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A B S T R A C T   

Sex estimation is essential for forensic scientists to identify human skeletal remains. However, the most sexually 
dimorphic elements like pelvis or skull are not always assessable. Osteometric analyses have proven useful in sex 
estimation, but also to be population specific. The main purpose of this study was to test the validity of 
contemporary Greek and Spanish discriminant functions for the talus and the patella, respectively, on a Swiss 
skeletal sample and to quantify the utility of the measurements as a novel approach in osteometric sex 
assessment. 

Four talus and three patella measurements on dry bone were obtained from 234 individuals of the modern 
cemetery SIMON Identified Skeletal Collection. The previously derived discriminant functions were applied, 
accuracies determined, the utility of the different measurements was assessed and new multivariable equations 
constructed. 

Accuracies varied between 67% and 86% for talus and 63% and 84% for patella, similar to those reported by 
the original studies. Multivariable equations should be preferred over equations based on single measurements 
and combining the most significant measurements rather than using several variables obtained the best possible 
accuracy. The new discriminant functions did not provide a substantial improvement to the original ones. The 
overall utility of talus and patella is limited, allowing sex estimation with sufficient certainty only in a small 
proportion of individuals. 

Discriminant functions developed in contemporary Greek or Spanish populations are in principle applicable 
also to Swiss contemporary populations. We recommend that at present existent studies of this type should be 
validated and tested rather than developing new formulas.   

1. Introduction 

Sex estimation is of central importance in analysing human skeletal 
remains and one of the first steps in establishing a biological profile and 
in the process of identification, both in individual and demographic 
studies [1]. In forensic cases for example, the estimation of sex elimi-
nates around 50% of individuals from the list containing missing persons 
[2]. There are several approaches to estimate sex in skeletal remains, 
including morphologic, metric, geometric morphometric and molecular 
methods on either dry bone or via imaging techniques like 2D radio-
graphs, computed tomography (CT), and magnetic resonance imaging 
(MRI) [3]. Metric sex estimation of skeletal remains is highly valuable in 

court testimonies because it is a standardised, statistically approved 
method quantified by error rates [4]. Collection of measurements re-
quires little previous experience while still achieving high inter-rater 
agreement [5]. In the metric approach, sex can then be evaluated sta-
tistically, such as by discriminant function analysis (DFA). DFA is helpful 
in cases of highly decomposed, fragmented, badly preserved or com-
mingled remains, or in cases where the most useful bones in sex 
assessment, such as the pelvis or cranium, are absent [6]. Use of DFA for 
sexing postcranial elements increased in the last decade with applica-
tions on dry bone [e.g. 7-11], in geometric morphometrics [12], mag-
netic resonance imaging (MRI) [13], digital 2D-radiographs [14] and 
computed tomography (CT) [e.g. 15–17]. Although some of these 
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studies obtain accuracies above 90%, Dorado-Fernández et al. [18] 
found that results are method-dependent, thus making comparison 
difficult. 

In addition, since sexual dimorphism is population specific, DFAs 
established for one population may be inaccurate for another [e.g. 
10,19–21]. However, Alonso-Llamazares and Pablos [10] state that if 
the populations from which the formulas were derived exhibit similar 
proportions to the group the formulas are applied to, these formulas can 
still obtain high accuracy rates. Rather than developing new population- 
specific formulas, existent studies should therefore be validated and 
checked for their applicability to other groups. Yet, only a few inter- 
population validation studies of metric sex estimation approaches 
have been published, covering just a small range of postcranial skeletal 
elements [e.g. 10,22–24]. With this study we aim precisely at validating 
two specific studies of Peckmann et al. [25,26] presenting sex estimation 
on the talus in a Greek and on the patella in a Spanish sample and testing 
whether these formulas are also valid when applied to an outgroup, i.e., 
individuals from the SIMON Identified Skeletal Collection (Switzerland). 
The Greek and Spanish sample formulas will be applied to the Swiss 
sample and validated by considering accuracy rates. In addition, we will 
quantify the utility of the measurements considered and create new 
equations for the Swiss (central European) population. 

Foot bones are often well preserved, especially in forensic cases 
where feet are sometimes covered and protected by socks and shoes 
[27]. The calcaneus for example is a useful bone in sex estimation due to 
its weight-bearing nature [e.g. 10,27,28]. However, we selected the 
talus because of its size and compact morphology, good preservation and 
its higher accuracy rates in sex estimation compared to the calcaneus [e. 
g. 10,29]. The talus has further shown to be useful for sex-specific 
stature estimation by linear regression equations [30]. Previous metric 
studies on sex estimation of the talus reported accuracy rates of 80% and 
above [e.g. 5 for South African Whites; 8 for Portuguese; 10,29 for 
American Blacks and Whites; 31 for European Americans; 32 for Ko-
reans; 33 for northern and southern Italians]. 

The patella also shows good resistance to postmortem changes, it is 
often recovered in forensic cases and its position between the sexually 
dimorphic femur and tibia suggests dimorphism as well [34,35]. Metric 
sex estimation on the patella returned varying accuracies, but all studies 
produced at least one equation that achieved 80% accuracy or more on 
dry bone [e.g. 34 for southern Italians; 36 for South African whites; 37 
for Iranians; 38 for African Americans; 22 for prehistoric Germans] or 
using imaging techniques [e.g. 39 for Japanese; 40 for Turks; 13 for 
Iranians; 17 for Chinese]. In a meta-analytic review, Dorado-Fernández 
et al. [18] show that maximum width, height and thickness of the patella 
serve well for sex estimation and that the reviewed studies achieve a 
high heterogeneity in their outcomes. 

2. Material and methods 

2.1. Material 

The study sample comprised individuals from the SIMON Identified 
Skeletal Collection housed at the Laboratory of prehistoric archaeology 
and anthropology at the University of Geneva in Switzerland. The 
collection holds a total of 495 named skeletons from modern decom-
missioned cemeteries from Canton Vaud, Switzerland, for whom the 
date of birth and death and occupation are known [40-42]. The SIMON 
Identified Skeletal Collection is an established repository of human 
skeletal remains in accordance with Swiss legislation. It was set up as a 
reference collection with the specific purpose of supporting research and 
for teaching. The curatorial committee granted us access to the collec-
tion for our non-invasive study, taking ethical issues into account (for 
further information about the collection see Supplementary Text S1, 
Figure S1 and Table S1). 

The study sub-sample consists of 117 males and females (n = 234), 
who died between 1930 and 1960 with the earliest birth in 1856 and the 

latest in 1927. The females represent all females from the SIMON 
collection for whom both talus and patella could be analysed, while the 
males were matched to the female sample by number and age. The 234 
individuals were distributed among three age groups from 20 to 60 +
years. Distribution of males and females among the age groups was 
approximately equal with 33 females and males in age group 20–39, 45 
males and 41 females in age group 40–59 and 39 males and 43 females 
in age group 60 + years (Fig. 1). The mean age for both, males and fe-
males, is 52 years and the median for both is 53 years (males between 20 
and 79 years, females between 20 and 85). 

2.2. Measurements 

We used primarily left-side tali and patellae since the studies of 
Peckmann et al. [25,26] found no statistically significant differences 
between measurements of left and right-side bones. In 16 cases where 
the left patella was either absent or had to be excluded due to severe 
damage or pathologies, we used the right-side patella instead. All 
measurements were taken blindly by one person (L.I.) with a digital 
sliding caliper graduated to 0.01 mm and without prior knowledge of 
the demographic data. The measurements were taken following the in-
structions of Martin (1914) [in 44] and Martin’s established numeration 
was also used. Of the six measurements used by Peckmann et al. [26] on 
the patella and the nine measurements used by Peckmann et al. [25] on 
the talus, we selected those returning high accuracy rates in sex esti-
mation in the original publications [25,26] and because they are 
frequently used in sexing studies. For the talus, we measured talar length 
(Tal1), talar width (Tal2), trochlear length (Tal4) and trochlear breadth 
(Tal5). For the patella, maximum height (Pat1), maximum breadth 
(Pat2) and thickness (Pat3) measurements were taken. Fig. 2 depicts the 
measurement locations on talus and patella. 

2.3. Statistical methods 

Sex estimation using the four single measurements of the talus and 
the three single measurements of the patella were based on the 
sectioning points from the original publications, shown in Table 1. In-
dividuals with a measurement above the corresponding sectioning point 
were rated as male, those below were rated as female. 

For the sex estimation based on groups of measurements, we used 
two discriminant functions, one for the talus and one for the patella. The 
following linear combinations are described in the original publications 
[25,26] and are to be compared with 0 (talus equation) and 0.376 
(patella equation): 

Talus equation y = (0.239*Tal2) + (0.155*Tal1) – 18.442 
Patella equation y = (0.245*Pat1) + (0.102*Pat2) + (0.024*Pat3) – 

14.741 

Fig. 1. Distribution of male and female individuals among the three age ranges 
of 20–39, 40–59 and 60 + years. 
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The statistical analyses of the data were performed using IBM SPSS 
software program version 21.0. 

To assess intra-observer variation, the first ten individuals were re- 
measured right after they had been measured first (short-term repro-
ducibility) and the measurements of the first twenty individuals were 
retaken after the scoring of all individuals was complete and after a 
minimum break period of one week (long-term reproducibility). Both 
kinds of reproducibility were assessed using Bland-Altman-plots for 
visualisation and by computing limits of agreement and the absolute 
technical error of measurement (TEM). Bland-Altman plots show the 
distribution of the observed differences in relation to the observed mean 
from each pair of measurements, and the limits of agreement describe 
the range in which we can find 95% of the observed differences [44]. 
The absolute TEM reflects the standard error of a single measurement 
[45]. 

The distributions of variables are described by means and standard 
deviations. In addition, the distributions in our study population are 
visualised by histograms. In order to facilitate comparison, the histo-
grams are further overlaid with the normal distribution curve of the 
original studies [25,26], based on the published means and standard 
deviations. 

We calculated accuracy rates, defined as the frequency of correct sex 
identifications, from application of the sectioning points and the two 
multivariable equations provided in the original publications [25,26]. 
Values are given for males and females separately as well as for the 
combination of both. In comparing the accuracy rates between the 
original studies [25,26] and our study, we consider only apparent ac-
curacy rates and not cross validated accuracy rates, since Peckmann 
et al. [25,26] reported cross-validated accuracy rates larger than 
apparent rates without explaining this procedure in the respective 
papers. 

The utility of each measurement was determined as the fraction of 
subjects for whom we can determine the correct sex with a posterior 
probability of at least 95%. This posterior probability was computed for 
each single individual using the formula phi(y, mean_male, sd_male) / 

phi(y, mean_male, sd_male) + phi(y, mean_female, sd_female) with y 
denoting the measurement and phi the density of a normal distribution. 
Results above 0.95 indicate a male, values below 0.05 a female indi-
vidual. Means and standard deviations were calculated from our data 
since the observed discrepancies between our findings and those of the 
original studies invalidates the posterior probabilities based on the 
original sample. 

Partial correlation was used to evaluate the relationship between the 
talus measurements, patella measurements and between the measure-
ments of talus and patella adjusted for sex. 

We further developed new equations for each bone, depending on 
the four talus and on the three patella measurements, and an equation 
for both bones combined using full and stepwise linear discriminant 
analysis (procedure DISCRIMANT in SPSS 21.0). The cross-validated 
accuracy of these equations was determined by a leave-one-out-cross- 
validation [46]. 

3. Results and discussion 

3.1. Intra-observer reproducibility 

Figs. 3 and 4 show the Bland-Altman plots for the short-term and 
long-term reproducibility. The limits of agreement are − 1.04 to 1.14 for 
the short-term measurements in the magnitude of 1 mm for raw mea-
surements in the range between 20 and 60 mm, and similar for the long- 
term reproducibility with − 1.04 to 0.99. The results of the Bland-Altman 
plots for short-term and long-term reproducibility indicate a high 
reproducibility and no short-term memory effects in handling the 
caliper. The absolute TEM values were 0.37 (talus) and 0.42 (patella) for 
the short-term, and 0.35 (talus) and 0.39 (patella) for the long-term 
comparison. These values lie within the acceptable range. 

3.2. Distribution of variables 

Table 1 presents the mean values and standard deviations of our data 

Fig. 2. Superior view of the talus (left), anterior and lateral (middle and right) view of the patella with measurements marked after Martin 1914 in Bräuer [43].  

Table 1 
Number of individuals measured (N), mean values in mm and standard deviations stratified by sex for the seven traits in the original [25,26] and our study and 
sectioning points obtained in this study.   

Male  Female  Both 
Original study Our study  Original study Our study  

Variable N Mean SD N Mean SD  N Mean SD N Mean SD Sectioning point (mm) 
Tal1 81 61  3.93 117 56  2.84  71 53.9 2.9 117  50.2  2.59  57.43 
Tal2 81 42.3  2.58 117 43.7  2.45  71 37.6 2.07 117  38.8  2.39  39.94 
Tal4 81 34.6  2.73 117 37  2.6  66 31 2.1 117  32.8  2.13  32.78 
Tal5 49 32.2  1.96 117 33.4  1.93  71 28.6 1.52 117  29.8  1.75  30.42 
Pat1 55 42.9  3.03 117 44.2  3.09  51 37.9 3 117  38.7  2.54  40.4 
Pat2 55 44.6  3.28 117 45.3  3.28  51 40.3 2.94 117  40.3  2.85  42.46 
Pat3 55 20.3  1.95 117 22.7  2.07  50 18.1 1.78 117  20.3  1.7  19.23  
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and the original studies [25,26], separated by sex and for each mea-
surement. Corresponding to Table 1, Figs. 5 and 6 depict the full dis-
tribution of the four talus and the three patella measurements, 
respectively, from our study compared to the normal curves depicting 
the distributions in Peckmann et al. [25,26]. When using existing 
discriminant functions in a new sample, we make the implicit assump-
tion that the sex specific distributions of variables are similar in both the 
new and original samples / populations [47]. In our study, this 
assumption was not perfectly met as we observed a tendency towards 
larger mean values compared to the original studies [25,26]. The only 
exception is Tal1 for both males and females, where the original study 
(61 mm for males, 53.9 mm for females) [25] presents distinctly higher 

values than our study (56 mm males, 50.2 mm females). This discrep-
ancy is apparently caused by the definition of Tal1 used by Peckmann 
et al. [25], which deviates from Martin’s Tal1 [43] and returns larger 
values. We strictly followed the description given by Martin, thus 
measuring smaller distances for Tal1 in the Swiss sample. No systematic 
differences in standard deviations between the original study and our 
study were observed. 

Comparing our sex-specific mean values with further studies, we find 
that especially trochlear distances of the talus are generally larger in our 
sample for males and females than other samples. For example, the mean 
trochlear length in our study is 37/32.8 mm for males and females, 
respectively, while they are 35.5/32.3 mm in South African Whites [5], 

Fig. 3. Bland-Altman plot with data of the original and the repeat 1 measurements showing short-term reproducibility. Talus is black (Tal1 square, Tal2 triangle, 
Tal4 rhomboid, Tal5 circle), patella blue (Pat1 square, Pat2 circle, Pat3 triangle). 

Fig. 4. Bland-Altman plot with data of the original and repeat 2 measurements showing long-term reproducibility. Talus is black (Tal1 square, Tal2 triangle, Tal4 
rhomboid, Tal5 circle), patella blue (Pat1 square, Pat2 circle, Pat3 triangle). 
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Fig. 5. Histograms with measurements of the four talus measurements from our study overlaid with the distributions observed in Peckmann et al. [25] assuming a 
normal distribution. Left side females, right side males, x-axis measurements, y-axis frequency. 
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33.3/30.8 mm in Koreans [32], and 35.0/31.1 mm in North American 
Whites [10]. We also note that the patella thickness values are usually 
larger in our sample (22.7/20.3 mm for males and females, respectively) 
than previously reported on dry bone, e.g. 20.4/18.4 mm for South 
African Whites [19], 20.4/18.3 mm for Southern Italians [34], and 
21.9/20.3 mm for Iranians [36]. Because the measurement technique 
used can affect the results [18], we did not compare our dry bone sample 
to samples measured by imaging techniques, such as MRI or CT [e.g. 
13,17,39]. 

3.3. Accuracy rates 

Table 2 depicts the apparent accuracy rates for the different mea-
surements and two functions in Peckmann et al. [25,26] and our study. 
The combined accuracies of the talus measurements tend to be similar or 

Fig. 6. Histograms with measurements of the three patella measurements from our study overlaid with the distributions observed in Peckmann et al. [26] assuming a 
normal distribution. Left side females, right side males, x-axis measurements, y-axis frequency. 

Table 2 
The accuracy rates for the seven single traits and the two multivariable rules in 
our study and as reported in Peckmann et al. [25, 26], shown sex-specific as well 
as combined. Only original data results were used.   

Original study (%) Our study 
Variable M 

(%) 
F 
(%) 

Combined 
(%) 

M 
(%) 

F (%) Combined 
(%) 

Tal1  82.7  87.3  85.0  35.04  99.15  67.09 
Tal2  76.5  88.7  82.6  94.02  73.50  83.76 
Tal4  76.5  81.7  79.1  93.16  49.57  71.37 
Tal5  81.5  85.9  83.7  93.16  65.81  79.49 
Multivariable  81.1  88.9  84.7  77.78  94.87  86.32 
Pat1  –  –  –  89.74  75.21  82.48 
Pat2  –  –  –  80.34  82.05  81.20 
Pat3  –  –  –  96.58  29.06  62.82 
Multivariable  81.8  78.0  80.0  78.63  88.89  83.76  
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slightly higher in the original study (79.1–85.0%) [25] compared to ours 
(67.1–86.3%). The only exception was Tal1 with a distinctly lower ac-
curacy of 67.1%, reflecting the substantial difference in mean values. 
Overall, in our study, single measurement accuracies in males were 
higher than in females (except for Tal1), reflecting the general tendency 
to larger values and thus favouring the correct classification of males. 
However, the multivariable equations are more accurate in females than 
in males as shown in Table 2. 

It is interesting to note that despite the observed differences in sex 
specific mean values between our study and Peckmann et al. [25,26], we 
obtained accuracies comparable to the original studies for several 
measurements (Tal2, Pat1 and Pat2 with accuracy rates above 80%) and 
in particular for the multivariable equations (86.32% for the talus and 
83.76% for the patella). 

Our single measurement accuracies obtained lower accuracies 
(67.1–83.8%) than most of the published literature for talus measure-
ments [10,25,31]. We find the main difference for talar values in Tal1, 
which obtains the highest accuracy in most studies with up to 90% 
[10,31]. For the patellar height and breadth (Pat1 and Pat2) we ob-
tained accuracies around 80%, similar to most of the previously pub-
lished studies [e.g. 13,17,19,22,38]. Our Pat3 accuracy however is 
generally smaller than the reported values, reflecting the larger mea-
surements taken in our sample compared to the original study [26]. 
Nevertheless, our multivariable equations resulted in accuracies of 
86.3% for talus and 83.8% for patella, similar as reported for both, talus 
and patella [e.g. 5,13,19,26,31]. 

3.4. Utility 

Table 3 presents the utilities of the seven measurements explained by 
the number of individuals holding posterior probabilities above 95%. 
Despite accuracies of 80% and above obtained in this study, with a single 
measurement sex estimation with a posterior probability of 95% and 
above can only be made on average in 31.4% of the subjects measuring 
tali, and on average in 15.4% of the subjects measuring patellae. The 
multivariable equations show utilities of 46.15% for the talus, 35.04% 
for the patella and 53.42% for the multivariable equation including all 
seven traits combined. Actually, these numbers are yet too optimistic, as 
they refer to the subpopulation of subjects with both patella and talus to 
be measurable. In our study, several individuals were excluded because 
either talus or patella were not preserved. This underlines that patella 
and talus can contribute to sex estimation in combination with other 
traits, but that they are insufficient when used alone. 

3.5. Correlations 

Table 4 presents the partial correlation coefficients for all six pairs of 
talus combinations and all three pairs of patella combinations, while 
controlling for sex. Moderate (Tal4/Tal5) to strong (Tal1/Pat1) positive 
correlations can be seen for all combinations of variables. The strongest 
correlation for either talus or patella is present between length and 
breadth of the bone and the strongest correlation among the two bones 
combined is the total length of both (see also Supplementary Figures S2 
and S3 for scatter diagrams of the partial correlations). These high 
correlations explain why the multivariable equations tend to improve 
the accuracy only to a moderate degree when compared to single 
measurements. 

3.6. Development of new multivariable equations 

New full discrimination functions based on all four talus (function 1), 
on all three patellar (function 2) and on all seven measurements com-
bined (function 3) resulted in linear combinations as shown in Table 5, 
equations 1 to 3. 

The average cross-validated accuracy rates were all in the magnitude 
of 85% to 88% and hence only slightly larger than those obtained by the 
previously published equations. All accuracy rates were slightly higher 
in females than in males, similar to the original studies of Peckmann 
et al. [25,26]. 

Using stepwise discrimination analysis for talus and patella sepa-
rately and combined, the stepwise function 4 for only talus includes 
variables Tal1, Tal2 and Tal5, the stepwise function 5 for only patella 
includes Pat1 and Pat2 and the stepwise function 6 for both, talus and 
patella, includes Pat1, Tal1, Tal4 and Tal5, as shown in Table 5, equa-
tions 4 to 6. 

The combined cross-validated accuracy rates were similar to those 
based on the full approach without variable selection, indicating that it 
is not necessary to measure all traits to obtain an optimal accuracy. This 
can be explained by the substantial correlation among the variables 
measured. 

Since our accuracy rates from the newly developed multivariate 
equations are only slightly higher than those we obtained when we 
applied the equations from the original publications [25,26] to our 
sample, they still correlate with the majority of published studies as 
summarised above. 

4. Conclusion 

This study corroborates the potential role of the talus and patella in 
sex estimation based on skeletal remains and demonstrates that equa-
tions for sex estimation developed in a contemporary Greek and Spanish 
population are in principle applicable to a Swiss population from the 
19th/20th century. We obtained accuracies of 67.1–86.3% for the talus 
and 62.8–83.8% for the patella. Our study reminds us that differences in 
population means between different samples are not unlikely, and that 
this may imply some sex-based asymmetry in the accuracy, even if the 
average accuracy is acceptable. Multivariable equations can overcome 

Table 3 
Utility rates for the seven single traits and the two multivariable rules.     

Above 95% 
Method Variable Number of 

individuals 
N Mean Utility 

(%) 

Single traits Tal1 234 90  98.19  38.46  
Tal2 234 74  98.15  31.62  
Tal4 234 55  97.25  23.50  
Tal5 234 75  98.61  32.05  
Average     31.41        

Pat1 234 57  97.71  24.36  
Pat2 234 38  97.30  16.24  
Pat3 234 13  98.48  5.56  
Average     15.39 

Multivariable 
rules 

Talus 234 108  98.57  46.15  

Patella 234 82  97.73  35.04  
Talus and 
patella 

234 125  98.69  53.42  

Table 4 
Partial correlation coefficients (r) adjusting for sex for all combinations between 
talus, patella and between both traits. All values are significant at a level α =
0.05.   

Tal1 Tal2 Tal4 Tal5 Pat1 Pat2 Pat3 

Tal1  –  0.705  0.643 0.642  0.743  0.679  0.631 
Tal2  0.705  –  0.571 0.667  0.739  0.708  0.599 
Tal4  0.643  0.571  – 0.491  0.639  0.574  0.544 
Tal5  0.642  0.667  0.491 –  0.687  0.650  0.575     

Pat1  –  0.639  0.514     
Pat2  0.639  –  0.582     
Pat3  0.514  0.582  –  
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this issue to some degree, yet we find that fewer variables than used both 
in this and the original studies seem to suffice to reach the accuracies 
observed. Overall, talus and patella measurements alone are not suffi-
cient to estimate sex in all individuals, and their role must be perceived 
as mainly supplementary to other traits. Attention is necessary with 
regard to the consistency of metric trait definitions across studies. The 
results we attained in this study clearly underscore the necessity to 
evaluate and validate existing studies rather than presenting new for-
mulas. As demonstrated here, varying definitions or slightly aberrant 
interpretations of measurements are only detected in extensive valida-
tion studies. Conducting formula validations will decrease the number of 
independent, single studies without validation of their correctness and 
increase the quality and credibility of the existent data. Instead of dis-
carding the osteometric method entirely in an identification case of 
unknown geographic origin, forensic anthropologists could then use 
formulas from other areas or samples and be justified by the probabili-
ties obtained in such validation studies. 
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