between them
(Fig. 4). The landmarks used were nasion and zygoorbitale (left
and right) as defined by Howells (14), and maxillofrontale (left and
right) and zygomaxillare (left and right) as defined by Martin and
Saller (22). The landmarks and the distances measured between
them are shown in Table 1. For each specimen, the geometric
mean of the 13 linear distances, d;—d;3, was calculated as
\/d % dy * ... * di3. Each measured linear distance was divided by
this mean value to achieve size standardization between the mea-
surements from different crania.

Statistical Analysis

The two sets of parameters, that is, the Fourier coefficients and
the linear distances, were subjected to two types of statistical analy-
sis. Canonical variate analysis was carried out with SYSTAT 11
software (SYSTAT Software, Inc., Chicago, IL) to compare how
well different sets of Fourier coefficients were able to represent the

coefficient number

FIG. 3—Absolute values for the x-series coefficients of one contour from
each of the three groups: Norway—dotted line; California—solid line;
China—dashed line.

FIG. 4—For all crania, linear distances were measured between seven
landmarks that circumscribe the region of the cranium isolated by the mid-
facial contour.
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variation between the cranial specimens from the three different
populations. Multiple discriminant analysis was carried out using
STATA 10 software (StataCorp LP, College Station, TX) to create
discriminant functions that were able to classify crania into differ-
ent affinity groups. Validation of the discriminant functions was
accomplished with the leave-one-out technique, where each cra-
nium was independently classified according to discriminant func-
tions based on the other 89 crania in the sample.

Results
Linear Distance Measurements

For all 3D models, 13 Euclidean linear distances were measured
between the seven landmarks presented in Table 1. After standard-
izing these linear distances for size, they were used to create a set
of discriminant functions to classify each of the cranial specimens.
The initial performance of these discriminant functions was some-
what successful, yielding correct classifications for 70% of the
crania, that is, 23/30 for the Norwegians, 22/30 for the Califor-
nians, and 18/30 for the Chinese (Table 2). However, cross-valida-
tion of the discriminant functions with the leave-one-out technique
resulted in only 57% correct classifications, that is, 16/30 for the
Norwegians, 20/30 for the Californians, and 15/30 for the Chinese
(Table 2).

Contour Measurements

For all specimens, the midfacial contours passing through nasion
and right and left zygomaxillare were subjected to elliptic Fourier
analysis. In Fig. 2, one midfacial contour is reconstructed with
inverse Fourier analysis using different number of Fourier coeffi-
cients. It is clear that at n = 64, the reconstructed contours closely
resemble the original ones, with an average deviation of only
0.07 mm. Therefore, the 64 first amplitude coefficients of the
respective x- and y-Fourier series were used as independent vari-
ables for statistical analysis. Iterative refinement led to the creation
of a set of discriminant functions based on 13 select coefficients,
that is, x3, x10, x12, x18, x20, x28, x43, x41, x54, y3, y27, y29,
and y50. These discriminant functions were able to successfully
classify 89% of the crania, with only three to four cases of inaccu-
rate classification per group (Table 3). Cross-validation of the func-
tions using the leave-one-out method showed only a slight decrease
in performance, that is, 26/30 for the Norwegians, 25/30 for the
Californians, and 26/30 for the Chinese, yielding an average accu-
racy of 86% (Table 3). A plot of all 90 specimens along the axes
of the discriminant functions is shown in Fig. 5.

Discussion

Many recent studies have confirmed the significant effect of pop-
ulation history on the cranial morphology of different groups, even
though the evolutionary causes of this variation remain under
debate (23-28). Using Howells’ (14) worldwide sample, Relethford
(29) found the majority of cranial variation to be exhibited within
local populations and only a minor part of the total diversity to be
displayed between people of different geographic regions—a distri-
bution similar to that found for DNA polymorphisms and genetic
markers. Thus, the challenge for craniometric analysis is to identify
the traits that distinguish people from different groups or regions.

The results of the present study show that the cross-sectional
contour defined by the geometric plane through nasion and right
and left zygomaxillare contains shape information useful for
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TABLE 1—Mean and standard deviation (SD) values in mm for interlandmark distances before size correction, sorted by geographic group.

Norway California China
Landmark 1 Landmark 2 Mean SD Mean SD Mean SD
Nasion Zygoorbitale, left 41.7 32 43.4 2.5 41.6 2.5
Nasion Zygoorbitale, right 43.0 3.8 43.9 2.8 42.4 2.8
Nasion Zygomaxillare, left 72.7 33 70.5 4.7 70.4 4.3
Nasion Zygomaxillare, right 73.7 34 70.7 4.6 71.3 4.0
Zygoorbitale, left Zygoorbitale, right 58.9 4.1 62.5 4.2 58.4 44
Zygomacxillare, left Zygomaxillare, right 94.4 5.8 94.0 6.0 95.6 5.5
Zygoorbitale, left Zygomaxillare, left 31.7 43 28.0 3.5 29.5 3.9
Zygoorbitale, right Zygomaxillare, right 31.5 3.9 27.7 4.0 29.9 3.9
Nasion Macxillofrontale, left 15.0 1.6 15.2 2.4 14.2 2.1
Nasion Maxillofrontale, right 16.2 2.0 15.7 2.0 15.5 1.8
Macxillofrontale, left Maxillofrontale, right 21.4 2.0 20.6 2.7 20.4 2.6
Maxillofrontale, left Zygoorbitale, left 28.3 33 29.7 2.2 28.5 2.3
Maxillofrontale, right Zygomaxillare, right 28.7 2.9 29.6 2.8 28.3 2.6
TABLE 2—Number and percentage of correct classifications by linear o
discriminant functions based on the 13 interlandmark distance N o g
measurements (mean values in bold). + + o o fas)
t+ + A D% o
Resubstitution Leave-One-Out il I + . ++ Dn o DB + .
o * & m
No. of No. of e 8 Tog o
Correct % Correct Correct % Correct + 4 * A‘ha % a A
o — A
Norway (1 = 30) 23 77 16 53 - * Tak, £ 0
California (n = 30) 22 73 20 67 + A
China (n = 30) 18 60 15 50 A
21 70 17 57 @ A A
TABLE 3—Number and percentage of correct classifications by linear A . . : - . . :
discriminant functions based on the 13 select Fourier coefficients (mean 5 3 -1 1 3 5
F1

values in bold).

Resubstitution Leave-One-Out
No. of No. of
Correct % Correct Correct % Correct
Norway (n = 30) 26 87 26 87
California (n = 30) 27 90 25 83
China (n = 30) 27 90 26 87
27 89 26 86

differentiating between Chinese, Norwegian, and Native Californian
crania. Using 13 elliptic Fourier coefficients derived from the mid-
facial contour as variables for statistical analysis, discriminant func-
tions were created, which classify crania from these three groups at
an average accuracy rate of 86% with leave-one-out cross-valida-
tion (Table 3). This performance is on par with the Gill system,
which separates European and non-European crania with an aver-
age accuracy rate of 88%, based on six linear distance measure-
ments (three indices) derived from nine landmarks on the midfacial
skeleton (4,7,30). However, the discriminant functions based on
Fourier coefficients also separate the Native Californians (83% cor-
rect classifications) and the Chinese (87% correction classifications)
in the sample, which the Gill system is not able to do (Table 3).
Although general conclusions cannot be made from the results of
this study, given the small size of its sample, the results do suggest
that the midfacial contour presented can differentiate European,
Asian, and Native American crania on a broader scale. Investigat-
ing this possibility with larger sample sizes will be a worthwhile
effort, because the results are expected to be important for prob-
lems of human identification in places, such as the western U.S.

FIG. 5—The scores of the first (F1) and second (F2) linear discriminant
functions based on the 13 select Fourier coefficients, plotted for all crania:
Norway—cross; California—square; China—triangle.

where ancient human remains are often found and turned into Med-
ical Examiners’ Offices, and where people of European, Asian, and
Native American ancestry have resided concurrently during modern
and historic times (31-34).

The relatively poor performance of the discriminant functions
based on the 13 linear distances between the seven craniofacial
landmarks, which correctly classify only 57% of the sample with
the leave-one-out technique (Table 2), illustrates that not all cra-
niofacial measurements contain shape information useful for sepa-
rating different population groups. Gill and Gilbert (7) describe
the European crania in their sample as displaying a relative
sharpness of their midfacial features compared with other popula-
tions, in the form of a higher and more “pinched” nasal bridge.
The six measurements in Gill’s system (4) were carefully selected
to capture precisely these traits. The lower predictive power of
the linear distances measured in this study suggests that they do
not adequately quantify these aspects of midfacial variation,
despite the fact that they circumscribe the same general region of
the skull. The midfacial contour used in this study, on the other
hand, appears to be rich in diagnostic shape information. This is
not surprising, as the contour traverses multiple bones and com-
bines several features of midfacial morphology, including inter-
orbital breadth, nasal profile depth, and zygomaxillary projection.

Given the ethical and logistical impediments to cross-sectioning
a real cranium at the midface, the contour-based approach



demonstrated in this study realistically can only be used with digi-
tal 3D models. By the same token, Gill’s subtense measurements
are difficult to obtain without a simometer (4), although traditional
calipers in combination with advanced trigonometry is an alterna-
tive method. Hence, both approaches illustrate how new anthropo-
metric methods can be developed by utilizing the unique benefits
of novel technology. While digital 3D models can be used to
extract the Cartesian coordinate values of landmarks and the linear
distances between them, such measurements do not take full advan-
tage of the capacities of 3D technology and they are often more
precisely carried out with calipers or 3D digitizers (35-37). The
main advantage of 3D imaging is the ability to measure and ana-
lyze objects in terms of planes, contours, vectors, and other geo-
metric entities containing shape information. As anthropometric
analyses expand to include more computer-based applications for
3D imaging (38), the challenge will be to take advantage of this
capacity for geometric operations. Previous research has shown that
elliptic Fourier analysis is a promising approach to human skeletal
analysis (39-42), and this study presents one application of this
method. Because computer programs for 3D model measurements
and Fourier analysis are freely available from a range of sources,
progress in this field of research is currently limited by the lack of
widely accessible databases of 3D models, which would provide
samples of appropriate size and diversity to develop and validate
new methods of 3D analysis and allow comparisons with forensic
specimens.

The type of contour-based analysis demonstrated in this study
involves very few subjective decisions, which can be advanta-
geous for evaluations in a medico-legal context. In the process of
defining the midfacial contour, the only steps involving subjective
decision making are the alignment of the 3D model along the
Frankfurt horizontal plane and the location of nasion and right
and left zygomaxillare. For a person with reasonable experience
in skeletal biology, these are common procedures that can be per-
formed with high levels of repeatability (43,44). Once the three
landmarks have been defined, the midfacial contour can be
defined, converted to Fourier coefficients, and analyzed with sta-
tistical software without the need for additional measurements or
other human manipulations. Conversely, the Gill system involves
measurements that are complicated and tools that are somewhat
difficult to learn (8).

Conclusions

In this study, the cross-sectional contour defined by the geomet-
ric plane through nasion and right and left zygomaxillare is shown
to contain shape information useful for classifying crania by geo-
graphic groups. It is also shown that elliptic Fourier analysis is able
to convert this shape information into coefficients that are useful
for statistical analysis, as discriminant functions based on 13 select
Fourier coefficients were able to successfully classity 86% of the
90 crania employed in the study. The successful separation of Nor-
wegian, California Indian, and Chinese crania by this method is an
improvement over previous systems for midfacial classification,
which cannot accurately distinguish different non-European groups
from each other (4,7,8,30). Because the method presented requires
only a limited number of subjective measurements, it is well suited
for use in a legal context.
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