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ABSTRACT 

Most age estimation methods are proven problematic when applied in highly 

fragmented skeletal remains. Rib histomorphometry is advantageous in such cases; 

yet it is vital to test and revise existing techniques particularly when used in legal 

settings (Crowder and Rosella, 2007).  This study tested Stout & Paine (1992) and 

Stout et al. (1994) histological age estimation methods on a Modern Greek sample 

using different sampling sites. 

Six left 4th ribs of known age and sex were selected from a modern skeletal 

collection. Each rib was cut into three equal segments. Two thin sections were 

acquired from each segment. A total of 36 thin sections were prepared and analysed. 

Four variables (cortical area, intact and fragmented osteon density and osteon 

population density) were calculated for each section and age was estimated 

according to Stout & Paine (1992) and Stout et al. (1994). 

The results showed that both methods produced a systemic underestimation of the 

individuals (to a maximum of 43 years) although a general improvement in accuracy 

levels was observed when applying the Stout et al. (1994) formula. There is an 

increase of error rates with increasing age with the oldest individual showing 

extreme differences between real age and estimated age.  

Comparison of the different sampling sites showed small differences between on the 

estimated ages suggesting that any fragment of the rib could be used without 

introducing significant error. Yet, a larger sample should be used to confirm these 

results.  

  

Key words: Forensic Anthropology, age estimation, Rib histomorphometry, 

sampling error 
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INTRODUCTION 

Age estimation of skeletal remains associated with forensic cases requires an 

appropriate choice of methodology use to meet specific legal expectations related to 

expert witness testimony and peer reviewed criteria [1]. Therefore, scientific 

methods used should be standardised in peer reviewed  publications before they 

can be applied to court cases [2]. The vast majority of available age estimation 

methods specific to adult skeletal remains rely on degenerative changes to bone 

joint surfaces and are employed using macroscopic observation techniques [e.g. 

3,4,5,6]. Most of these methods are not suitable for highly fragmented remains with 

incomplete bone inventory; remains that are often encountered by forensic 

anthropologists [7]. As a result age assessment using bone fragments examined 

under the microscope may provide age estimation answers.  As with any age 

assessment the accuracy of the result depends in part to training and experience.   

Microscopic techniques focus on the variation of micro-anatomical patterns 

in the bone cortex such as cortical area and a count of bone features (for example, 

secondary osteons) [8,9].  Although the reliability and feasibility of histological 

methods use to estimate age have been demonstrated [10]; the disadvantages –e.g. 

the destructive and time-consuming nature of the technique, the necessity for 

specialised equipment and training and the required observer’s experience are 

considered significant drawbacks for its applications in forensic investigations [11]. 

The alternative use of manual thin sectioning techniques (12,13) instead of 

expensive equipment can however reduce the cost significantly. Thus, histological 

analysis still has potential as the skeleton is subjected to inter-population variation 

in metabolism and bone microstructure is a record of past metabolic events.  
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The development of methodologies based on bone histomorphometry has 

increased in numbers and bone regions during the last 45 years. Some of these 

studies have focused on the differentiation between animal versus human remains 

[14,15]; the analysis of pathological conditions and their impact on bone 

microstructure [16,17]; and histological determination of age at death 

[7,18,19,20,21].  The age assessment rests on the observation of changes in cortical 

bone microstructure features during the life of the individual. The methodology is 

based on the remodelling process in which older bone is replaced through the 

activity of bone cells: osteoblasts or bone forming cells, and osteoclasts or bone 

resorbing cells [22]. They both work in coordination resulting in the basic structural 

units known as secondary osteons or Haversian systems [23]. As remodelling occurs 

throughout life, the changes experienced by these units will constitute the basis of 

aging methods and the principle applied in age estimation techniques.  

The first aging technique using histological features was developed by Kerley 

in 1965.  He used bone cross sections from the femur, tibia and fibula.  He created 

multiple age regression formulas per bone using quantitative variables correlated 

to age [9].  History has shown that only the Kerley equation using intact osteon 

numbers of femoral bone remains in common practice by anthropologists [24]. 

Since 1965, the femur has been subjected to attempts to improve the predictive 

power of histological assessment for age estimation [25,26].   As part of this process 

several attempts also developed equations that were population specific to improve 

the equations accuracy [27,28,29]. 

Since 1992, a number of histomorphometric studies have been carried out 

on ribs using micro-anatomical variables in the attempt to determine higher 
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accuracy rate in age prediction [7, 30]. In doing so new variables based on osteon 

features were introduced in creating age estimation equations [7,20,31,32, 33]. 

As a result of the early work done on ribs [7], they are now often used as they 

can be easily obtained during standard autopsy procedures without further 

dissection as it would be required for sampling long bones.   In addition, the available 

data on normal and pathological rib physiology [7,17,34]; and the fact that the rib 

allows for a full examination of the entire section under the microscope, make them 

an ideal bone to work with on future research endeavours.  The fragmented nature 

of archaeological ribs, however, can lead to poor identification to their location 

and/or rib number which potentially can cause problems of sampling rib micro-

features [e.g. 1]. This matter is one of the research questions we will address in this 

study.  A second goal is to test the applicability of two existing methods using rib 

criteria to assess age using a modern autopsy sample. The last objective of this study 

concerns the estimation of inter-observer error rates in quantifying micro-

anatomical features (fragmentary and intact osteons) on rib thin sections.  

One of the first studies using rib histomorphometry for age estimation of 

unknown human remains was carried in the early 1980’s [7]. The sample consisted 

of 40 individuals; the middle third of the 6th left rib was processed following the 

standards of histological preparation outline by Stout and Paine [7]. To test their rib 

equation the authors applied it to 12 rib test samples from autopsies. Their results 

showed that the standard errors from actual age to estimated age were -2.7 to +9 

years for the rib, and -8.1 to +20.6 for the clavicle. The combined formula gave an 

error of -2.5 to + 14.5 years. Most of the individuals fell within 95% of confidence 

interval for the estimated ages [7].The lower mean absolute differences between 
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actual and predicted age was for the combined formula suggesting that histological 

age estimation yields more accurate results when both skeletal elements are 

examined. It is worth mentioning the new variable created by the authors: osteon 

population density (OPD) as a combination of intact and fragmentary osteons; both 

are the product of cortical remodelling.  OPD has become a standard variable used 

by histological working on age assessment in an anthropological context [24]. This 

new parameter has been extensively used in recent histological research due to its 

high correlation with age [20]. 

There have been several attempts to use both macro and micro-anatomical 

rib features to estimate age-at-death.  Stout et al. [35] used sections extracted from 

the sternal end of the 4th rib to estimate age at death incorporating the combination 

of two age related changes: morphological changes and microscopic bone 

structures. The first method was based on İşcan et al.’s [3,36] technique for aging 

individuals through the sternal rib end and the microscopic approach was carried 

out by applying Stout and Paine’s method [7]. Two estimation formulae were 

generated: one used histological features only and the second equation applied both 

micro and macro-assessment techniques. Multiple variables included in the 

equation provided more accurate results (SEE = 7.18) than each method applied 

separately. This suggests that the multifactorial approach is preferable when 

possible. Dudar et al. [30] also tested both techniques finding no statistically 

significant differences between them although more accurate results were 

produced by using the combined micro and macro variables. 
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The purpose of this paper is to report the results of the histological age 

estimates using both Stout and Paine [7] and Stout et al. [35] methods on a 

contemporary Greek sample. The objectives are the following: 

a) To test the accuracy of applying the two equations developed from US populations 

on a contemporary Greek sample and to verify if population specific formulae are 

required.  

b) To explore the effect of sampling error on age estimation on six different sampling 

sites along the rib in order to compare the accuracy levels between different 

sampling areas.   

MATERIAL AND METHODS 

Sample 

The histological sample consists of six 4th left ribs (with known sex and age) 

from a Modern Cretan Collection [37]. Due to difficulties in finding complete ribs, 

the selection of the sample was limited in number of specimens and individual´s 

profile; all the specimens selected were females and only the fourth rib was available 

for analysis. Although Stout and Paine’s [7] technique was developed from the 6th 

rib, studies have shown that the methodology can be reliably applied on other ribs 

[1]. According to this publication, the histological findings of the fourth rib can be 

interchangeable with the sixth rib.  With regards to known age-at-death, the sample 

represents an age range from 19 to 58 years old with a mean age of 36 years (Table 

1).    
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Table 1. Rib sample and real age. 

Rib Nº Age 

Rib_53 19 y.o. 

Rib_88 27 y.o. 

Rib_28 29 y.o. 

Rib_180 35 y.o. 

Rib_194 46 y.o. 

Rib_6 58 y.o. 

Mean 36 y.o. 

 

Preparation of thin sections and data acquisition 

The preparation of the thin sections is described in Stout and Paine [7] and Paine 

[38]. The sternal and vertebral ends of each rib were removed using a manual 

semiautomatic saw and three areas of each rib (superior, inferior and lateral) were 

color-coded with the purpose of identifying the location area of the bone once the 

rib sections were processed.  Each rib was divided into three equal segments 

identified as proximal, middle and distal. The 18 fragments were embedded in Epo 

Thin resin (BuehlerTM) to ensure the preservation of both cortical and trabecular 

bone during the cutting process. Once the embedding material was cured, a 

BuehlerTM IsoMet 1000 Precision Saw (sectioning machine) was used for cutting 

approximately 1 mm sections from the resin blocks. Two sections from each 

proximal, middle and distal segment were cut in order to have different sampling 

locations representing all the areas along the length of each rib (N=36). 

The thin sections were glued onto frosted slides and prepared for histological 

analysis by grinding them to a thickness of 50-70 microns using a BuehlerTM 

variable-speed grinding unit using 1200 grit paper. Once the histological features 

were observable, the bone wafers were mounted onto reading slides.  
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Histomorphometric data were collected using a binocular transmitted light 

standard research microscope (Olympus CH-2) at x100 and x200 magnification (x10 

and x20 eyepieces and X 10 objective). Four histomorphometric variables as 

indicated by Stout and Paine [7] were assessed: 

 Cortical Area: all areas of cortical bone contained within the microscopic 

fields read per section (in mm2).  

 Intact Osteon: number of secondary osteons that have at least 90% of their 

canal intact. 

 Fragmentary Osteon: number of secondary osteons that have less than 90% 

of their canal is present. 

 Osteon Population Density (OPD): the sum of intact and fragmentary osteons 

divide by cortical area  

Instead of using the Merz counting reticule to calculate cortical area as Stout and 

Paine [7] suggested, we up-dated the means for measuring cortical area by using 

digital handheld microscope (Dino Lite®) to capture images from the entire rib 

section (Figure 1). An open source software (ImageJ 1.48) was employed to measure 

the cortical bone area that was outlined manually (cortical area=complete rib 

section – medullary area) on the images. To do this we placed the thin section over 

a scale and calibrated the software with the Dino Lite microscope.  OPD was 

calculated and was then used for estimating age-at-death according to Stout and 

Paine (F1) [7] and Stout et al. (F2) [35] (Table 2). 
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Figure 1: Image taken using Dino Lite® for measuring the cortical area; A (black 
outline) indicates trabecular area. 

 

Table 2. Age predicting equations applied on the Greek sample. 

Author / year Methodology Formulae SEE 

Stout and Paine 
(1992) 

Sixth rib using 
midshaft sampling area 

Ln= 2.343 + 
0.050877X 

3.9 

 
Stout et al. (1994) 

Fourth rib using 
proximal sampling 

area 

 
Age = 18.389 - 0.731 * 

(OPD) + 0.110 * 
(OPD)² 

 
10.43 

 

Inter-observer error was determined following TEM analysis (technical error of 

measurement) in order to assess the level of agreement in osteon counting between 

observers (RRP and JGGD) for 18 sections.  TEM was calculated by taking the square 

root of the sum of the squares of the assessment differences and dividing the result 

by twice the total number of observation made [39]. The relative TEM was also 

calculated; this value expresses from 0 to 1 the proportion of variance unrelated to 

measurement error [40]. The two observers had a different level of experience on 

bone histomorphometry. JGGD had three years of experience in bone histological 

analysis as researcher while RRP had over 35 years of experience as forensic 

histologist and he has developed one of the two techniques tested here [7] back in 

1992.   
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Results 

Inter-observer error  

In order to test the reliability and feasibility of the methodology, two observers 

assessed part of the sample (N=18). The mean difference between observations 

(TEM) and the relative TEM are illustrated in Table 3. Overall, the absolute mean 

difference between observers´ counts is very low. The difference between them is 6 

intact osteons, 5 fragmentary with a difference of 4 total osteons. The calculation of 

the relative TEM gave promising results; the lowest relative TEM value (83%) was 

reported for fragmentary osteons and the total osteon counting encountered the 

best value with 99% of the variance free from measurement error indicating 

agreement between observers. 

Table 3. Estimation of interobserver error with the calculation of Relative TEM for Intact, 

Fragmented, Total Number of Osteons and OPD. 

 Intact Osteons Fragmented osteons Total number of osteons OPD  

Specimen OB1 OB2 
Relative 

TEM  
OB1 OB2 

Relative 
TEM  

OB1 OB2 
Relative 

TEM  
OB1 OB2 

Relative 
TEM  

R53D1  105 103 1.36 15 14 4.88 120 117 1.79 5.77 5.62 2.07 

R53M1 88 92 1.32 22 14 31.43 100 106 4.12 4.07 4.32 8.18 

R53M2 126 124 1.13 34 34 0.00 160 158 0.89 7.03 6.94 0.89 

R53P1 240 238 0.59 29 26 7.71 269 264 1.33 7.72 7.58 1.33 

R53P2 168 174 2.48 41 42 1.70 209 216 2.33 7.73 7.99 2.33 

R88D1  46 44 3.14 5 3 35.36 51 47 5.77 2.59 2.39 5.77 

R88M1 119 111 4.92 17 16 4.29 136 127 4.84 4.67 4.36 4.84 

R88M2 144 159 7.00 30 16 43.04 174 175 0.41 6.39 6.42 0.41 

R88P1 156 166 4.39 32 28 9.43 188 194 2.22 6.14 6.34 2.58 

R88P2 172 193 8.14 50 37 21.13 222 230 2.50 6.98 7.23 2.50 

R28D 1 101 102 0.70 24 23 3.01 125 125 0.00 5.87 5.87 0.00 

R28D2 110 118 4.96 25 19 19.28 135 137 1.04 5.57 5.66 1.04 

R28M1 165 182 6.93 43 25 37.44 208 207 0.34 6.40 6.37 0.34 

R28P1 138 130 4.22 30 34 8.84 168 164 1.70 4.85 4.73 1.70 

R28P2 186 189 1.13 49 43 9.22 235 232 0.91 6.95 6.87 0.91 

R180P1 119 123 2.34 49 53 5.55 168 176 3.29 6.54 6.85 3.29 

R194M1 140 139 0.51 19 15 16.64 159 154 2.26 7.18 6.95 2.26 

R6P1 112 110 1.27 16 21 19.11 128 131 1.64 8.37 8.56 1.64 
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Comparison of the two histological methods  

Error rates produced by applying the two formulae in the sections from the 

middle fragments of the ribs are summarised in Table 4. In all cases age was 

underestimated up to -38 years for F1 and  -43 years for F2 with the exception of rib 

53 (19 years old) which yielded and error range from -2 to +1 using F2.  In general, 

F2 [35] gave relatively lower error range compared to F1 [7]. Both formulae 

exhibited higher error rates with increasing age. Overall, the error rates produced 

by both histological methods did not fall within the error rates reported by the 

original techniques with the exception of the 19 years old individual F1 [7] and two 

youngest individuals for F2 [35]. 

Table 4. Error rates using Stout et al. (1994) and Stout and Paine (1992) equations for age 

estimation. 

Specimen Age 
F2 error 

range 
F1 error 

range 
53 19 -2 to +1 -17 to -3 
88 27 -10 to -9 -16 to -12 
28 29 -11 to -12 -16 to -15 

180 35 -18 to-15 -22 to -19 
194 46 -31 to -28 -28 to -23 

6 58 -43 to -37 -38 to -31 

 

Intra-costal age estimates comparing the two histological formulae  

When different samples sites were used for age estimation, F1 [7] displayed 

a mean error ranging from a minimum of 21% for the younger individual to a 

maximum of 66% for the oldest individual (Table 5). The two youngest individuals 

obtained the best estimates from the proximal sections; for the 35 years old 

individual both middle and proximal sections were the most accurate; and the best 

results for the oldest individual were produced by the middle thin sections.  
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As seen in table 5 the difference between two age estimates from sections of 

the same rib and the deviation from the mean age estimate are in most cases much 

smaller than the difference between the age estimate and the real age. For example 

for the individual of 27 years old (rib 88) the age estimate ranged between 11.87 

and 15.11 y.o. (Mean=13.94+/-1.21 y.o., Table 6). This means that the absolute error 

(-11.89) of the best age estimate (Distal=15.11 y.o.) is larger than the error 

introduced by using a different sampling site.  The largest difference between two 

age estimates is 3.24 years and the standard deviation from the mean is 1.21 years. 

The same observational pattern is exhibited by all rib samples except for rib 53; 

where the absolute error of the best age estimate (-2.55 years) is smaller compared 

to the largest difference between two age estimates (3.64 years) (Table 6). 

Table 5. Summary table of Stout and Paine (1992) and Stout et al. (1994) error rates. * %= 

100*Mean E/Real Age. 

  Stout and Paine (1992) Stout et al.(1994) 

Rib Nº 
Ag
e 

Mean 
Error 

Mean 
error   % 

Mean 
Error 

Mean 
error  % 

Rib_53 19 -4.17 -21.95 -0.15 -0.80 

Rib_88 27 -13.05 -48.33 -8.92 -33.05 

Rib_28 29 -14.87 -51.28 -11.00 -37.92 

Rib_180 35 -19.99 -57.10 -16.09 -45.97 

Rib_194 46 -29.45 -64.01 -24.97 -54.29 

Rib_6 58 -38.64 -66.63 -31.96 -55.11 

 

F2 [35] also presented a systemic underestimation of the individuals with 

only one of the distal sections from the youngest individual slightly overestimating 

real age (over 1 year from real age). The mean error rate varied from 1% for the 19 

years old specimen to a maximum of 55% for the oldest individual (Table 5). 

Similarly to F1 the results provided by each rib segment showed no particular trend: 

age estimates of the youngest individual were more accurate for the proximal 
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segments, although there was high variation between rib segments for the rest of 

the individuals. An increasing error rate was observed with increasing age although 

the age difference is not as high as it was observed for the other histological method 

(58 years old individual being estimated as 42 years old). The difference between 

two age estimates from sections of the same rib and the deviation from the mean 

age estimate are in most cases much smaller than the difference between the age 

estimate and the real age as it was observed for F1 [7]. For example for the 

individual of 27 years old (rib 88) the age estimate ranged between 17.23 and 18.65 

y.o. (Mean=18.08+/-0.68 y.o.) (Table 6). This means that the absolute error (-8.35) 

of the best age estimate (Proximal=18.65 y.o.) is larger than the error introduced by 

using different sampling site. The largest difference between two age estimates is 

1.42 years and the standard deviation from the mean is 0.68 years. 

Table 6. Age estimates using Stout and Paine (1992) and Stout et al. (1994) histological 
formulae.  

 

 

 

 

 

 

 

*D=distal segment; M=midshaft segment; P=proximal segment. First section (1) and second 
section (2) from the same segment 

Rib Nº Age D ( 1) D ( 2) M( 1) M( 2) P( 1) P ( 2) Mean SD

Rib_53 19 13,96 16,45 12,81 14,88 15,42 15,43 14,83 1,28

Rib_88 27 11,87 15,11 13,2 14,4 14,23 14,85 13,94 1,21

Rib_28 29 14,03 13,82 14,41 14,33 13,32 14,83 14,12 0,52

Rib_180 35 14,43 13,97 16,24 15,32 14,52 15,57 15,01 0,85

Rib_194 46 18,23 17,62 15,02 17,37 15,68 15,39 16,55 1,35

Rib_6 58 20,32 19,03 21,89 19,44 19,48 15,93 19,35 1,96

Rib Nº Age D ( 1) D ( 2) M( 1) M( 2) P( 1) P ( 2) Mean SD

Rib_53 19 17,83 20,72 17,24 18,68 19,3 19,31 18,85 1,23

Rib_88 27 17,23 18,94 17,38 18,21 18,05 18,65 18,08 0,68

Rib_28 29 17,89 17,73 18,21 18,14 17,43 18,63 18,01 0,42

Rib_180 35 18,23 17,84 20,41 19,18 18,31 19,49 18,91 0,96

Rib_194 46 23,68 22,6 18,81 22,17 19,64 19,27 21,03 2,04

Rib_6 58 27,8 25,19 31,19 25,99 26,08 19,98 26,04 3,66

Age es tim ation Stout and Pa ine ( 1992)

Age es tim ation Stout et a l .  ( 1994)
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Figure 2: Illustration of age ranges for F1 and F2 (including originally reported error rates) 
in relation to the real age (horizontal line) for each segment/section. D=distal, M=middle, 
P=Proximal fragment. 

 

DISCUSSION 

The reliability and feasibility of the histological methodologies used within 

the forensic context in order to meet the legal standards of expert witness testimony 

in court room requires considerable review [1]. The choice of age assessment 

methods depends on the specific circumstances of a case.   Well trained skeletal 

histologists should be consulted when micro-anatomical features are used to 

estimate age-at-death.   According to Ritz-Timme et al. [41] bone histology applied 

for age estimation of modern human remains reported error rates of ±5 to -12 years 

for most methods. Aiello and Molleson [42] agree that both macroscopic and 

microscopic aging methodologies should be representative of “age structure and/or 
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conditions” of the population from which the methodology was developed.  

Therefore, peer-reviewed population specific standards are desirable to assure 

accuracy of age estimations. 

Test of the histological methods for the Greek population 

The first objective of this project was to test if two aging methodologies 

generated from US reference samples produce accurate results when applied to a 

Greek sample. The results indicate that there is a systematic underestimation of all 

individuals for all six sections along the rib. The difference from real and estimated 

age ranges from 3 years to a maximum of 43 years for F1 [7] and from 1 year to a 

maximum of 39 years for F2 [35].  Age estimates produced by the two equations do 

not fall within the error rates reported by the original studies, with the exception of 

the estimates for the youngest individual using F1 [7] and the two youngest 

individuals for F2 [35].  

It is observed that the average error rate in age estimation increases 

dramatically with age with the best results provided by the youngest age group. 

Once intact and fragmentary osteons reach asymptote they do not increase in 

number with age; herein, the evidence of bone remodelling is not visible anymore. 

For ribs, it can occur between 50-60 years old depending on the remodelling rate of 

the sample collection studied, and metabolic factors that affect the osteon size or 

cortical diameter [24]. The extremely high error rates produced by the 58 years old 

individual may be attributed to this phenomenon. Paine and Brenton [17] also 

observed that the rib equation under-aged a nutritionally challenged Black South 

African sample.  They attributed this trend to poor diet affecting bone remodelling 

by decreasing the production of secondary osteons resulting in younger looking 
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than expected cortical bone. In this study both methods performed better for 

younger individuals than what was reported in by other studies [32]; yet, this needs 

to be confirmed by testing a larger sample. 

Our preliminary results suggest that population specific standards are 

required for applying age histological age estimation standards in Greeks and there 

is a scope for expanding the sample to verify these results and create new reliable 

population specific equations. Several studies have already shown population 

variability in histological analysis confirming that population specific formulae 

produce more accurate results than using those formulae generated from a different 

reference sample [20, 43]. For instances, African Americans showed lower 

trabecular bone turnover than American whites from Unites States; producing high 

levels of error in age estimation [20, 44]. On the contrary, nineteen century Eskimos 

femoral micro-anatomical features exhibited greater turnover rates than a U.S. 

white sample obtaining overestimated age predictions [45].  

Other studies have focused on applying existing femoral formulae on 

different populations. Ubelaker [46, 47] tested Kerley´s methodology [9] on a 

Dominican mixed ethnic sample and found an error average up to 11 years.  Fangwu 

[48] used the same formula on Modern Chinese femora with one third of the sample 

having errors greater than ±10 years, confirming the necessity of a specific 

predicting equation for that population. A recent study carried out on clavicles from 

a Korean population found that their equations were no better that Stout and Paine 

[7] clavicle equations but they too suggest that validity of population specific 

techniques for accurately estimating age-at- death is preferred  [49]. We intend to 

explore this by developing a new age predicting formula from a Greek rib sample to 
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verify whether the error rates produced in the current analysis is due to inter-

population variability or not.  

In addition to inter-population variability the use of specific ribs might have 

also affected the estimation of age in this study, specifically when applying Stout and 

Paine’s formula [7] which was created using the 6th rib. Crowder and Rosella [1] 

carried out a research on whether other ribs apart from the sixth one can be used 

for estimating age at death without producing high error levels. The authors 

examined midshaft cross sections from the 3rd to the 8th rib from 20 cadavers. They 

found that the higher error was produced by the 8th rib –probably due to 

biomechanical remodelling caused by the absence of sternal attachment. The results 

showed that variation among ribs within the same individual produced certain bias, 

but all ribs produced consistent OPD values for age assessment; thus, other ribs 

apart from the 6th could be used for age estimation purposes and no error would be 

expected. Based on this assumption it could be argued that the source of error for 

our age estimates was not rib number although further studies are required to verify 

this statement. 

There are other intrinsic factors affecting the accuracy of our results that 

need to be considered. Due to limitations in the sample, only female individuals were 

used for this study and this fact could have caused bias in the results because the 

original methods were based on pooled sexes. Some authors suggest that sex 

differences are crucial in the generation of age predicting equations [8,33] whilst 

others did not report any variation [7,9,26]. Women have an increase in bone 

remodelling rate after menopause [50] which would produce an overestimation of 

the actual age at death. Additionally, Burr et al. [51] noticed than secondary osteons 
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exhibited by older females were larger in size than those of males. This finding could 

have a direct effect on the accuracy of age estimation because in females a specific 

area of the bone cortex would accommodate fewer osteons. However, other studies 

have found no difference in osteon size between sexes [52]. While Paine and 

Brenton [17] found osteon size may reflect chronic metabolic conditions such as 

dietary deficiencies. These discrepancies in the results could be due to differences 

in in environmental factors, physiological conditions specific to sex or sampling 

errors. If sex differences in histological analysis are assumed for the present study, 

the overall accuracy of age estimates would have been decreased by sex-related 

variation explaining the low performance of the formulae applied. The inclusion of 

male individuals in future research will elucidate if sexual dimorphism in 

histological microstructures does exist in the Greek population. 

Although there was not specific clinical data available for the sample used in 

this project, the examination of pathological conditions affecting histological 

microstructures would have added a new perspective to our results. Stout and 

Paine’s [7] predicting formula  was tested by Paine and Brenton [17]  on  a  sample  

of  individuals  suffering  from pellagra.  Age estimations were considerably lower 

than those obtained from the original autopsy sample. The results showed the 

impact of metabolic disturbances on the accuracy of histological methods and 

suggested that the consideration of these factors must be addressed when dealing 

with samples suspected of suffering from metabolic disorders.  Furthermore, 

metabolic disturbances like osteoporosis which is frequent among women of 

advanced age [53,54]. Consequently, the alteration of bone remodelling patterns at 

all age ranges between sexes must be considered, and thus the histomorphometric 

variables used in the creation of aging equations need to be adjusted [34]. Although 
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they suggest this as a possible contributing factor no histological study so far has 

produced data that supports the need for a sex based age-at -death estimation 

equation. 

Intra-costal variation and age estimation accuracy 

The second objective of this work was to explore whether the effect of 

sampling sites on the accuracy of age estimates. Ribs are frequently fragmented and 

quite often it is not possible to identify the sampling area or even rib number. With 

regards to sampling area, previous research has demonstrated that site specific 

variability exists and that this should influence how we approach data collection 

schemes [7,25]. This hypothesis was tested by analysing two thin sections from the 

distal, medial and proximal regions of the fourth rib against two existing methods. 

Figure 2 compares the age estimates obtained for the six sampling sites of each rib 

to real age; the underestimation of all individuals is obvious and different accuracy 

levels obtained by the two histological formulae equation can be clearly observed.  

Stout and Paine [7] original method was based on the middle third of the 6th 

rib but using this sampling location did not produce better results than the other 

sampling sites along the ribs. Stout et al. study [35] was developed using sections 

from the sternal end; yet, the equivalent sternal sampling area did not perform as it 

was expected.  Moreover, comparison of the different sampling sites did not follow 

a specific pattern. Comparing age estimates variation between rib segments to the 

error produced by the formulae and using the sampling area used by the original 

methodology, it is clear that sampling location has little impact on the accuracy of 

the age estimation methods. The variation between estimates from the three 

different segments of the same rib only ranged for up to 4 years in both cases. For 
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the 58 year old individual F2 [35] produced an error as high as 12 years.  The intra-

segment variation using F2 [35] was found to be greater compared to F1 [7]. These 

results indicate that any segment of the rib could be used for age estimation due to 

the small error that it will produce in age assessment.  

Up to date, there are no other histological studies, to our knowledge, testing 

the effect of sampling site along the rib on the accuracy of age estimation methods. 

One study reported variation within the same rib section [32]. The authors 

examined the external and internal cortex of the costochondral area of the fourth rib 

for age estimation. OPD counted in the internal cortex was the better variable when 

classifying the sample divided into three age-range groups.  This assessment might 

be included in future research to test the potential of different sampling areas within 

the same thin cross section when assessing age at death.  

With respect to long bones, serial sections have actually exhibited 

inconsistency in age estimation when they are other than the midshaft segment [55]. 

Other studies have reported femoral variation between several sub-areas within the 

anterior area [56] or regional variation on five different sampling areas along the 

midshaft [57]. These findings could be attributed to differences in bone loading and 

bone remodelling among long bones.  Clearly mechanical loading experienced by the 

skeleton can accelerate the rate of intra-cortical modelling and remodelling 

producing histomorphometric differences in bone density both between bones and 

between individuals [51,58]. Although ribs are under a constant respiratory 

mechanical activity, they are of great value to avoid the variability caused by 

physical activity levels [33]. The fact that ribs are subjected to small weight bearing, 

and therefore less involved in biomechanical responses could explain the low 
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variation found between ribs segments in this sample. A larger sample should be 

used to further test sampling error variability and to verify these preliminary 

results. 

Inter-observer error 

Although not a primary goal in this study, the reliability and repeatability of 

the histological methods employed was tested by comparing the counting of two 

different observers. TEM and relative TEM were calculated for intact, fragmented 

and total osteons. Although the error for counting fragmented osteon counts 

between observers was quite high (17%), the error for total osteon count was only 

1%. Since the formulae use the total number of secondary osteons for the age 

estimation it was concluded that there is agreement between the two assessments 

and subjectivity does not have an impact on the reliability and performance of the 

method.  Our finding specific to inter-observer difference in identifying bone micro-

anatomical features is in accordance with other studies [59]. And it points to one 

additional benefit when using the Stout and Paine equations [7], in the end, 

disagreements over intact and fragment osteons does not lead to inaccuracies in 

OPD values. 

In summary our results indicate that Stout and Paine (7) and Stout et al (35) 

produced a systematic underestimation of age for the Greek sample suggesting that 

there is a need for population specific standards for more accurate age estimates. 

Due to the small sample size these results would need to be confirmed. The sampling 

site seems to have minimum effect on the performance of the histological age 

estimation methods tested here [7,35] as the error introduced by the use of a 

different sampling location is significantly lower compared to the error produced by 
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each method. Inter-observer error is very low suggesting that these techniques can 

be applied by individuals with reasonable level of training and research experience. 

Conclusion 

Due to evidentiary rules surrounding admissibility of forensic evidence, 

anthropological techniques applied to forensic case must be scrutinised to ensure 

accurate results (60).   This includes publications that review methods and provide 

error rates that can be used in court as anthropologists are asked to discuss their 

findings. In this study, the Stout et al. [35] formula performed better in comparison 

to the Stout and Paine [7] formula on the Greek sample which can be attributed to 

intrinsic factors and small sample size. Our results suggest that reference bones play 

an important role in terms of reliability and accuracy, and that population specific 

standards might be required to avoid an increase in error rates. This study also 

provides new information about the possibility of using alternate sampling areas in 

ribs for estimating age at death. In view of this promising outcome, it seems 

necessary to expand the sample size to verify these preliminary results. 
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