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Abstract 
Piriform apertures from skulls in the Bass Collection at the University of Tennessee were ex-
amined. The morphology of the perform aperture from digital images was captured using Adobe 
Measuring Tool 9.0 and data analyzed with SPSS 17.0. Twenty-four linear measurements from a 
central point of the aperture as well as the perimeter were evaluated to quantify a difference be-
tween Black and White populations. The statistical analyses employed Discriminate Functional 
Analysis followed by Stepwise analysis. Discriminate functions were generated to predict to which 
group a skull belonged. A discriminate function produced an accuracy of 77.4%. Step-wise discri-
minate function analysis, using only three variables, produced an accuracy of 79.0%. 
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1. Introduction 
The assessment of race (ancestry) from human remains is an important aspect of forensic anthropology [1]. The 
primary objective of the forensic anthropologist is to develop a biological profile, which reports age, sex, stature, 
and race along with any anomalies that will make personal identification easier for the authorities [2]. The skull 
is considered to be the most useful part of the skeleton for the assessment of race [3] [4]. Successful approaches 
to race determination of unidentified human remains using the skull have been developed by anatomists and bi-
ological anthropologists, but few quantitative methods are available for distinguishing various specimens [5]. 
The most useful landmarks for racial classification are mid-facial, including the nose and mouth area [6]. In 

http://www.scirp.org/journal/fmar
http://dx.doi.org/10.4236/fmar.2015.31002
http://dx.doi.org/10.4236/fmar.2015.31002
http://www.scirp.org
mailto:gardnes@bgsu.edu
http://creativecommons.org/licenses/by/4.0/


S. Gardner 
 

 
8 

1990, Gill and Gilbert created a metric method of distinguishing between American Blacks and Whites based 
upon six measurements of the mid-facial region. These researchers find that the measurements have a very high 
accuracy in determining the race of Black versus White skulls, averaging around 90%. The size and the shape of 
the nasal bones and the piriform aperture can be used to clarify the “anthropological characteristics of each race” 
[7]. The overall morphology of the piriform aperture seems to be an informative characteristic of the hominoid 
face [8]. However, quantitative data on the piriform aperture remain rare [8]. One area of investigation has fo-
cused specifically on differences between Africans and Europeans in the shape of the piriform aperture (also 
known as the anterior nasal aperture). 

Anthropometrics have revealed that there are many skeletal differences between Africans and Europeans [9]. 
Because there are characteristic differences among races in the shape and size of the nose, it is likely that the 
nasal bones and the piriform aperture (anterior nasal opening) also have some differences, which can provide 
useful insights in the field of forensic anthropology [7]. Europeans tend to have a narrower triangular opening, 
while Africans tend to have a much wider and more rectangular opening. These differences have been noted for 
many years and have been used forensically in the nonmetric assessment of race from the skeleton [10]. While 
nonmetric methods have proven useful, they are also somewhat subjective. Anthropometric data are thought to 
be objective and they allow the forensic anthropologist to go beyond subjective assessments such as similar or 
different [11]. With measurement data, the examiner is able to quantify the degree of difference or similarity and 
state how much confidence can be placed in this interpretation [11]. Precise characterization of the piriform 
aperture shape in well-identified species has also been helpful in the proper interpretation and classification of 
extinct and fossil individuals [12]. 

Some authors described the piriform aperture by using the anthropological nasal index, an anthropometric 
measure used to classify nasal aperture shape [8]. The nasal index is defined as the ratio of the maximum nasal 
aperture breadth to the maximum nasal aperture length (multiplied by 100). Maximum length is measured on the 
skull as the distance from the anterior nasal spine to the point where the internasal suture meets the frontal bone 
(nasion), while maximum breadth is measured as the widest distance between the left and right boundaries of the 
piriform aperture. By using this index, human skulls were classified into leptorrhinians (nasal index ranging 
from 42 to 47), mesorrhinians (48 to 52) and platyrrhinians (53 to 58) [13]. 

The goal of this study was to quantitatively describe the morphology of the piriform aperture using angular 
anthropometrics and develop a method by which forensic anthropologists can use angular anthropometrics to as-
sign ancestry to a skull, based on a sample of American Blacks and Whites. 

2. Materials and Methods 
The random sample studied included sixty-two (62) skulls of known race, sex and age from the William H. Bass 
Skeletal Collection in Knoxville, Tennessee. The skulls were required to be grossly normal, that is, without 
breakage or defect of the piriform aperture or defect of the bones that contribute to formation of the aperture. 
More White specimens were available (n = 36) than Black (n = 26) specimens. The skulls were placed in sand 
and aligned in the Frankfort Horizontal (FH). Skulls were then tilted and laser aligned to place the nasal aperture 
in a plane perpendicular to the line of sight of the camera. To do this, the skull was tilted such that a point lo-
cated at the inferior edge of the inter-nasal suture lay in the same horizontal plane as two points located at the 
most inferior lateral margins of the nasal aperture aligned by laser level as seen in Figure 1. This was done in 
hopes of capturing a more complete view of the aperture. Skulls were then photographed using a 7.2 megapixel 
Sony Cyber-shot camera on a tripod from a distance of 20 inches (50.8 cm). Quantification of the morphology 
of the piriform aperture was done using Adobe Acrobat Measuring Tool 9.0 by measuring from the centroid of 
the aperture to the perimeter of the aperture every 15˚ for a total of twenty four measurements (in millimeters) 
(Figure 2 and Figure 3). 

The centroid was determined by choosing the mid-point value (in mm) of a vertical line from the lowest point 
of the internasal suture to a horizontal line indicating the lowest point of the aperture. Measurements about the 
aperture are shown in Figure 3. The measurements from the digital images were uploaded into the computer and 
measurements were calculated after calibrating the measuring tool. The measurements were taken from un-
marked digital images that did not identify race, sex or any other demographic data at the time of measurement. 
The data were evaluated using independent t-tests to investigate racial dimorphism as shown in Table 1. The 
data were further evaluated using multivariate statistical methods (discriminant function analysis and stepwise 
analysis). Discriminant function analysis was chosen as it involves the generation of an equation that will pre- 
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Figure 1. Skull placement for photograph. The red line con- 
nects the internasal suture (a) with the inferior lateral margin of 
the piriform aperture (b). The skull is positioned such that this 
line was parallel to the overhead sight line of the camera (white 
arrow).                                               

 

 
Figure 2. Finding the centroid of the piriform aperture. The ho- 
rizontal blue line is drawn through the lowest point(s) on the in- 
ferior margin of the aperture. The blue line is drawn perpen- 
dicular to this horizontal from the inferior limit of the internasal 
suture (arrow). The centroid of aperture is the mid-point along 
this perpendicular.                                      

 

 
Figure 3. Measurements taken from the centroid every 15 de- 
grees. Radial measurements (lines) were constructed from cen- 
troid to the perimeter, at 15 degree intervals beginning from the 
internasal suture. Note: lines on the photograph above were dra- 
wn free-hand and may not accurately reflect 15 degree intervals. 
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Table 1. Results from the independent t-tests. Of the twenty-five variables, eleven variables were statistically significant 
between Blacks and Whites with p-values ≤ 0.05 (bold values).                                                          

Variable  Black (n = 26) Mean  White (n = 36)  p-Value 
 Minimum Maximum  Minimum Maximum Mean  

Perimeter 89.12 123.71 103.50 (8.47) 91.27 119.21 105.88 (5.79) 1.314 0.194 
15˚ 12.61 17.95 15.55 (1.56) 10.96 20.01 16.19 (1.73) 1.493 0.141 
30˚ 10.39 15.09 12.85 (1.22) 8.89 15.07 12.68 (1.15) −0.559 0.578 
45˚ 9.15 13.17 11.21 (1.03) 8.38 13.08 10.92 (1.00) −1.118 0.268 
60˚ 8.98 12.76 10.55 (0.93) 7.44 11.99 10.17 (0.97) −1.538 0.129 
75˚ 9.00 14.23 10.68 (1.15) 7.21 12.05 10.18 (1.03) −1.824 0.073 
90˚ 9.59 15.87 11.47 (1.29) 8.02 12.61 10.64 (1.05) −2.790 0.007* 

105˚ 11.20 16.88 12.97 (1.11) 9.61 14.00 11.62 (1.18) −4.572 0.000* 
120˚ 12.54 17.70 14.86 (1.21) 11.04 16.84 13.65 (1.43) −3.499 0.001* 
135˚ 15.20 19.33 17.32 (1.20) 13.92 19.10 16.37 (1.25) −2.980 0.004* 
150˚ 14.63 20.86 18.50 (1.82) 16.84 20.86 19.03 (1.13) 1.402 0.166 
165˚ 10.91 20.16 17.61 (1.96) 14.00 21.69 18.77 (1.47) 2.652 0.010* 
180˚ 10.98 17.10 14.27 (1.47) 12.00 18.49 15.05 (1.42) 2.092 0.041* 
195˚ 13.81 20.44 16.99 (1.74) 15.56 21.60 18.12 (1.45) 2.78 0.007* 
210˚ 16.05 22.22 18.88 (1.52) 15.96 22.69 19.16 (1.60) 0.699 0.487 
225˚ 14.92 21.22 17.67 (1.58) 13.01 20.84 16.98 (1.75) −1.598 0.115 
240˚ 12.77 19.22 15.24 (1.48) 10.60 18.25 14.19 (1.61) −2.615 0.011* 
255˚ 11.24 17.11 13.02 (1.30) 9.19 15.97 12.14 (1.46) −2.432 0.018* 
270˚ 10.21 15.86 11.78 (1.22) 8.26 14.27 11.09 (1.30) −2.126 0.038* 
315˚ 9.20 14.68 11.71 (1.11) 9.00 14.75 11.29 (1.20) −1.404 0.165 
330˚ 9.54 15.95 13.31 (1.43) 9.10 16.73 13.03 (1.45) −0.759 0.451 
345˚ 13.32 19.29 16.22 (1.70) 12.92 19.53 16.57 (1.60) 0.824 0.413 
360˚ 15.00 20.00 17.65 (1.29) 16.10 21.00 18.57 (1.25) 2.829 0.006* 

Legend all measurements in mm. (#.#) = Standard Deviation. *significant at p ≤ 0.05. 
 
dict to which group the case belongs [14]. Step-wise discriminant analysis using Wilks’ Lambda for variable se-
lection was used to indicate the variables which were most useful for determining race. The validity of the dis-
criminant function equation generated was assessed by using the leave-one out classification procedure. The re-
liability and validity of the Adobe Acrobat Software Pro 9.0 Measuring Tool were tested against digital caliper 
(Mitutoyo Model #CD-8) measurements. Reliability and validity of Adobe Acrobat Measuring Tool 9.0 was 
evaluated by measuring the maximum length and breadth of the piriform aperture (nasal index) of each five spe-
cimens as shown in Table 2. 

While these measurements were not directly germane to the study, they aided in validating the use of com-
puter software as a viable alternative to caliper measurements. The angular measurements taken and analyzed by 
Adobe Acrobat 9.0 Measuring Tool would have been impractical and difficult to duplicate with calipers on a 
study of this nature; therefore, angular measurements were not tested against the calipers. 

Manual caliper nasal height and breadth measurements from the actual skulls were compared to the comput-
er-evaluated height and breadth data sets from photographs using intraclass correlation coefficients (ICC) with a 
95% confidence interval indicating high validity. Intraexaminer and interexaminer reliability measurements 
were also carried out, and the data were evaluated using intraclass correlation coefficient with a 95% confidence 
interval indicating very high reliability [15]. 

3. Results 
The reliability and validity of the Adobe Acrobat Software Pro 9.0 Measuring Tool were tested against the digi-
tal caliper measurements. Reliability and validity were evaluated by measuring the maximum length and breadth 
of the piriform aperture (nasal index) Manual caliper nasal height and breadth measurements from the actual 
skulls were compared to the computer-evaluated height and breadth data sets from photographs using in traclass 
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Table 2. Comparison of computerized versus caliper measurements.                                                

  Computer Caliper 
Specimen Trial Height Width Height Width 

1 1 48.40 25.52 49.89 25.59 

 2 48.88 23.66 49.43 25.16 

 3 49.66 25.45 48.81 26.34 
2 1 49.50 23.89 50.49 25.63 

 2 49.23 25.06 48.64 24.82 

 3 50.26 26.40 48.31 25.77 
3 1 48.13 22.24 46.85 22.49 

 2 48.56 22.55 48.36 22.62 

 3 47.65 22.32 46.47 23.06 
4 1 45.22 22.44 49.06 21 .94 

 2 45.46 23.49 49.82 22.44 

 3 45.69 21 .59 48.47 22.76 
5 1 49.08 22.67 52.26 25.46 

 2 48.14 21 .80 52.64 25.46 

 3 47.93 23.06 52.00 24.33 

Legend all measurements in mm. 
 
correlation coefficients (ICC) with a 95% confidence interval indicating high validity. Intraexaminer and inte-
rexaminer reliability measurements were also carried out, and the data were evaluated using intraclass correla-
tion coefficient with a 95% confidence interval indicating very high reliability 

The significant variables were 90˚, 105˚, 120˚, 135˚, 165˚, 180˚, 195˚, 240˚, 255˚, 270˚ and 360˚. Table 3 
shows the discriminant function analysis, which yielded a structure matrix showing the correlation coefficients 
used in constructing the discriminant function. 

A function was generated using the twenty-five standardized canonical discriminant function coefficients in 
Table 3. 

( ) ( ) ( )DF 0.471 perimeter 0.374 15 length 1.007 30 length etc= − × + − × + × +� � �  

This equation generates a value that can be compared to the Function at Group Centroids (i.e., the group 
means of the predictor variables) in Table 4. 

If a skull receives a score from the function closer to −1.245, it most likely came from a White population, 
and if a skull receives a score closer to 1.724 then it most likely came from a Black population. The dividing 
point or cut-score is the halfway point between the two scores. The cut-score is derived as follows: 

[ ]( )Cut Score 1.724 1.245 2 0.242= + − =  

Using the cut-score value, if a skull receives a score above 0.242, the skull most likely came from a Black 
population; if the score is below 0.242 the skull most likely came from a White population. These values can be 
interpreted using histograms in Figure 4. 

The cross-validated classification in Table 5 showed that overall, 77.4% of the specimens were classified 
correctly. The White specimens were classified with slightly better accuracy (80.6%) than the Black specimens 
(73.1%) possibly due to having more White specimens than Black to base the discriminant function on. 

Step-wise analysis provides a more streamlined model which arrived at the best classification of an unknown 
specimen while using the least number of variables. 

Only three variables from data were needed to generate a useful function, those measurements taken at 75˚, 
105˚ and 195˚ as seen in Table 6. 

Using the Standardized Canonical Discriminant Function Coefficients for these three variables (Table 6), a 
new discriminant function can be generated, as follows: 

( ) ( ) ( )DF 1.030 75 length 1.439 105 length 0.318 195 length= − × + × + − ×� � �  
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Table 3. Standardized canonical discriminant function coefficients.          

Variable Coefficients of Function 
Perimeter 0.471 

15˚ −0.374 
30˚ 1.007 
45˚ −1.486 
60˚ 1.461 
75˚ −1.771 
90˚ −0.585 
105˚ 3.127 
120˚ −1.527 
135˚ 1.005 
150˚ −0.893 
165˚ −0.113 
180˚ −0.004 
195˚ 0.018 
210˚ 0.597 
225˚ −0.241 
240˚ 2.095 
255˚ −1.509 
270˚ −0.474 
285˚ 1.346 
300˚ −2.487 
315˚ 1.958 
330˚ −0.897 
345˚ 0.796 
360˚ −0.151 

 
Table 4. Mean scores of each variable by race from DF 1.                  

Functions at Group 
Centroids 

Race Function 1 
White 1.245 
Black 1.724 

 
Table 5. Classification based on the discriminant function generated.                                               

Predicted Group Membership 

  Race White Black Total 
Originala White 31 (86.1%) 5 (13.9%) 36 (100.0%) 

  Black 1 (3.8%) 25 (96.2%) 26 (100.0%) 
Cross-validatedb,c White 29 (80.6%) 7 (19.4%) 36 (100.0%) 

  Black 7 (26.9%) 19 (73.1%) 26 (100.0%) 
a90.3% of original grouped cases correctly classification; b77.4% of cross-validated grouped cases correctly classified; cCross validation is done only 
for those cases in the analysis. In cross validation, each case is classified by the functions derived from all cases other than that case. 
 

The values obtained from this equation are compared to the values in Table 7. 
If a skull receives a score closer to −0.747 it is most likely from the White population, while a score closer to 

1.034 is most likely belonging to a skull from the Black population. Again, a cut-score is generated: 

[ ]( )Cut Score 1.034 0.747 2 0.143= + − =  
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Table 6. Structure matrix table from step-wise analysis ranked by weight.     

Variable Function 1 
105˚ 0.661 
195 −0.402 
75 0.264 

 
Table 7. Mean scores of each variable by race from DF 1 using Step-wise 
analysis.                                                            

Race Function 1 
White −0.747 
Black 1.034 

 

 
(a)                                                         (b) 

Figure 4. Histograms showing scores from DF 1 (using all 25 variables) black lines on each histogram indicate cut score of 
0.242. (a) Plot of discriminant function scores for Black skulls; (b) Plot of discriminant function scores for White skulls.      
 

If a skull receives a score above 0.143 it most likely belongs to the Black population, a skull receiving a score 
below 0.143 most likely to belong to the White population. 

These values can be interpreted using the histograms in Figure 5. 
Table 5 and Table 7 show the classification results or “hit ratio” of each of the functions generated by each 

analysis. The hit ratio is the overall predictive accuracy of the Model. The hit ratio of the initial Function (based 
on the original twenty-five variables) had an accuracy of 77.4% while the hit ratio of the Step-wise function 
(based on the three variables) was 79.0%. The hit ratio or cross-validated accuracy rates generated by SPSS 
were greater than a minimal acceptable accuracy rate of 64.1%. The minimal acceptable accuracy rate is defined 
as a 25% increase over the by-chance accuracy rate. 

4. Discussion 
Nasal proportions do vary between ethnic groups but the size and shape of the nose do not define Caucasian, 
Asian and African races. Nasal index is very useful in anthropology in distinguishing racial and ethnic differ-
ences [12]. It also exhibits sexual differences [16] and it has become a useful tool in Forensic Science [17]. The 
quantitative data for the piriform aperture that exist are mainly restricted to conventional linear caliper mea-
surements used to determine the nasal index. Facial anthropometry has become an important tool used in genetic 
counseling, reconstructive surgery and forensic investigation [18] [19]. 

This study focused on a new method to assess race (ancestry) of a skull. It is traditional in the sense that the 
mid-facial region was evaluated and new in that the piriform aperture morphology was quantified more fully  
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(a)                                                       (b) 

Figure 5. Histograms showing scores from Step-wise analysis of function 1 Black lines on each histogram 
indicate cutscore of 0.143. (a) Plot of discriminant function scores for Black skulls; (b) Plot of discriminant 
function scores for White skulls.                                                                 

 
than in the past. Metrics were used to quantify the difference in shape of the aperture in skulls of known race 
specifically using Adobe Acrobat Pro 9.0 Measuring Tool. The data show that the distances at eleven angles 
about the aperture differed between the two races. These were the measurements at 90˚, 105˚, 120˚, 135˚, 165˚, 
180˚, 195˚, 240˚, 255˚, 270˚ and 360˚. 

The angles and distances from the centroid that reflect the different morphology between the two samples can 
be useful racial indicators. Discriminant function analysis generated a somewhat useful function using the twen-
ty-five variables; however, it may be unwieldy to measure all twenty-five variables in actual practice. 

Step-wise analysis provided a much more useful and practical application of the data. It generated a function 
using only three of the variables (75˚, 105˚ and 195˚). 

This equation is much more efficient to use. In comparing these angles between races, it is evident that there 
is a difference between the two races, especially between the 195˚ and 105˚ measurements. By combining the 
measurement of the most significant variable in the DF (i.e., 105˚ as shown in Table 6) with a non-metric racial 
assessment of the skull, one could be reasonably confident in the determination of that specimen’s race. 

The results of this study are encouraging by offering an opportunity to determine the race of an unknown 
skull specimen by using angular morphometrics and using Adobe Acrobat Measuring Tool to quantify a shape. 
Various limitations of the study can be identified. 

The results of this investigation require careful interpretation and further study. Sample size, sample quality 
and digital imagery (pixel number) all will affect the outcome. The sample size was very small which may have 
provided for statistical significance. The investigator hoped to capture the complete aperture, but the nasal aper-
ture, being a three dimensional shape, cannot be completely visualized in two dimensions. A 3-D tomogram 
would allow for total capture of the area under investigation. Age of the specimens should be accounted for in 
future studies of this nature, as it may influence the bony makeup of the aperture. This author has no knowledge 
of any previous study using the Adobe Acrobat Pro 9.0 Measuring Tool to evaluate any biological shape; there-
fore, differences in the measurement results in the present investigation should be compared with other studies 
with caution. The specimens available for use in this study numbered only sixty-two. The investigator had 
access to only six Black female specimens. The Bass collection has been meticulous in its recording of demo-
graphic data; however, the designation “Black” or “White” may not have reflected the true ancestry of the indi-
vidual. These classifications were taken as accurate for use in this study. It also requires some time to become 
proficient in accurately identifying the exact point to measure. The accuracy of the measurement is affected by 
the number of pixels of the digital image and the resolution of the computer monitor. Eye strain of the investi-
gator could also be a significant factor in maintaining precision and accuracy of the measurements. The quanti-
fication of the piriform aperture in this study using Adobe Acrobat Measuring Tool 9.0 begs for future research 
in the area of angular morphometrics on quantifying skeletal landmarks for either race or sex assignment. 
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