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Abstract 

 

Stature can be considered one of the “big four” parameters to be ascertained within the 

biological profile in cases of forensic anthropology. However, the most reliable available 

methods for stature estimation require the preservation of the long bones, but since this is very 

often not the case, the development of alternative methods, based on distinct bones, is 

mandatory. Therefore, in the present work the reliability of the first two metatarsal bones in 

reconstructing stature is tested. The data consist of length measurements taken from the first 

two metatarsals removed from documented cadavers of known stature. The sample for this 

study consists of 220 metatarsals, namely 110 first metatarsals and 110 second metatarsals 

collected during the autopsies carried out in the National Institute of Legal Medicine in 

Portugal.  

The aim was to propose regression equations for the Portuguese population and test the 

formulae proposed by other authors to determine adult stature using metatarsal bones. We 

found that when estimating stature from measurement of the metatarsals, the best correlation 

was that obtained from the relationship with the maximum length of the 2nd metatarsal. The 

corresponding regression equation is as follows: S = 790.041 + 11.689 M2 

 

 

Keywords: Forensic anthropology, personal identification, stature estimation, metatarsal 

bone, linear regression  
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Introduction 

 

In forensic anthropology, the determination of adult living stature is one of the four key factors 

in assessing the biological profile, which is determinant for positive identification of skeletal 

remains. During the past century, several studies have estimated height based on long bone 

measurements, namely those conducted by Manouvrier [1], Olivier and Tissier [2, 3], Trotter & 

Gleser [4, 5, 6] and Mendonça [7].  Estimation of stature from the different dimensions has 

considerable forensic value, not only for the identification of skeletal remains, but also in 

developing descriptions of suspects from evidence at the scene of the crime and in 

corroborating height estimates from witnesses [8-10].  

A number of studies have tried to document the relationship between stature, foot length, hand 

length, shoeprint length for different human populations utilizing linear and multiple regression 

statistical equations [11-19]. Stature has even been estimated from soft tissue measurements 

[20]. It has been noted that sex, weight, ethnicity and even regionality clearly affect the various 

relationships proposed to provide a priori estimations of unknowns [8-15,21]. This has given 

rise to a recent increase in publications using a similar methodology to study different 

populations [15,17,21-23] and which have even based stature  estimation on immature skeletal 

remains [24]. 

 Although long bones, such as the femur and tibia, are the most reliable for the estimation of 

stature, in practice they are quite likely to be fragmented in such a way that precludes any 

accurate assessment [25]. On the other hand, small bones such as those of the foot are more 

likely to be preserved, and for this reason, it is crucial to develop reliable methods to determine 
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adult stature from foot bones. As mentioned above, several studies have been made on both 

hand and foot bones [11-13,26-33], and of these metatarsals seem to be appropriate. The 

regression equations developed by Byers and collaborators [26] have been applied in forensic 

contexts since 1989, and because there is always some type of specificity associated with these 

equations, i.e., dependence on the reference series from which they were derived, it is essential 

to obtain an up-to-date population sample from the corresponding country [7,8,34]. 

To verify whether metatarsal lengths can be used to infer adult stature, we have sought the most 

appropriate parameters from adult cadavers of known stature in order to obtain accurate 

regression equations for use in forensic contexts. 

 

 

 

Materials and methods 

 

The present research is based on a study of 110 cadavers autopsied in 2001 at the National 

Institute of Legal Medicine of Portugal. The individuals, 20 females and 90 males, were all 

Caucasoid Portuguese, and all bodies with skeletal deformities, pathologies or fractures on the 

left lower extremities that could preclude accurate measurements were excluded. In other 

words, the absence of degenerative alterations and/or other pathologies affecting foot bones 

was verified. 

Another important selection criterion was age at death: only individuals aged from 20 to 75 

years were included in the study.  
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The real stature of the individuals was taken as the distance from the vertex to the plantar face 

of the heel and this was measured during autopsy with a sliding calliper (cadaveric stature, CS). 

When previous height records were available, these were compared with CS, and no 

statistically significant differences were found between these two values [35]. 

 

The foot bones measured were the first and the second metatarsals of the left side. Bones were 

removed from the cadaver usually after autopsy. After forcing the foot in an extension 

movement, an incision in inverted L of lateral opening was made, placing the horizontal branch 

at the level of the previous line of tarsus and the vertical branch following the medial edge of 

the foot. After batting the skin and the subcutaneous tissues, the tendons, ligaments and 

muscles were cut in order to give access to the intended bones, which were then disarticulated 

and removed. 

The elimination of the cartilage was not easy. To verify its thickness, the cartilage was 

completely removed from some metatarsals and the bones measured with and without it. As the 

differences were not statistically significant, bones were measured with cartilage.  

All measurements were taken with a calliper and registered in millimetres.  

 

Description of the measurements 

F1 – Physiological length of 1st metatarsal – The distance between the deepest point of the 

proximal articular surface and the most distal point of the head (Fig. 1). 

M1 – Maximum length of 1st metatarsal – The distance between the tip of the tuberosity and 

the most distal point of the head (Fig. 1). 
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F2 – Physiological length of 2nd metatarsal - The distance between the deepest point of the 

proximal articular surface and the most distal point of the head (Fig. 2). 

M2 – Maximum length of 2nd metatarsal - The distance between the proximal tip and the most 

distal point of the head (Fig. 2). 

 

Statistical analysis of data and related graphs were carried out using the SPSS statistical 

program (SPSS® 15.0 for Windows). The conditions for the applicability of the regression 

model, such as index of normality, variance of homogeneity and the control of the colinearity 

were verified. 

 

 

 

 

Results 

The average age of men (n=90) was 46.20  12.28 years, whereas for women (n=20) was 45.37 

 11.29 years. Descriptive statistics of all measurements for each group are shown in Table 1. 

The coefficients of correlation between the metatarsal lengths and the true stature were always 

positive and statistically significant. The correlation value was higher for the entire sample, 

labelled as “Unknown sex” (males and females), where the coefficient was always higher than 

0.7 and lower than 0.8. When the sample was separated by sex the correlations were slightly 

lower (Tables 2-4). 



 7

Whatever the procedure, the highest correlation with stature was M2, maximum length of 2nd 

metatarsal. The corresponding regression equation is as follows: S = 790.294  11.69 M2. 

When comparing the means obtained with this formula with the true values of stature 

(measured during autopsy), using a paired-sampled t-test, no significant differences were found 

(t = 0.007; df (degrees of freedom) = 107; P = 0.995). 

However, because of its shape and constitution, the 1st metatarsal tends to be better preserved 

than the 2nd, so stature estimation can still be made with confidence when the former bone is 

the only one available. 

To test whether this formula performed better than others, we applied it to both single and 

multiple measurements, and no significant differences in the correlation coefficients were 

detected. However, R figures do not increase when a combination of the four measures is used. 

The second phase of the analysis was to test the applicability and reliability of Byers’ formulae 

[26] and to compare their performance with ours. For this purpose, the same combination of 

measurements used in Byers’ formulae was tested with the equations obtained, and compared 

to our own R2 values, which were mainly slightly higher. Furthermore, the stature results 

obtained with those formulae applied to our sample were compared with the true stature.  

Stature variation comparison can be seen in fig.3, where Byers’ formulae give both higher and 

lower results. 

 

To validate the formulae we used the Identified Skeletal Collection of the Museum of 

Anthropology of Coimbra University (of unknown stature). We estimated the stature of 60 

skeletons using the 4 formulas obtained from our samples and compared the results with those 
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obtained using the formulas published by Trotter & Gleser [6] for the femur and Byers et al. 

[26]. Values close to those of Trotter & Gleser were obtained with any of our formulae, there 

being no significant difference. 

However, the differences between the estimates of Byers et al. with those of Trotter & Gleser 

were statistically significant (p < de 0.006). The results are shown in Table 5.  

 

 

Discussion and Conclusion 

 

Considering that metatarsal bones are indeed some of the most well preserved and complete 

bones in cases of forensic anthropology, the results here obtained can be considered a positive 

contribution in assessing the biological profile given that it was possible to construct 

anthropometric regression equations for stature estimation from our data. Linear models for the 

prediction of stature from foot and boot dimensions have proved to be the quickest and most 

useful mathematical model [10].  

It has been reported in the literature that the dimensions of hands and feet can provide good 

reliability in estimating stature in forensic examinations, with foot length being the most 

accurate guide with R values close to those presented in this paper [14], but some facts need to 

be taken into consideration. It is known that body weight has a strong and positive correlation 

with the various measurements of footprints, so that an extra weight of 20 Kg significantly 

affects stature estimation [21], but this limitation does not appear in estimation based on 

metatarsal length.  
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Byers et al. [26] showed moderate relationships with correlation coefficients that ranged 

between 0.59 and 0.89, Bidmos reported slightly lower values [16]. A similar value to Byers  

was obtained in this present study. The correlations found here are significant, with some 

values very close to 0.8, and therefore, the analysis proceeded with confidence. The 

correlations figures in Tables 1-3 are approximately the same magnitude for stature estimated 

from fragmentary long bones [36-38], living stature from anthropometric soft tissue 

measurements [20] or from foot dimensions [33,39] and are even better than those obtained 

from foot length, and much better than those from foot breadth [8].   

As might be  expected, in most cases the stature estimation equations given in recent studies are 

more precise than those  previously available and regional studies are very much needed as 

racial and ethnic variations arise in different regions [16,33,40]. When the results from Byers’ 

equations were compared to ours, the statistical results show that ours were more accurate. This 

could be due to the so-called specificity of regression equations in relation to the series on the 

base from which they were developed. In fact, our formulae were obtained from a reference 

population of present day individuals with known stature and, above all, they were calculated 

from cadavers with known stature.  

Although our formulae seem more appropriate to estimate stature, Byers’ and Bidmos’ formula 

should not be rejected because they could  be useful when specific formulae for a specific 

population are unknown or not available. However, to improve accuracy formula have been 

obtained and tested in a skeletal collection with known stature. Furthermore, and taking into 

account that one of the problems of our sample was the low number of females, an increase in 

the size of the female sample and a subsequent analysis according to sex, should be performed. 

 



 10

 

 

References 

[1] L. Manouvrier, La Détermination de la taille d’après les grands os des membres. Mém. Soc. 

D’Anthropol, Série 2, (4) (1893) 347-402 

[2] G. Olivier, H. Tissier, Détermination de la stature et de la capacité cranienne. Bull. Mém. 

Soc. d’Anthropol de Paris, 13eme Série T, (2) (1975) 1-11 

[3] G. Olivier, H. Tissier, Estimation de la stature féminine d’après les os longs des membres. 

Bull Mém Soc d’Anthropol de Paris, 13eme Série T (2) (1975) 297-306 

[4] M.L. Trotter, G. Gleser, Estimation of stature from long bones of American Whites and 

Negroes. Am. J. Phys. Anthropol. 10 (1952) 463-514 

[5] M.L. Trotter, G. Gleser, A re-evaluation of estimation of stature based on measurements 

taken during life and of long bones after death, Am. J. Phys. Anthropol. 16 (1958) 79-123 

[6] M.L. Trotter, G. Gleser, Corrigenda to “Estimation of stature from long limb bones of 

American Whites and Negroes, Am. J. Phys. Anthropol. 47(1977) 355-356 

[7] M.C.M. Mendonça, Estimation of height from the length of long bones in a Portuguese 

adult population, Am. J. Phys. Anthropol. 112 (2000) 39-48 

 [8] J. Sen, S. Ghosh, Estimation of stature from foot length and foot breadth among the 

Rajbanshi: An indigenous population of North Bengal, Forensic Sci Int. 181 (2008) 55.e1-

55.e6. 

[9] R.E. Wunderlich, P.R. Cavanagh, Gender differences in adult foot shape: Implications for 

shoe design, Med. Sci. Sports Exerc. 33 (2001) 605-11. 



 11

 [10] C.C. Gorden, J.E. Buikstra, Linear models for the prediction of stature from foot and 

boot dimensions, J. Forensic Sci. 37 (1992) 771-782.  

[11] K. Krishan, Determination of stature from foot and its segments in a North Indian 

population, Am. J. Forensic Med. Pathol. 29(4) (2008) 297-303. 

[12] E. Giles, P.H. Vallandigham, Height estimation from foot and shoeprint length, J. 

Forensic Sci. 36 (1991) 1134-51   

[13] K.  Krishan, Estimation of stature from footprint and foot outline dimensions in Gujjars of 

North India, Forensic Sci. Int. 175 (2008) (2-3):93-101.  

[14] K. Krishan, A. Sharma, Estimation of stature from dimensions of hands and feet in a North 

Indian population. J Forensic Leg Med 14(6) (2007) 327-32.  

[15]  K. Krishan, Individualizing characteristics of footprints in Gujjars of North India --forensic 

aspects. Forensic Sci. Int. 169(2-3) (2007) 137-44. 

[16] M.A. Bidmos, Metatarsals in the estimation of stature in South Africans. J Forensic Leg 

Med. 15(8) (2008) 505-9.  

 [17] B. Danborno, A. Elukpo, Sexual Dimorphism in Hand and Foot Length, Indices, Stature-

ratio and Relationship to Height in Nigerians. The Internet Journal of Forensic Science, 3(1) 

(2008)  

[18] P. Rastogi, T. Kanchan, R.G. Menezes, K. Yoganarasimha, Middle finger length--a 

predictor of stature in the Indian population, Med Sci Law, 49(2) (2009) 123-6. 

[19] B.C. Didia, E.C. Nduka, O. Adele O. Stature estimation formulae for Nigerians.J Forensic 

Sci. 2009 Jan;54(1):20-1. Epub 2008 Nov 10. 

[20] B.J. Adams, N.P.  Herrmann, Estimation of living stature from selected anthropometric 

(soft tissue) measurements: applications for forensic anthropology, J Forensic Sci. 54(4) 

(2009) 753-60. 



 12

 [21] K.  Krishan, Establishing correlation of footprints with body weight--forensic aspects, 

Forensic Sci. Int. 179 (2008) (1):63-96.  

[22] K. Krishan, Anthropometry in forensic medicine and forensic science-Forensic 

Anthropometry, The Internet Journal of Forensic Science, 2(1) (2007).  

[23]  O. Joy, E. Ahmed, O. Gabriel, E. Ezon-ebidor, Anthropometric Study Of The Facial And 

Nasal Length Of Adult Igbo Ethnic Group In Nigeria, The Internet Journal of Biological 

Anthropology. 2(2) (2009) 

[24] H.F. Cardoso, A test of three methods for estimating stature from immature skeletal 

remains using long bone lengths, J. Forensic Sci. 54(1) (2009) 13-9.  

[25] M.A. Bidmos, Stature reconstruction using fragmentary femora in South Africans of 

European descent. J. Forensic Sci. 53(5) (2008) 1044-8.  

[26] S. Byers, K. Akoshuma, B. Curran, Determination of adult stature from metatarsal length, 

Am. J. Phys. Anthropol. 79 (1989) 275-279 

[27] T.D. Holland, Estimation of adult stature from the calcaneus and talus, Am. J. Phy. 

Anthropol. 96 (1995) 315-320. 

[28] M. Bidmos, S. Asala, Calcaneal measurement in estimation of stature of South African 

blacks, Am. J. Phy. Anthropolo. 126 (2005) 335-342. 

[29] M.A. Bidmos, Adult stature reconstruction from the calcaneus of South Africans of 

European descent, J. Clin. Forensic Med. 13 (2006) 247-252. 

[30] J.H. Musgrave, N.K.  Harnela. The estimation of adult bone stature from metacarpal bone 

length, Am. J. Phy. Anthropol. 48 (1978) 113-119. 



 13

[31] S.G. Sanli, E.D. Kizilkanat, N. Boyan, E.T. Ozsahin, M.G. Bozkir, R. Soames, H. Erol, O. 

Oguz, Stature estimation based on hand length and foot length, Clinical Anatomy 18 (2005) 

589-596. 

[32] L. Meadows, R.L. Jantz. Estimation of stature from metacarpal lengths, J. Forensic Sci. 37 

(1992) 147-154 

[33] T. Kanchan, R.G. Menezes, R. Moudgil, R. Kaur, M.S. Kotian, R.K. Garg, Stature 

estimation from foot dimensions, Forensic Sci. Int. 179 (2-3) (2008) 241.e1-5.  

[34] J.I. Muñoz, M. Liñares-Iglesias, J.M. Suárez-Peñaranda, M. Mayo, X. Miguéns, M.S. 

Rodríguez-Calvo, L. Concheiro-Carro. Stature estimation from radiographically determined 

long bone length in a Spanish population sample J. Forens. Sci. 46 (2) (2001) 363-366 

[35] C.W. Dupertuis, J.A.  Hadden Jr. On The Reconstruction Of Stature From Long Bones, 

Amer. J. Phys. Anthropol. 9 (1951) 15-53. 

[36]. G. Steele, T. McKern, A method for assessment of maximum long bone length and living 

stature from fragmentary long bones, Am. J. Phys. Anthropol 31 (1969) 215–227. 

[37] K.V. Rao, G.D. Gupta, V.N. Sehgal, Determination of length of human upper limb long 

bones from their fragments, Forensic Sci. Int. 41(3) (1989) 219-23. 

[38] K. Chibba, M.A. Bidmos, Using tibia fragments from South Africans of European descent 

to estimate maximum tibia length and stature, Forensic Sci. Int. 169 (2-3) (2007) 145-51.  

[39] G. Zeybek, I. Ergur, Z. Demiroglu, Stature and gender estimation using foot 

measurements, Forensic Sci. Int. 181 (2008) 54.e1–54.e5  

[40] B. M. Auerbach, C. B. Ruff, Stature estimation formulae for indigenous North American 

populations, Am J Phys Anthropol. (2009) Jul 9. 

 


