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ABSTRACT: Use of the frontal sinuses for identification requires an objective method of comparison to meet Daubert standards. Christensen’s
application of Elliptical Fourier Analysis and Likelihood Ratios seems to be a viable solution for this problem. The proposed method draws upon this
work and attempts to simplify its application. Variation between pairs of digitized sinus tracings was quantified by summing the difference between
corresponding measurements taken from a fixed origin to the outer edge of the sinus outlines using Adobe Photoshop� CS2. Same-skull and
different-skull pairs were used to develop reference distributions from which the probability of unknown pairs coming from the same or a different
individual was estimated. Error rates of 0% were achieved. Resulting correlation coefficients demonstrated inter-rater and test–retest reliability.
Further refinement of the reference distributions and more rigorous testing of error rates should make this technique applicable to casework.
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Radiographic comparison of osteological structures is commonly
used to confirm identification of human remains that are highly
decomposed, cremated, or otherwise disfigured (1–4). Several struc-
tures, often used in conjunction, have been utilized for this purpose,
including the sella turcica, mastoid air cells, paranasal sinuses, and
particularly the frontal sinuses (5). The frontal sinuses (henceforth
referred to collectively as the frontal sinus or FS) are contained
within the frontal bone, and consist of two air-filled cavities origi-
nating at the root of the nose and expanding superiorly into the
peri-glabellar region. The FS has long been accepted as an ideal
structure for individualization, dating back to the 1920s (6) due to
its inherently variable morphology, permanency throughout adult-
hood, resiliency to damage, and the moderate availability of ade-
quate antemortem (AM) radiographs.

The highly variable nature of FS morphology among individuals
is evident even when viewing this three-dimensional (3D) structure
projected onto a two-dimensional (2D) plain film radiograph. As a
2D image, the outer borders remain clearly defined and show a
highly irregular, scalloped outline. This variability has been attrib-
uted to the complexity of the naso-facial area and the impact that
environmental and anatomical factors have during development (7–
9). The uniqueness of FS morphology is supported by observed
variation of the structure in monozygotic twins (7,10). Although
this uniqueness is widely accepted in the scientific community,
most of these claims have been based on subjective observation
with little empirical testing (7,10–14). This drawback was recently
addressed by measuring Euclidean distances between 1000 combi-
nations of sinus outlines generated by Elliptical Fourier Analysis

(EFA), which empirically demonstrated adequate variability in FS
morphology to allow for reliable identification (15).

A second feature making the FS an ideal structure for identifica-
tion is its permanency throughout life after the age of 20 (9). Few
pathologies have the ability to alter the FS shape, and those that
can, do so in a manner readily noticeable to an experienced exam-
iner (16). Additionally, in old age, resorption of the bone walls of
the FS has been observed to lead to enlargement of these cavities
(7,17), potentially affecting its use in positive identification. How-
ever, the ability to identify remains using visual inspection of the
FS is reported as being unaffected by the time elapsed between
AM and postmortem (PM) radiographs (18).

Thirdly, the resiliency of the FS makes it useful in many foren-
sic contexts. It is readily recovered intact as its internal bony struc-
ture and arched nature protect it from damage and decomposition.
As it is posterior to the thick outer table of the frontal bone in the
glabellar region, its stability is further enhanced (19). It has been
noted that 800–1600 foot-pounds of force are required to fracture
the walls of the FS, as with victims of high impact accidents and
gunshot wounds (19,20). Further, as an internal structure, it is often
preserved in human cremains (1–3,21).

Lastly, AM paranasal sinus radiographs are often available from
a clinical source as they are commonly taken for diagnostic pur-
poses, particularly when the patient complains of headaches, exces-
sive mucus, or suspected facial fractures (16). Sinus radiographs
are usually taken in both the occipitomental and occipitofrontal pro-
jection, the latter of which provides the clearest view of the FS,
though both have been used for identification (3,22,23).

Review of Frontal Sinus Comparison Methods

Subjective Comparisons

There are several documented cases in which visual comparison
of FS morphology has been used to identify remains (1–5,11,24).
In these cases, conclusions were based solely on visual comparison
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of an AM radiograph of the suspected individual to a PM radio-
graph that is taken to mimic the orientation of the AM as closely
as possible. Sinus patterns are then compared for similarity in 2D
shape via side-by-side comparison or superimposition. Reports of
this technique show high success rates, provided the quality of the
AM record is adequate (18,25). It has been reported that superim-
position has allowed for correct identification in 100% of cases,
regardless of sex, age, cause of death, and the time elapsed
between AM and PM radiographs (18). Although these methods
show low error rates, they are criticized for being highly subjective
and lacking statistical support as to their reliability. These limita-
tions can be seen as shortcomings to admissibility standards of sci-
entific evidence as laid out in Daubert v. Merell Dow
Pharmaceuticals (26) in the United States and R v. Mohan (27)
and R v. J.-L.J. (28) in Canada. Hence, a more objective method of
FS comparison is required.

Objective Methods

Currently, research on FS comparison has been peer reviewed
and gained general acceptance in the forensic community, satisfy-
ing two of four criteria laid out in Daubert. Although previous
claims of uniqueness have been based mainly on subjective obser-
vations, recent quantitative analysis has provided support for these
claims (15,29). As it stands, there is currently no agreed upon stan-
dard for objective comparison with known error rates. There have
been several attempts to develop objective methods of comparison
designed to provide statistical substantiation to conclusions of iden-
tification. These include coding systems based on morphological
and metric traits, as well as purely metric systems (14,15,30–36).
Techniques using classification systems have shown varying
degrees of success and often require visual comparison as a final
confirmatory step. This is likely due to the loss of information
when features are grouped and assigned class numbers or when
simple linear measurements such as height and breadth are used.
The result is a representation of the FS that does not capture the
degree of variation needed for reliable identification. Codification
and measurement systems provide, at best, a way to perform quick
searches to narrow down suspect remains and eliminate
nonmatches.

The application of EFA to digitized sinus tracings has been suc-
cessful in providing quantitative support as to the uniqueness of the
FS (15). EFA fits a closed curve to an ordered set of data points
(representing the FS outline) using an orthogonal decomposition of
the curve into a sum of harmonically related ellipses (15). Euclid-
ean distances are calculated between corresponding points every 2�
for 360� around the outlines. These were found to be significantly
larger between different individuals than between replicates of the
same individual with minimal overlap between the distributions.
This technique allowed for quantitative assessment of FS morphol-
ogy, demonstrating that it is adequately variable to allow for reli-
able identification.

In a later study, this application of EFA was further developed
with a proposed likelihood ratio (LR)-based approach that provided
statistical support of identifications (29). EFA generates four shape
descriptor coefficients that characterize a given sinus shape. These
values were used to calculate the LR for a given pair of sinuses
(29). The probability of obtaining those values was tested against
two competing hypotheses: (1) the outlines originate from the same
individual and (2) the outlines originate from different individuals.
The LR was calculated from inter-individual and intra-individual
variance in EFA coefficients derived from the statistical properties
of constructed reference distributions. For a sample 305 same-skull

(SS) replicates, at 20 harmonics, the mean LR was 1021.22, meaning
that it was 1021.22 times more likely to obtain that difference in
coefficients if the pair is from the same individual over different
individuals. The EFA–LR approach was concluded to be a reliable
method to estimate the probability of correct identification and sup-
ported uniqueness of FS shape (29).

As successful as this technique was, it required the use of several
software programs and complex calculations, limiting its practical-
ity and accessibility. Also, mathematically derived EFA coefficients
are fairly abstract and it may be problematic to explain this concept
to a jury. Our proposed method is an attempt to simplify the pro-
cess, hence, making it easier for examiners to apply and for jurors
to comprehend.

To do so, a morphometric approach that quantifies the magni-
tude of difference in 2D morphology of the superior portion of the
FS was used. This was achieved by taking a series of measure-
ments from an objectively established point of origin of a traced
sinus outline to the outermost border at specific intervals. Pairs of
radiographs were compared by summing the difference in corre-
sponding origin–border measurements, yielding a total difference
(TD). By finding TD values for SS replicates and random
different-skull (DS) combinations from a Contemporary sample,
reference distributions were constructed, representing intra- and
inter-individual TD variation, respectively. These reference sets
were then used to calculate an odds ratio (OR) which provides a
continuous measure of the strength of the evidence against two
competing hypotheses (i.e., that they are the same individual [H0]
or they are different individuals [H1]). To develop the technique
and then test its reliability and validity, our study is divided into
four areas of examination:

1. Intra- and inter-observer reliability.
2. Develop reference distributions.
3. Test the method on a contemporary subset.
4. Empirically test the predictions of the OR.

The central purpose of our study was to develop a quantitatively
reproducible method for objective comparison of FS morphology
that will be relatively easy to apply, yield consistent results, and
capture sufficient variation to allow for reliable identification.

Materials and Methods

Three adult samples were used in this study: Archeological, Clin-
ical, and Contemporary.

Archeological Sample

The Archeological sample consisted of a radiographic collection
of 46 adult skulls obtained from the Laurentian University Forensic
Osteology Laboratory. The X-rayed skulls were from a 15th
century Peruvian population. The radiographs were taken in the
standard Caldwell (occipitofrontal) view for a prior study (36). Of
the original 59 radiographs, 11 (18.6%) were excluded due to a
lack of sinuses, two (3%) were excluded due to poor clarity, and
five (8%) were excluded for unilateral absence. This resulted in a
usable sample size of 41, consisting of 25 males and 16 females.

Clinical Sample

The Clinical sample was obtained from the Sudbury Regional
Hospital and consisted of 63 documented P–A sinus radiographs
(Caldwell Projection) taken in 2007. This sample consisted of
adults of mixed ancestry, typical of the Greater Sudbury area
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(predominantly Caucasian). Among the most common complaints
of these patients were sinus headache, excessive mucus production,
or a suspected infection. Of the 63 radiographs originally obtained,
eight (12.7%) were excluded due to a lack of FS above the deter-
mined baseline (see Tracing Procedure), six (9.5%) were excluded
due to unilateral absence, and one (1.6%) was excluded due to poor
quality. The remaining sample size was 48, with 22 males and 26
females. Access to this information and the radiographs was
approved by the Research Ethics Committee of the Sudbury Regio-
nal Hospital.

Contemporary Sample

The Contemporary sample consisted of 16 adult skulls of a con-
temporary origin, part of the Laurentian University Department of
Forensic Science human osteology teaching collection. Each skull
was X-rayed once at the Sudbury Regional Hospital in the standard
Caldwell position to simulate an AM radiograph. Of the 16 skulls,
four (25%) were excluded due to lack of FS and three (18.8%)
were excluded due to a unilateral absence, resulting in nine usable
radiographs. These nine skulls were radiographed again at a later
date to simulate the PM radiographs. The skulls were positioned by
the X-ray technologist to mimic the orientation of the correspond-
ing AM record. Table 1 provides a summary of the three samples
used in our study.

Tracing Procedure

The following procedure was performed on each radiograph to
obtain an outline of the FS for analysis. A sheet of acetate was
secured over the radiograph with tape, aligning the left edge of the
radiograph with the left edge of the acetate over an illumination
box. A clear ruler was used to delineate the baseline of the sinus
tangential to the superior margin of the orbits using a fine-tipped
indelible marker, as per previous studies (36–38). The midline of
the skull was established using a clear ruler to align mid-sagittal
bony landmarks such as nasion, nasospinale, the frontal crest, and
crista gali. The intersection of the midline and baseline was termed
the origin and served as the point from which all measurements
were taken. Following Christensen (29), only the outer margin of
the FS is traced onto the acetate, excluding bony septations
(Fig. 1).

Image Analysis

The completed acetates were scanned with an HP Scanjet� scan-
ner (Hewlett-Packard [Canada] Co., Mississauga, Ontario, Canada)
at 300 dpi and saved as a Tagged Image File (.tif). Each file was
duplicated, and these duplicates were used as the working files in
Adobe Photoshop� CS2 (39) for measurement analysis. The Magic
Wand tool, located in the tool palette, was used to delineate an
unambiguous, dashed outline on the interior border of the sinus out-
line to which all of the measurements were taken.

The Ruler tool, also located in the tool palette, was used to mea-
sure the length of the baseline by zooming in and extending the

ruler from one end to the other, overlapping the dashed Magic
Wand line. The length of the baseline (indicated at the top of the
screen as D1:), and the angle (displayed as A:), were recorded. The
ruler was then shortened by dragging the left terminus to the origin,
ensuring that the angle remained the same. The length of this new
line (D1:) was also recorded. These data were recorded to allow
for precise repositioning if the placement happened to be lost by
accidental double clicking elsewhere in the image or by closing the
program.

Pressing <alt> and clicking on the terminus of the baseline at
the origin established a second line originating from the origin. The
length of this line and the angle between it and the baseline were
displayed at the top of the screen as A: and D2: (D1: always indi-
cated the length of the baseline after being shortened). Figure 2 is
an example of the Adobe Photoshop� CS2 user window with a
scanned acetate image opened and the baseline and measuring line
established.

The terminus of the measuring line was then dragged around the
dashed outline, established by the Magic Wand tool. This origin-to-
border distance (D2:) was recorded every 3� from 3� to 177�. A 3�
measurement interval was considered sufficient to capture enough
variability for the purposes of this study. This produced 59 mea-
surements per radiograph which were recorded. The measurements
at 0� and 180� were omitted due to ambiguities occurring at the
intersection of the sinus outline and the baseline, caused by the
tracing process. The measurement was always recorded at the out-
ermost intersection with the outline (Fig. 3).

TABLE 1—A summary of the radiographic sources used in this study.

Sample Original Sample Size Excluded Usable Sample (n) X-Ray Parameters

Archeological 59 18 (31%) 41 (M = 25, F = 16) 90 kV, 20 mA, 8 sec (on photographic paper)
Clinical 63 15 (23.8%) 48 (M = 22, F = 26) Automatic (on film)
Contemporary 16 7 (43.8%) 9 70 kV, 15 mA, 5.1 msec (on film)

FIG. 1—A radiograph from the Archeological sample with a correspond-
ing traced acetate.

COX ET AL. • FRONTAL SINUS COMPARISON 763



Calculating Total Difference

To determine the magnitude of difference in 2D morphology
between two radiographed FSs, the difference of the origin-to-bor-
der distance (D2, in mm) was found for each corresponding mea-
surement from 3� to 177�. The absolute value of each difference
was summed to find the TD, expressed in millimeters, between
two sinus outlines. Figure 4 provides a graphical representation of
the TD for (1) SS pair and (2) DS pair.

For the Archeological and the Clinical samples, the measurement
technique was applied to each radiograph by two experimenters. For
the Archeological sample, inter-individual TD scores were found for
110 random DS combinations of radiographs, traced, and measured
by the same observer. Additionally, intra-individual TD scores were
found between SS replicates of the same radiograph traced and mea-
sured by different observers for each of the 41 usable radiographs.
This was then repeated for the Clinical sample, where TD values
were found for 110 DS combinations and 48 SS replicates.

Intra-Observer and Inter-Observer Error

Intra-observer error was determined by comparing measurement
sets of the same radiograph traced and measured twice by the same

observer. Ten randomly selected radiographs from the Archeologi-
cal sample were traced and measured a second time and were com-
pared with their corresponding replicate to which the method had
already been applied. Pearson’s r correlation coefficients were
found between each replicate pair by correlating corresponding
measurements at each degree. The correlation coefficients were
then used to assess the congruency in patterns achieved by the
same observer applying the technique twice.

Inter-observer error was also determined using correlation coeffi-
cients. All 41 radiographs of the Archeological sample were traced
and measured by two observers. Pearson’s r values were then found
for each replicate pair to assess consistency between observers.

Frequency Distributions

Both the Archeological and the Clinical sample were assessed
for inter-individual and intra-individual variation in TD scores by
constructing frequency distributions from samples of SS pairs to
represent intra-individual variation, and DS pairs to represent inter-
individual variation.

For the Clinical sample, the intra-individual reference distribution
was based on the TD found for 48 SS pairs, the number of usable
radiographs from the collection traced and measured by different
observers. The inter-individual reference distribution was con-
structed based on the TD values for a sample of 110 DS combina-
tions from the 41 radiographs, traced, and measured by the same

FIG. 2—A scanned traced acetate opened in Adobe Photoshop CS2�. The
baseline and point of origin for measuring have been established. The mea-
surement line extends from the origin laterally to the outline.

FIG. 4—A graphical representation of the total difference (TD) for (a)
two radiographs of the same-skull and (b) different-skull pairs. The solid
bold line represents the magnitude of difference between the two skulls at
each corresponding measurement. It is clearly demonstrated that the differ-
ences are approaching zero in (a) and highly variable in (b). The sum of
the absolute value of these differences is the TD for the pair of skulls.

FIG. 3—A detailed view of a measuring line crossing the sinus outline
more than once. The recorded measurement is taken from the outermost
intersection.
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experimenter. A sample size of 110 was chosen based on time lim-
itations in applying the technique. Normality was assessed by
applying the Shapiro–Wilk test, and log transformations were
applied to both of the distributions to smooth these data. An inde-
pendent t-test was used to determine equality of mean logTD
between the two distributions. Finally, a one-way ANOVA was
used to determine if logTD values exhibited sex dependence by
grouping the male–male, female–female, and male–female logTD
scores. Because this sample consists of radiographs of modern indi-
viduals, taken by standard X-ray procedures, the inter- and intra-
individual frequency distributions were chosen as reference sets
from which to calculate OR values for unknown pairs when testing
the method (see Blind Analysis).

The above procedure and log transformation were repeated for
the Archeological sample, where the intra-individual distribution
was based on 41 SS pairs, and the inter-individual distribution was
based on 130 DS combinations. Sex dependence was also investi-
gated in this sample. This was carried out to evaluate population
differences in logTD values when compared with the Clinical sam-
ple. Population differences in intra-individual TD scores were
assessed by applying an independent t-test for the equality of mean
intra-individual logTD for the Clinical and Archeological samples.
This was repeated for the inter-individual logTDs between these
samples.

Blind Analysis

A subset of nine skulls from the Contemporary sample was used
to test the method, using the estimated normal curves of the Clini-
cal reference distributions to calculate an OR between simulated
AM and PM pairs. The AM radiographs were labeled ‘‘A’’ through
‘‘I’’ and provided to the observers (MC and MM) by the third
author (SIF). Each observer independently traced and measured the
radiographs using the prescribed method. Approximately 1 week
later, the PM radiographs, labeled one through nine, were provided
to the observers to be traced and measured. The observers were
then given a sheet of 30 combinations of radiographs (one AM and
one PM) for comparison. The TD was calculated for each pair and
used to calculate the OR, which discriminated the unknown pair as
exhibiting SS or DS variation and provided a measure of the
strength of the conclusion.

The OR was calculated by dividing the probability of obtaining
the given logTD or greater, if the pair is from the same individual
(SS), by the probability of obtaining the given logTD or less, if the
pair is from different individuals (DS).

OR ¼ pð � logTDjSSÞ
pð � logTDjDSÞ

These conditional probabilities were derived from the statistical
properties of the intra- and inter-individual reference distributions
to calculate the numerator and denominator, respectively. This was
accomplished by converting the logTD into two z-scores according
to the formula (score ) mean) ⁄ SD.

The first z-score was calculated using the mean and the standard
deviation (SD) of the intra-individual reference distribution
(mean = 1.82, SD = 0.142). This standardized score was then used
to find the area under the normal curve associated with the given
score in the positive tail. This yielded the probability of obtaining
that logTD, or higher, given that the pair is from the same individ-
ual (the numerator). The second z-score was calculated using the
mean and the SD of the inter-individual reference distribution
(mean = 2.67, SD = 0.236). Again, the resulting score was used to

find the area under the normal curve of the inter-individual distri-
bution in the negative tail. This gave the probability of obtaining
the given TD, or less, given that the pair is from different individu-
als (the denominator).

The resulting OR was calculated by dividing the SS probability
by the DS probability. This was used to state conclusions about the
unknown pair as more likely demonstrating SS or DS variability. If
the OR was greater than one, the radiographs could not be
excluded as originating from the same individual, i.e., ‘‘Fail to
Exclude’’ (FTE). If the OR was less than one, the opinion was
given as an ‘‘Exclusion’’ of the radiographs as having the same
source. The further from the value of one, the greater the strength
of the evidence. To state a consistent confidence rating, a verbal
equivalency chart for LRs was utilized (Table 2).

This process was repeated for all 30 unknown pairs derived from
the Contemporary sample, by two different observers. Conclusions
and confidence ratings were recorded and the third author (SIF)
then used a key to reveal correct matches to establish error rates.

Empirical Testing

As a final stage in this study, we conducted an empirical test of
the correctness of the theoretical prediction given by the OR. This
was accomplished by finding the OR for each of the 36 combina-
tions and nine replicate pairs from the Contemporary sample. Cor-
rectness of predictions was determined by finding the percentage of
SS pairs for which the OR was above one, and the percentage of
DS pairs for which the OR was below one.

Finally, the TD value which yields an OR = 1 was determined
using trial and error. This value was termed the ‘‘threshold value.’’
By converting it into a standardized score for each distribution
(described above), the probability of a SS pair showing that thresh-
old or less was found, as well as the probability of a DS pair show-
ing that threshold or greater. This was used to assess the degree of
overlap of the reference distributions, and the discriminatory power
of the OR.

Results

Intra-Observer and Inter-Observer Error

Intra-observer error was assessed by finding Pearson’s r correla-
tion coefficients between measurement sets of 10 SS radiographs
from the Archeological sample, traced, and measured by the same
observer (MM). The r values were found to be high, ranging from
0.921 to 0.998, with a mean r of 0.976 (Table 3).

Inter-observer error was also assessed using the Archeological
sample by finding Pearson’s r correlation coefficients between

TABLE 2—Verbal equivalents for LR values used to state confidence
ratings for OR values adapted from Rose (40).

LR ⁄ OR Possible Verbal Equivalent Exclusion Status

>10,000 Very strong Failure to exclude
1000–10,000 Strong
100–1000 Moderately strong
10–100 Moderate
1–10 Limited
1–0.1 Limited Exclude
0.1–0.01 Moderate
0.01–0.001 Moderately strong
0.001–0.0001 Strong
<0.0001 Very strong

OR, odds ratio; LR, likelihood ratio.
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measurement sets of the same radiographs traced and measured by
two different observers (MM and MC). Based on 41 SS replicates,
r values were also found to be high, ranging from 0.925 to 0.999,
with a mean r of 0.978 (Table 3).

Archeological Sample

Total difference values were calculated between SS replicates,
traced, and measured by two observers and were plotted in a fre-
quency distribution to demonstrate intra-individual variation. This
distribution was found to be nonparametric using a Shapiro–Wilk
test for normality (p < 0.0001). A log transformation was applied
and normality was achieved with p = 0.308 (Fig. 5).

Total difference values were also calculated for 130 random DS
combinations from the Archeological sample, traced, and measured
by one observer (MM). These values were plotted in a frequency
distribution, which was found to be nonparametric (p < 0.0001).
Again, a log transformation was applied, and normality was
achieved with p = 0.107 (Fig. 6). An independent t-test for equality
of means was applied to the intra- and inter-individual logTD
scores, after confirming the assumption of equal variances with the
F-statistic (F = 1.457, p = 0.229). This test indicated that the two
distributions were significantly different (p < 0.0001).

Percent cumulative frequency plots were used to provide a
graphical representation with both intra- and inter-individual logTD

values plotted on a standardized scale (Fig. 7). Upon visual inspec-
tion, it was observed that the two distributions showed a high
degree of separation with minimal overlap.

A one-way ANOVA was used to determine if significant differ-
ences in logTD values occurred between same-sex combinations
(male–male and female–female) and different-sex combinations
(male–female). No significant differences were found between the
three groups with p = 0.531.

Clinical Sample

Total difference values were found between SS replicates traced
and measured by two different observers (MC and MM). These
data, representing intra-individual variation, were found to be para-
metric using a Shapiro–Wilk test for normality (p = 0.360). A log
transformation was applied to maintain consistency and to improve
normality. These transformed data were found to be normal with
p = 0.850 (Fig. 8). The logTD mean was 1.82 with a SD of 0.142
and n = 48. These are the values used to calculate the numerator
of the OR, or the probability of obtaining that logTD or greater
given that the radiographs are a SS pair.

TABLE 3—Archeological sample; descriptive statistics for Pearson’s r
correlation coefficients used to assess intra-observer and inter-observer

reliability.

Statistic Intra-Observer Inter-Observer

Mean 0.976 0.978
Standard deviation 0.028 0.023
Minimum 0.921 0.925
Maximum 0.998 0.999
Sample size 10 41

FIG. 5—Archeological sample—frequency distribution with estimated nor-
mal curve of the logTD values of 41 replicate SS pairs, used to demonstrate
intra-individual variation.

FIG. 6—Archeological sample—frequency distribution with estimated nor-
mal curve of the logTD values of 130 random combinations, used to demon-
strate inter-individual variation.

FIG. 7—Archeological sample—a % cumulative frequency plot of the
logTD values for SS (intra-individual) and DS (inter-individual) pairs
demonstrating the degree of overlap.
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Total difference values were also found between 110 random
DS combinations, traced and measured by the same observer
(MM) to function as the inter-individual reference set. These data
were found to be nonparametric (p < 0.0001). A log transformation
was applied and normality was achieved (p = 0.086) (Fig. 9). The
mean was 2.67 with a SD of 0.236, which were used to calculate
the denominator of the OR, or the probability of obtaining that log-
TD value or less given that the radiographs are a DS pair.

The F-statistic was calculated to assess variance homogeneity
between the intra- and inter-individual distributions. These data sets
were found to have significantly different variances (F = 45.30,
p < 0.0001). An independent t-test for equality of means, assuming
unequal variances, was then applied and the intra- and

inter-individual distributions were found to be significantly different
(p < 0.0001).

To visualize the SS and DS distributions on the same scale, per-
cent cumulative frequency plots of the logTD values were con-
structed (Fig. 10). No overlap occurred between the logTD values
of the two distributions.

To determine if sex differences exist in TD values, a one-way
ANOVA was applied to the logTD values of three groups:
male–male combinations, female–female combinations, and
male–female combinations. This test indicated that no significant
differences existed between the same-sex and the different-sex
combinations; therefore, sex-specific distributions were not
deemed necessary.

Population differences between Archeological and Clinical sam-
ples were assessed for both the intra- and inter-individual mean
logTD using independent t-test under the confirmed assumption
of equal variance (F = 2.34, p = 0.130; F = 0.946, p = 0.332).
For intra-individual variation, the t-test indicated a significant dif-
ference in mean logTD between the two samples (p < 0.0001).
This was also found for the inter-individual mean logTD
(p = 0.033). These results indicated that the samples could not be
combined.

Blind Analysis

Two observers each performed a blind analysis of the method
by finding OR values for 30 unknowns consisting of nine SS pairs
and 21 DS pairs. These were compiled from simulated AM and
PM radiographs taken of the Contemporary sample. For the nine
SS pairs, OR values were found to range from 1.58 to >99,900,
classifying all of them in the ‘‘FTE’’ category, with confidence rat-
ings ranging from ‘‘limited’’ to ‘‘very strong.’’ For the two observ-
ers combined, 12 of 18 (67%) of the ‘‘FTE’’ opinions fell within
the ‘‘very strong’’ confidence rating, where the OR exceeded
10,000 (Fig. 11).

For the 21 DS pairs, OR values were found to range from
<0.0001 to 0.523 meaning that confidence ratings to ‘‘Exclude’’ the
radiographs as coming from the SS ranged from ‘‘limited’’ to ‘‘very
strong.’’ When combining the results of both observers, 38 of 42
(90%) of ‘‘Exclude’’ opinions fell in the ‘‘very strong’’ confidence
rating, where OR < 0.0001 (Fig. 11).

Overall error rates were assessed by determining the percentage
of DS pairs where an OR > 1 was obtained (i.e., false positive),
and the number of SS pairs where an OR < 1 was obtained (i.e.,
false negative). For both observers, the error rates for both false

FIG. 8—Clinical sample—intra-individual reference frequency distribution
with estimated normal curve based on logTD values of 48 same-skull
replicates.

FIG. 9—Clinical sample—inter-individual reference frequency distribution
with estimated normal curve based on logTD values of 110 same-skull
replicates.

FIG. 10—Clinical sample—a % cumulative frequency plot of the logTD
values for SS (intra-individual) and DS (inter-individual) pairs demonstrat-
ing a lack of overlap. The distributions are significantly separated
(p < 0.0001).
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positive and false negative were found to be 0%, giving an overall
error rate of 0%.

Threshold Value

A threshold TD, yielding an OR = 1, was found to be
137.5 mm. The corresponding z-score under the Clinical log intra-
individual distribution estimated that 99% of SS pairs with a TD
below 137.5 mm will be correctly discriminated. Similarly, based
on the Clinical log inter-individual distribution, a TD value above
137.5 mm should theoretically discriminate 99% of DS pairs
correctly.

Empirical Testing

For the Contemporary sample, OR values were found between
each SS pair and each DS combination by both observers (Table 4).
This was performed to empirically test the theoretical predictions
of the OR values, where SS pairs with OR > 1 were correctly dis-
criminated, and DS pairs with an OR < 1 were correctly

FIG. 11—A summary of the confidence ratings from our blind analysis
for ‘‘Exclude’’ and ‘‘Fail to Exclude’’ opinions, expressed as a
percentage.

TABLE 4—Cross reference charts showing the odds ratio (OR) values found for 36 different-skull (DS) pairs and 9 same-skull (SS) pairs from the
Contemporary sample.
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discriminated. For SS pairs, 100% were correctly discriminated
(OR > 1; TD < 137.5 mm), and 97% of DS pairs were correctly
discriminated (OR < 1; TD > 137.5 mm).

Summary

Pearson’s r correlation coefficients found between sinuses of
the Archeological sample, traced and measured by two observers,
were found to be high (mean = 0.978) indicating a high level of
congruency in patterns achieved between observers. For both the
Clinical and Archeological sample, log transformed distributions
were significantly parametric. The Clinical reference distributions
were used to test the method, using nine skulls from a Contem-
porary sample. Combined error rates for both observers showed
0% false positive, and 0% false negatives for 18 SS pairs and
42 DS pairs. The associated confidence ratings were predomi-
nantly ‘‘very strong.’’ Empirical testing of the ability of OR to
discriminate SS from DS logTD values yielded 100% correct dis-
crimination of SS pairs (n = 9) and 97% correct discrimination
of DS pairs (n = 36). A threshold TD of 137.5 mm was found
where the OR = 1. Theoretically, 99% of SS pairs with TD less
than the threshold should be correctly discriminated, and 99%
of DS pairs with a TD greater than the threshold should be
correctly discriminated. This closely reflects the results of the
empirical testing.

Discussion

The first goal of the study was to determine if the proposed
method demonstrated reliability within and between observers in
the manual tracing and measurement of FS radiographs. Our
results indicated a consistency in the patterns achieved between
and within observers, yet seemed to fall short of providing a
complete picture of reliability in the Archeological sample. While
the correlation coefficients assessed a similarity in pattern, they
placed the measurement sets on their own relative scale and,
therefore, did not consider consistency in absolute scores. For
example, if two observers accurately traced the outline patterns,
but one observer consistently drew the baseline lower than the
other, these measurements would be consistently larger than
those obtained from the outline with the higher baseline. There-
fore, the r-value would be high regardless of the differences in
absolute scores due to the similarity in pattern among the out-
lines. Further statistical testing could be applied to assess the
congruency in absolute scores to yield a more accurate estimate
of the reliability of the technique. What may be more relevant is
the consistency in discrimination of unknown pairs of radio-
graphs to assess inter-observer reliability. Empirical testing of the
accuracy of the OR demonstrated consistent results between
observers who found 100% of SS pairs to have OR > 1, 97% of
DS pairs to have an OR < 1, and one DS pair to be a false
positive (OR > 1). In other words, there was 100% agreement
between observers as to which pairs exhibited SS variation, and
which skulls exhibited DS variation. Furthermore, confidence
ratings were found to be consistent for all but three SS and two
DS pairs. Based on these results, it was assumed that inter-
observer reliability was achieved as indicated by high Pearson’s
r values, and consistent conclusions when applying the technique.
The inconsistencies in confidence ratings were likely related to
differences in perception when the outlines were traced.

It must be mentioned that the observed consistencies between
observers may be related to the fact that the observers invented the
technique in concert. Further investigation into consistency

achieved between less experienced examiners would provide a bet-
ter idea of the overall reliability of our method.

The second goal of our study was to construct appropriate intra-
and inter-individual reference distributions. The statistical proper-
ties of these reference distributions were used to calculate the
probabilities of obtaining the evidence regarding the two compet-
ing hypotheses; the skulls are from the same individual (H0) or
the skulls are from different individuals (H1). The Clinical sample
was chosen to develop the reference distributions as it was more
representative of a modern population compared with the Archeo-
logical sample.

The Clinical intra-individual reference distribution represents
within-person variation in TD values for a modern, clinical popula-
tion. A major limitation of this study is that the TD values used to
estimate the Clinical intra-individual normal curve were derived
from replicates of the same radiograph, traced and measured by
two different observers (MC and MM). This does not account for
the inevitable variation introduced by inexact alignment of PM to
AM radiographs. One study found that relative to other cranial
dimensions, linear measurements of the FS are the most susceptible
to within-person variation introduced by differing orientations of
the skull (30). For the current technique, it seems as though X-ray
misalignment would lead to higher intra-skull TD values because
this error would accumulate with each of the 59 recorded measure-
ments. Therefore, an ideal reference distribution should be derived
from replicates of the SS radiographed twice, traced, and measured
by the same observer. Due to resource limitations, this was not pos-
sible in our study, warranting a discussion of the implications of
the results.

The misalignment of the specimen during radiography has the
potential to introduce more variation in SS pairs. Hence, it was
assumed that the intra-individual distribution used in this study
demonstrated less overlap with the inter-individual distribution than
would occur with the ideal reference set. This meant that with the
ideal reference set, the discriminatory power of the TD would
be less, as there would be a greater area of overlap and a larger
percentage of cases would be assigned an equivocal conclusion.
Theoretically, by not accounting for variation introduced by inexact
orientation of the radiographs, the intra-individual reference distri-
bution underestimated the probability of obtaining a given TD,
describing it as falling closer to the positive tail of the distribution
than in actuality. For DS pairs, this would cause OR values to
overestimate the strength of the evidence as a ‘‘FTE’’ because the
numerator would be underestimated. For SS pairs, OR values
would underestimate the strength of the evidence, again by under-
estimating the numerator. Underestimating the probability of an SS
pair as coming from the intra-individual distribution presents a risk
of obtaining false negatives. This being said, results of empirical
testing revealed that this limitation did not seem to hinder the abil-
ity of the OR to discriminate SS and DS pairs from simulated AM
and PM radiographs, as 100% of SS and 97% of DS pairs were
correctly discriminated. Furthermore, the mean logTD for the SS
pairs of the Contemporary sample was 1.67, which is less than that
of the intra-individual reference distribution (mean logTD of 1.82).
This may have been due to an inadequate sample size (n = 9), the
skill level of the X-ray technologist, or the experience of the
observers at the time the Contemporary sample was analyzed.
Nonetheless, the OR values in our study may not provide an accu-
rate measure of the strength of the evidence due to misrepresenta-
tion of the intra-individual reference distribution.

The inter-individual reference distribution, derived from the Clin-
ical sample, was constructed to represent variation in logTD values
occurring between random combinations of DS pairs from the
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relevant population. Essentially, this distribution represents the
degree of variation between individuals. For example, some random
pairs may have similar sinus morphology and yield a lower TD,
while others may have quite different morphology, yielding a larger
TD. This is likely attributed to overall size rather than a specific
scalloping pattern. The normal curve estimated for this reference
distribution was used to find the probability of an unknown pair as
showing DS variation so OR values could be calculated for dis-
crimination. For this reason, it is vital that this distribution properly
represents the relevant population so that the OR provides an accu-
rate measure of the strength of the evidence.

As the name implies, the Clinical sample was derived from a
clinical source in which all the individuals were radiographed for
diagnostic purposes. In actual casework, AM records would nor-
mally be obtained from a clinical source. As our method was tested
on a subset of contemporary skulls, not from a clinical source, the
reference sets may not have been representative of this particular
sample in this sense. Nevertheless, error rates of 0% were found
when the method was tested.

The discriminatory power of the TD relies on a high degree of
separation between inter- and intra-individual reference distribu-
tions. A t-test demonstrated that intra- and inter-individual Clinical
distributions were significantly different (p < 0.0001) with no over-
lap in logTD values. Minimal overlap did occur between the nor-
mal curves estimated from these distributions, however, only in the
extreme tails. Because the FS is a fixed structure, variation occur-
ring in the intra-individual distribution could be due to error intro-
duced by the technique, likely from manual tracing (and in the
ideal reference distribution from misalignment of the radiographs).
Yet, empirical assessment of OR values revealed that 100% of SS
pairs and 97% of DS pairs were correctly discriminated for the
Contemporary sample. However, a small proportion of conclusions
stated were given a ‘‘limited’’ confidence rating, as 11.1% of cases
had OR values ranging from 1 to 10 (FTE) and 2.78% of cases
had OR values from 0.1 to 1 (Exclude).

A threshold TD value was found to be 137.5 mm when OR = 1
(unity), in which case there was an equal probability of obtaining
the TD if the radiographs were of SS or DS origin. Based on asso-
ciated areas under the normal curves, it was found that 99% of SS
pairs fell below this threshold and 99% of DS pairs fell above it.
TD values falling at or near the threshold value of 137.5 mm
would yield an ‘‘Equivocal’’ conclusion. We suggest that the lim-
ited confidence rating (SS OR = 1–10; DS OR = 0.10–1) should
be stated as ‘‘Equivocal.’’

No significant differences were found in logTD values between
same-sex and different-sex combinations for the Archeological and
Clinical samples, indicating that sex-specific reference distributions
were not necessary for these samples. Previous studies have dem-
onstrated contrasting results with regards to sex-specific variation in
FS size. For example, Yoshino et al. (14) found no significant sex
differences in FS area for a Japanese sample, whereas Buckland-
Wright (37) found that males have significantly larger sinuses than
females with regards to linear measurement of early British crania.
However, logTD values are not a direct measure of the size or
shape of a sinus; rather, they represent the magnitude of difference
that occurs between a given pair of skulls, making meaningful
comparison to the results of these past studies difficult. This does
not, however, rule out the possibility of other ancestral groups
showing significant sex differences in TD scores.

Population differences in logTD values were assessed by com-
paring the distributions created for the Archeological and Clinical
samples. A t-test indicated significant differences between the sam-
ples for both inter- and intra-individual logTD distributions. While

this result indicates a need for population specific reference sets, in
a forensic context there is greater interest in whether multiple mod-
ern populations are different and thus require separate distributions.
Additionally, the Clinical sample was of a mixed ancestry and pre-
sumed to be predominantly Caucasian due to the hospital’s loca-
tion. Other studies have noted population differences in linear
measurements of the FS between contemporaneous Inuit popula-
tions, possibly related to cold adaptations (38). Clearly, further
investigation in this area is required.

The third goal was to test our method using a subset of nine
contemporary skulls for which AM and PM radiographs were
simulated to determine error rates of the technique. Results of
the blind analysis demonstrated no false positive or false
negative results. This supports the validity of the conclusions
generated using only OR values. Such error rates are comparable
to those of visual inspection (18,25); however, they were based
on our objective methodology and provided statistical substantia-
tion of our conclusions. The error rates further indicate that TD
values capture sufficient variation between individuals while
minimizing variation within individuals to allow for powerful
discrimination.

Not only were the error rates 0% but the confidence ratings
derived from the LR verbal equivalency chart (40) were usually in
the highest rating (i.e., ‘‘very strong’’). Over 65% of pairs classified
as an FTE were given a ‘‘very strong’’ rating and an additional
11% received a ‘‘strong’’ rating. Further, 91% of pairs excluded as
originating from the same source received a ‘‘very strong’’
(<0.0001) rating. There were, however, some weak conclusions for
both FTE and ‘‘Exclude’’ where 11.1% of FTE pairs and 7.1% of
‘‘Exclude’’ pairs received a ‘‘limited’’ rating. In our study, 11.1%
of SS pairs and 7.1% of DS pairs would be classified as
‘‘Equivocal’’ conclusions and would require other means of
corroborating the identification. The blind test demonstrated the
usefulness of the technique in simulated case scenarios that were
reflective of real casework.

The final goal of this study was to empirically test the theoretical
predictions given by the OR for 45 pairs of radiographs from the
Contemporary sample. This was achieved by finding the percentage
of SS pairs correctly discriminated (OR > 1) and the percentage of
DS pairs correctly discriminated (OR < 1) by two observers (MC
and MM). Our results indicate that the OR is highly accurate, with
100% of SS pairs and 97% of DS pairs correctly discriminated,
with only one false positive noted. This false positive did, however,
only receive a ‘‘limited’’ confidence rating and would be stated as
‘‘Equivocal.’’ These results support the validity of the technique
and its potential as a powerful tool for objective comparison of FS
morphology.

Our technique was designed to achieve the discriminatory power
of EFA, while simplifying the procedure to allow wider application.
The frequency distributions based on total Euclidean distance
between EFA generated outlines were quite similar to those
obtained in our study as both demonstrated significant differences
(p < 0.0001). However, EFA did show an overlap in the actual
scores, whereas, in our study the only overlap that occurred was in
the extreme tail ends of the estimated normal curves. This may
reflect the larger sample used in the EFA study (15).

In a subsequent study, LRs were calculated for SS replicates
using EFA coefficients (29). By entering these coefficients into a
LR formula, at 20 harmonics, the mean LR was 1021.22. These val-
ues are extremely high in comparison to those achieved in our
study, however, the use of z-scores limited the calculation of the
OR as the tables do not exceed €4.0 SD. Therefore, OR values
were stated as < 0.0001 to > 99,990 and would be more powerful
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with an extended z-table. Nonetheless, these values were considered
strong enough to yield positive identifications.

Finally, EFA did not test the predictions of the LR and no error
rates were stated. Therefore, the validity of these conclusions can-
not be compared (15,29). In summary, the results obtained in our
study are comparable to those using EFA, and the procedure is eas-
ier to apply.

Limitations

Our technique relies on adequate AM records being available for
comparison. Clearly, those who have not had facial radiographs
during their lifetime are not candidates for the application of the
method. The individual must have been an adult (‡ 20 years) when
the AM radiograph was taken in the Caldwell Projection and radio-
graphs must be of sufficient quality to allow for a proper assess-
ment. The Caldwell Projection, although standard at most hospitals
for sinus radiographs, may not be available. Other projections, such
as the Waters (occipito-mental) or even a lateral view, may be of
use, but would require the construction of relevant reference distri-
butions as well as testing of reliability and validity of
discrimination.

Our technique also requires a complete and bilateral FS to be
present above the defined baseline, limiting the extent to which this
method can be applied. Without a complete sinus, bias occurs
when comparing the TD to the reference distribution. Without all
59 measurements, the TD would be lower than if all measurements
were present and would, therefore, be biased toward SS variation.

Radiographic identification has a general limitation in that it is
difficult to obtain a conventional PM X-ray image with the exact
alignment of the available AM radiograph. Our technique relies
on maximal separation between the distributions; therefore, an
important aspect is minimizing intra-individual variation by
obtaining PM images as close to the AM record as possible.
One method suggests that a more exact alignment may be
achieved by taking consecutive computerized tomography (CT)
slices of the PM skull and reconstructing them to obtain a 3D
representation (41). Using specialized software, 2D conventional
radiographs could be simulated from these CT data at any
desired angle. The viewing angle of the projected image can be
easily rotated until the desired orientation is achieved as dis-
played on a monitor.

One may question the redundancy of a technique such as this,
particularly due to the fact that identity is rarely an issue challenged
in court. Visual comparison methods have demonstrated compara-
bly low error rates, are much quicker to apply, and require fewer
resources. Perhaps, our technique need not be applied in all cases
where the FS is used for identification, but should be reserved for
cases in which the identity is contested, to demonstrate the validity
of the identification process.

Summary and Conclusions

This technique has demonstrated reliability and validity when
subjected to various tests. The TD measure was successful in
capturing sufficient inter-individual variation while minimizing
intra-individual variation to allow for reliable identification. The
OR provided a continuous measure of the strength of the evi-
dence (TD) against two hypotheses, allowing for an objective
statement of confidence ratings. To standardize this methodology,
making it useful in forensic cases, a few key areas require further
research. First, refinement of the reference distributions is needed
to improve representation of the relevant population. Second, a

larger sample to test back the technique will yield error rates that
can be extended to actual cases. Additionally, a more robust sta-
tistical analysis of intra- and inter-observer reliability would be
beneficial for assessing not only congruency in patterns, but also
consistency in absolute scores. Finally, computer automation of
the method could reduce the time needed to apply the technique
and eliminate the subjective element introduced by manual
tracing.
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