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Rib histomorphometry: A reliability and validation study with a critical

review of histological techniques for forensic age estimation

Age estimation by bone histomorphometry is often used on fragmented human remains
Histomorphometry aging methods must be validated if they are to be used forensically
Methods reliability, accuracy and bias are tested on two Mediterranean samples

Age estimation errors might be related to intrinsic factors and methodological issues

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Abstract

Fragmented human remains present a challenge for forensic experts as they attempt to
identify individuals using standard forensic methods. Several histological age estimation
techniques have been developed during the last fifty years to aid in this process. However, very
few validation studies have been conducted in order to test their accuracy and bias, and thus,
validation assessment is required as we employ them while testifying in court.

Histological variables are assessed from rib thin-sections from two Mediterranean
samples; Cretan (N=41) and Cyprus (N=47). Intra and inter-observer errors are assessed through
TEM analysis and Intra-class Correlation Coefficient by testing observers with different levels of
experience as they collected data on osteon counts and area measurements. The relation
between the variables and age is determined using correlation coefficients. Histomorphometric
data are applied to four widely used age estimation formulas assessing the performance of the
methods for the entire sample. Inaccuracy and bias are calculated with age estimations and
known age tested for significance and proportional bias assessed.

Overall, histological parameters presented acceptable intra- and inter-observer errors.
All variables exhibited statistically significant correlation with age (P < 0.01). For three of the
techniques, data showed a systematic underestimation of age with an increase in inaccuracy in
older individuals. One of the age estimation formulas produced overestimation of young
individuals yet, it more accurately estimated the age of older individuals.

This validation study explores inter-population variation in bone remodeling dynamics
and presents a critical evaluation on methodological issues that can affect the performance of
existing histological techniques.

Keywords: age estimation, validation study, ribs, histomorphometry, Mediterranean population
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1. Introduction

A forensic anthropologist is often tasked with the examination of decomposed human
remains and the reconstruction of the biological profile for an unknown individual by using peer-
reviewed methodologies [1]. Even with the use of DNA as a means for positively identifying the
remains, osteological age estimation is still one of the first steps in the identification process. The
choice of the method for doing so is crucial for ensuring an accurate result [2,3]. Occasionally,
the fragmented nature of human remains makes histological methods one of the few tools
available for estimating age-at-death (AAD) [4]. As with all forensic identification methods,
validation studies for the application of the histomorphometric approach in courtroom are
required to ensure accurate and reliable age estimation [5,6].

Bone histology applied in age estimation through the quantification of microscopic
features is feasible due to cortical and trabecular remodeling occurring over time reflecting the
chronological age of an individual [7-9]. Despite several microscopic methodological drawbacks
such as specialized equipment and training [10], many researchers have been using
histomorphometric assessment of bones and teeth for human identification purposes in both
forensic anthropology and bio-archaeology research since 1965 [11-14]. Additionally, another
concern specific to bone histological research is its destructive and invasive nature (i.e. the
cutting and grinding of segments of bone). This issue was first addressed in the decision to use
ribs in the histological evaluation of human remains [13]. The logic is that with twenty-four
human ribs available for assessment the destructive analysis of a small fragment of a single rib is
minimal in the overall need for gross anatomical assessment of the remains.

Numerous histological studies have examined the femur, tibia, and fibula, showing
accuracy rates for age estimation from * 5-10 years [7,15,16]. These methods rely on simple
counts of specific micro-anatomical features, as for example intact secondary osteons. During
the 1990’s, ribs and clavicles were deemed suitable for histological assessment because they are
not commonly used in standard osteological analysis and clinical data is available for developing
comparative samples [13]. Quantitative methods included then cortical area measurements
along with counting the number of intact and fragment secondary osteons. In this process,
Osteon Population Density (OPD) was offered as a standard means for representing secondary
osteon features employed in estimating AAD [13,17]. As aforementioned, in practical terms ribs
are more likely to be recovered due to their number, and inter-costal element variability does not

seem to dramatically affect the estimation of age [18]. Additionally, slight differences in the rib
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sampling sites appear to produce low bias in age estimation compared to the bias emerging from
the age estimation equations [19]. Lastly, there is nearly 60 years of analysis in both the medical
research and the anthropological fields concerning rib microanatomy, and this body of

knowledge makes rib thin sections an ideal skeletal element to work with [20-22].

As histomorphometry became more widely applied in the forensic assessment of human
remains, researchers began to recognize that its application to samples not-closely related to the
reference population might be a source of age estimation error. Such errors might result from
genetic and environmental factors that differ between the target-sample (unknown individual)
and the reference population [19,23-25]. Hence, quantitative bone histology studies have
expanded the development of population specific equations in order to encompass the variation
in bone remodeling dynamics between and within populations [26-28]. Moreover, inter-
population variability issues for age estimation are not unusual even for macro-anatomical based
methods, and they have been addressed numerous times by researchers [29,30].

Micro-anatomical studies of bone have demonstrated discrepancies between existing
histological aging formulae depending on the method applied. Pavén et al. [31] tested two
different techniques developed from Europeans and African-Americans on a Mayan population
[13,32]. The main group and the control Mayan sample were tested against both methods
reporting an overall higher accuracy for the mixed sample regression equation developed by
Stout and Paine [13], than for the formulae generated by Cho et al. [32]. Thus, their results
suggest that bone net formation rates can differ between the reference and the target samples.
It is relevant to note, however, that Pfeiffer et al. [33] have described similar accuracy rates for
population-specific and existing aging histological methods.

These discrepancies suggest that further research is needed. Hence, a twofold study
design is presented here for this purpose. In the current study, the reliability of the histological
methods has been evaluated through an assessment of histological parameters repeatability and
reproducibility through intra- and inter-observer errors. A systematic analysis of the bias and
inaccuracy of the existing histological formulae [13,21,32,34] is conducted on a Mediterranean
sample to determine whether there is a need for Mediterranean population-specific standards
for estimating age using ribs. This paper further investigates the nature of the errors produced
by the validated methods discussing possible methodological issues, as well as the physiological
and biological underlying factors behind cortical bone dynamics between reference and target

samples.
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2. Materials and Methods

A total of 88 individuals from Cretan and Greek-Cypriot origin were used in this study
(Table 1) [19,35]. Selection of adult specimens from both collections was carried out based on
specific known ages to cover a normal range of age for modern humans under-going autopsy
procedures (19-100 years of age). The mid-shaft of the sixth rib of each specimen was collected,
and when not available, the mid-shaft from another rib (ribs 4-9) was selected instead. This was
done because previous studies reported no errors while collecting secondary osteon data from

other ribs within the mentioned rib numbers [18].

The Cretan sample consists of 41 individuals collected from the Cretan Osteological
Collection and from routine autopsies performed at the Forensic Medicine Unit (University of
Crete). The Cretan osteological collection samples consist of 18 males and 16 females;
demographic information was obtained from census records while sex was confirmed with the
examination of pelvic morphology [36]. Cause of death was available for some of the individuals
and cases with known or obvious pathologies and metabolic disturbances affecting bone
remodeling rates were excluded. The Cretan autopsy sample consisted of seven individuals, five
males and two females, with an age range of 20-69 years. For the autopsy samples, informed

consent was acquired from next of kin in all cases.

The Greek-Cypriot Collection comprised 47 individuals (17 males and 30 females) whose
remains were housed in the Limassol Municipal Ossuary inside St. Nicholas Cemetery in Limassol
(Cyprus). These samples have known age and sex data which was gathered from cemetery
records [37]. No clinical data specific to health status prior to death were available for this
collection, but gross examination of all individuals was carried out in order to exclude those

specimens with obvious pathological conditions.

Table 1. Sample demographics for the entire sample.

N Age Range Mean Age SD
Males 40 20-89 60.10 16.53
Females 48 19-100 60.52 19.11
Total 88 19-100 60.33 17.89

5|Page



Thin-sections were prepared following published histological preparation procedures
[10,38]. A Leica DM 750P research microscope fitted with a Leica MC 170 HD camera and the
Leica Application Suite V4 software were used for the data acquisition and analysis. Between 30
and 80 single high-resolution microphotographs from each cross section were taken under 4x
and 10x magnification and stitched together to obtain a complete cross-section montage (Figure
1a). Osteon counting data collection was performed while using the standard research light
microscope. Both 10x and 20x objectives were used during the reading of thin sections to
provide an accurate count of intact and fragmentary secondary osteons [4]. Single
microphotographs were additionally used to keep a permanent record of the structures counted.
Measurements were taken through the single microphotographs using the area and shape
descriptors functions in Imagel) 1.48 software platform. All parameters were collected according
to the original aging techniques, following the instructions and descriptions provided by the
authors [13,21,32,34] (Table 2). Figure 1b illustrates examples of intact secondary osteons (red),
fragmentary secondary osteons (blue) and osteon area and circularity measurements (dashed

red) in a 20x image observed under semi-polarized light.
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Table 2. Parameters under consideration and data collection methods.

Variable Abbreviation Calculation Data acquisition
Total Area Tt.Ar n/a
Endosteal Area Es.Ar n/a Microphotographs - Image!
Cortical Area Ct.Ar Tt.Ar - Tr.Ar software
Relative Cortical Area Ct.Ar/Tt.Ar Ct.Ar./Tt.Ar.
Intact Osteon Number* N.On n/a
Fragmentary Osteon Number* N.On.Fg n/a
Total Osteons N.On.Tt N.On + N.On.Fg. Microscopy and micropho-
tographs
Intact Osteon Density* OPD(l) N.On /Ct. Ar.
Fragmentary Osteon Density* OPD(F) N.On.Fg / Ct.Ar
Total Visible Osteon Density OPD N.On + N.On.Fg / Ct.Ar
*
Osteon Area On.Ar On.Ar Microphotographs - Image
Osteon Circularity On.Cr (4rt (area/perimeter?)) software

*Description of the parameter or number of structures counted might differ slightly depending on the author
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Figure 1. Example of histomorphometric parameters collected for the present study, 45 year
old individual. 1a: stitched image indicating total area (red) and endosteal area (green). 1b:
20x semi-polarized light; intact secondary osteons (red), fragmentary secondary osteons
(blue), osteon area and circularity measurements (dashed red).

A test for intra-observer error was performed on 22 random slides scored twice by the
same observer who has advanced training and experience in histomorphometry for all variables
on an interval of three months. Observer errors between the first author and a highly
experienced histologist were already reported in a previous publication [19]. In this study, inter-
observer error was assessed by the inclusion of two trained forensic anthropologists with

different levels of histological experience. The thin-sections were assessed for osteon frequency
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parameters by an observer with advanced histological training and experience; and a second
observer, well-trained in bone histological methods but less experienced, assessed
histomorphometric parameters. This approach was conducted following previous research
reporting discrepancies for osteon counting due to problematic feature definitions and
identification [39]. On the other hand, histomorphometric related parameters have proven less
subjective as noted by former studies [40-42], suggesting that a less experienced observer might
be capable of recording accurate measurements. Moreover, both raw and composite parameters
(osteon counts and OPD) were subjected to this level of assessment to better understand the
implications of adding specific variables when designing histological aging equations. Two
statistical intra- and inter-rater error analyses were combined as recommended elsewhere
[43,44]. Technical error of measurement (TEM), relative TEM (rTEM) and the coefficient of
reliability (R) were applied in order to assess the reliability of the measurements [44].
Additionally, Intra-class Correlation Coefficient (ICC) was performed to assess the extent of
consistency and agreement within and between researchers [45], as conducted in recent
histomorphometric studies [22,42]. A two-way mixed effects model based on absolute
agreement was selected with both ICC values and 95% confidence intervals over 0.80 and 0.90
being considered good and excellent agreement, respectively [46].

Descriptive statistics for the collected histological parameters were computed to explore
the behavior of the variables and to assess normality through Shapiro-Wilk test. All parameters
were tested for their correlation with age, sex and population sub-samples calculating either
Pearson’s two-tailed or Spearman’s rho correlation coefficients. Additionally, R was computed
to examine the strength of the relationship between the histological parameters and age. The
histological parameters obtained from the sample under study were inserted into the four
existing published methods [13,21,32,34] (Table 3), and the age estimates and known age were
tested for correlation. From the study conducted by Cho et al. [32], the three aging formulae
provided by the authors were used in order to test if ethnicity/geographical point of origin had

an impact on the accuracy of age estimation.
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Table 3. Existing age prediction formulae and standards applied on the Mediterranean samples.

Author/year Methodology Formulae and Variables used SEE
Stout and Paine 6t rib, middle .
(1992) wird Ln_Age= 2.343 + 0.050877(0OPD) 3.9

4% rib, sternal

Stout et al. (1994) .
sampling area

Age = 18.389 - 0.731(OPD) + 0.110 (OPD)* | 10.43

European-American
Age=38.029+1.603(0OPD)-882.210(0On.Ar x 1)-
51.228(Ct.Ar/Tt. Ar)+57.441(Ct.Ar/Tt. Arx 1)

6t rib, middle Unknown Ethnicity 12.22
Cho et al. (2002) third Age =29.524 + 1.560 (OPD) + 4.786

(Ct.Ar/Tt.Ar) - 592.899(0n.Ar)

African-American
Age=38.029+1.603(0OPD)-51.228(Ct.Ar/Tt. Ar)

Standard rib,

Goliath et al. (2016) middle third

Age=-472.331 + 591.369 (On.Cr) 6.06

*Absolute difference from known age to estimated age; SEE= Standard Error of the Estimate

OPD=0steon population density, On.Ar= osteon area, Ct.Ar=cortical area, Tt.Ar= total area, On.Cr=osteon

circularity, Ct.Ar/Tt. Ar =Relative Cortical Area

The four methods were assessed for accuracy and bias calculated according to Lovejoy
and colleagues on the entire sample, the entire sample divided by age cohorts, and on sub-
sample sets (both sex and population sub-groups, separately) [47]. To test whether the age
estimates were significantly different from the known ages, Wilcoxon signed-rank test was
performed on the entire sample and sub-sample sets [48]. Moreover, the relationship between
the age estimates and known age (true value) was represented graphically by Bland and Altman
(B&A) plots [49,50] following Crowder and Pfeiffer [51]. The mean difference is used to calculate
the limits of agreement as two standard deviations plus or minus the mean difference. The line
of equality — in which all values should fall if the age estimates were to be completely accurate —
is placed in the plot to evaluate the direction of bias. The best line of fit was also represented to
examine the average over- or under-estimation of the aging methods tested. Data analysis was

carried out using SPSS 22.

3. Results

3.1 Intra and Inter-observer error
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Observer errors are presented in Table 4. All secondary osteon frequencies and
histomorphometric parameters show intra-observer agreement with rTEM within the limit of
acceptance. Each variable reports R values over 0.97 indicating that 3% of the variance can be
attributed to measurement error; the only parameter under the 5% accepted threshold [44] is

On.Cr, with an R of 0.90.

Regarding inter-observer error, rTEM and associated R values indicate that overall high
reliability is achieved for most of the parameters except for those parameters including only
secondary fragmentary osteons. Both N.On.Fg and OPD(F) results suggest that more than 15% of
the variance can be related to measurement error. Inter-observer error for most of the
histomorphometric parameters falls within the 5% agreement threshold apart from On.Cr

reporting only substantial agreement as indicated by the low R value (0.65).

For most of the parameters, Intra-class correlation coefficients (ICC) demonstrates
overall excellent intra-observer agreement with ICC values over 0.92; 95% confidence intervals
are all above 0.96, apart from On.Cr reporting a lower bound value of 0.84 indicating good
agreement between first and second observation [46]. ICC inter-observer rates show excellent
agreement with ICC values for intact and total osteon frequencies and rib area parameters
ranging from a minimum of 0.92 to a maximum of 0.99. The 95% confidence intervals fall over
the lower bound of 0.90, except for both N.On.Fg and OPD(F) that presented 95% confidence
intervals with lower limits of 0.72 and 0.64, respectively. This indicates a 95% chance that the
true value might fall within the fair agreement boundary. Osteon area and perimeter
demonstrate excellent agreement except for On.Cr reporting an ICC value of 0.79 with 95%

confidence interval ranging from 0.52 to 0.91.

11| Page



Table 4. TEM results for intra- and inter-observer error for the histological parameters collected.

Intra-observer Inter-Observer
TEM Relative TEM R TEM Relative TEM R

N.On 1.61 1.12 0.99 5.52 3.77 0.99
N.On.Fg 2.09 2.17 0.98 14.35 16.01 0.87
N.On.Tt 2.57 1.06 0.99 16.11 6.83 0.96
OPD(I) 0.130 1.49 0.99 0.376 4.24 0.97
OPD(F) 0.136 2.18 0.99 0.949 16.40 0.85
OPD 0.205 1.36 0.99 1.01 6.90 0.94
Ct.Ar 0.102 0.619 0.99 0.279 1.69 0.99
Ct.Ar/Tt.Ar 0.002 0.566 0.99 0.005 1.40 0.99
Tt.Ar 0.179 0.355 0.99 0.255 0.507 0.99
Es.Ar 0.156 0.462 0.99 0.225 0.667 0.99
On.Ar 0.001 2.80 0.99 0.001 3.02 0.99
On.Cr 0.009 0.966 0.90 0.013 1.50 0.65

3.2 Histological methods and age: total, sex and population sub-samples

Table 5 presents descriptive statistics for age and for the histological variables that are
included in the four existing formulae (Table 3). These data are presented for the entire sample
and the sample divided by sex and by population sample sub-groups. The correlation between
age and the histological variables for the entire sample is statistically significant (P-values < 0.01)
as indicated by Pearson’s (r) and Spearman’s coefficients (rho), with OPD and On.Cr parameters
showing a positive correlation with age (rand rho are 0.71 and 0.67, respectively). The remaining
parameters demonstrate a negative relation with age with correlation coefficients ranging from
0.55 to 0.64. R%values are calculated for each variable in relation to age for the entire sample,
and for the sample divided into sex and populations. As seen in Table 5, overall, OPD and osteon

circularity report the strongest correlation.

The entire sample is divided by sex as well as by sample population to investigate the
relationship between the histological parameters for males and females, as well as for the Cretan
and Greek-Cypriot sub-samples. Descriptive statistics and correlation coefficients as well as R?
values are presented in Table 5. The histomorphometric parameters show the same positive or
negative statistically significant relationship with age as seen for the entire sample, with r and

rho coefficients ranging from 0.42 to 0.79 for sex and from 0.43 to 0.73 for population sub-
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samples. The only parameter that does not show a statistically significant relationship is
Ct.Ar/Tt.Ar for males (r=-0.27). As for R? values regarding the sub-samples, the strongest relation

is reported for Ct.Ar in females, and for OPD and On.Ar for Greek-Cypriots.
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Table 5. Descriptive statistics, normality values, correlation coefficients and R? for the
entire sample, the sample divided by sex sub-samples (males and females) and by population
sub-sample (Cretans and Greek-Cypriots).

Min Max Mean SE SD r /rho R?
Known Age 19 100 60.33 1.91 17.89 N/A
OPD 4.49 25.62 15.44 0.46 435 0.71%* 0.49
TOTAL Ct.Ar 6.38 44.77 19.21 0.85 7.98 -0.58** 0.31
SAMPLE
(88) Ct.Ar/Tt.Ar 0.091 0.596 0.322 0.01 0.12 -0.55%* 0.25
On.Ar 0.015 0.052 0.032 0.001 0.01 -0.64%* 0.40
on.Cr 0.858 0.945 0.91 0.001 0.02 0.67** 0.45
20 89 60.1 2.61 16.53
Known Age N/A
19 100 60.52 2.76 19.11
7.65 24.93 15.48 0.65 4.08 0.79** 0.51
OPD
4.49 25.62 15.42 0.66 461 0.69%* 0.48
9.26 44.77 21.16 1.37 8.64 -0.42%% 0.16
Ct.Ar
6.38 39.95 17.59 1.02 7.07 -0.73%* 0.54
MALES (40)
FEMALES (48) 0.091 0.572 0.304 0.02 0.12 -0.27 0.07
Ct.Ar/Tt.Ar
0.152 0.596 0.336 0.02 0.13 -0.70%* 0.43
0.016 0.052 0.032 0.001 0.01 -0.54%* 0.29
On.Ar
0.015 0.051 0.031 0.001 0.01 -0.69%* 0.49
0.858 0.945 0.913 0.003 0.02 0.67** 0.45
On.Cr
0.859 0.942 0.908 0.002 0.02 0.68%* 0.46
19 98 57.49 3.31 21.17
Known Age N/A
20 100 62.81 2.07 14.2
4.49 24.93 14.5 0.7 45 0.68** 0.46
OPD
8.03 25.62 16.26 0.6 4.09 0.73%* 0.54
8.17 42.11 17.74 1.19 7.63 -0.68** ‘ 0.39
Ct.Ar
CRETAN (41) 6.38 44.77 20.49 1.19 8.13 -0.58** ‘ 0.35
GREEK-CYPRIOT
(47) 0.091 0.596 0.316 0.02 0.13 -0.43%* ‘ 0.18
Ct.Ar/Tt.Ar
0.156 0.556 0.326 0.02 0.11 -0.72%% ‘ 0.42
0.016 0.05 0.03 0.001 0.01 -0.66** ‘ 0.41
On.Ar
0.015 0.052 0.033 0.001 0.01 -0.73** ‘ 0.54
0.858 0.942 0.905 0.003 0.02 0.68** 0.46
On.Cr
0.859 0.945 0.913 0.002 0.02 0.64%* 0.41

Grey rows indicate Male (sex sample) and Crete (population sample); ** Correlation significant at 0.01; italics indicates
Spearman’s Rank (rho)
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Existing histological age estimation methods on the Mediterranean sample

The histomorphometric parameters are inserted into the respective formulae and the
age estimates are calculated. The entire dataset is used to explore the overall accuracy rates of
the four methods and to examine the correlation and strength between age estimates and known
age (Table 6).

Table 6. Age estimates (minimum, maximum, mean, SE and SD) produced by the
four formulae on the entire sample.

N=88 Min Max Mean SE SD r R?
Known Age 19 100 60.33 1.91 17.89 N/A

Stout and Paine (1992) 13.03 33.68 22.47 0.46 4.3 0.69** 0.48

Stout et al. (1994) 17.32 71.87 35.39 1.27 11.95 0.67** 0.45

g European-American 7.6 66.2 36.63 1.43 13.37 0.75** | 0.56
o~

:—E Unknown Ethnicity 11.51 61.01 36.23 1.15 10.81 0.76** 0.57

é African-American 15.29 54.62 37.92 0.97 9.08 0.70** 0.49

Goliath et al. (2016) 35.05 86.42 65.94 1.36 12.76 0.67** 0.45

Min=minimum, Max=maximum, SE=standard error, SD=standard deviation. ** significant at 0.01

To further explore the histological parameters and their relation to age, the entire sample
is divided by age cohorts taking into account the number of individuals for each age group, and
is truncated at 60 years of age to consider OPD asymptote occurring at this age [17,52]. As seen
in Table 7, there is a general underestimation trend for all methods except for Goliath et al. [34].
When the sample is divided into four age categories, the formulae developed by Stout and Paine
[13], Stout et al. [21] and Cho et al. [32] show a noticeable increase in inaccuracy for individuals
over the age of 40. The highest values of inaccuracy are seen for the individuals over the age of
80. The Stout and Paine [13] age estimation equation produces the highest error values. The
opposite trend is observed in the application of Goliath et al. [34] formula for which the highest
inaccuracy and bias values are observed in the youngest group (20-39 years old), while the lowest
are evident in the 60-79 years age cohort. The only underestimation observed by using this
method corresponds to the over 80 years of age group. Overall, there is an increase in inaccuracy
and bias values when the sample is divided into under and over 60 years old for which the values

almost double between the young and the old age cohorts. This pattern is observed in the
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application of Stout and Paine [13], Stout et al. [21] and all three formulae developed by Cho et
al. [32], suggesting a trend of increasing inaccuracy and bias in older age categories. Goliath et al.
[34] follows the opposite pattern with decreasing inaccuracy and bias values with increasing age.
For the entire sample, Stout and Paine [13] formula produce values that surpassed Stout et al.
[21] and Cho et al. [32] methods in more than 10 years of difference being the least accurate
method. From the three formulae applied from Cho et al. [32], the African-American ancestry
one shows the lowest inaccuracy and bias values although a similar performance is observed by
the three age predicting equations. Overall, Stout et al. [21] and Cho et al. [32] perform similarly.
Comparing all four techniques, Goliath et al. [34] is the method that most accurately predicted

age in the sample under study.
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Table 7. Inaccuracy and bias values for the Mediterranean sample by age cohorts, </> 60 years and the entire sample.

Cho et al. (2002)

Stout and Paine (1992)

Stout et al. (1994)

European formula

Unknown formula

African-American

Goliath et al. (2016)

formula
N r::gee Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias
11 19-39 10.38 -10.38 6.19 -3.73 10.70 -5.90 8.72 -3.94 10.34 -0.36 22.52 22.52
28 40-59 31.22 -31.22 22.72 -22.72 22.87 -22.87 21.68 -21.68 18.72 -18.72 11.37 9.14
36 60-79 42.73 -42.73 27.17 -27.17 24.41 -24.41 25.85 -25.85 24.86 -24.86 6.87 4.05
13 80 61.94 -61.94 41.48 -41.48 38.58 -38.58 41.49 -41.49 42.24 -42.24 12.62 -12.01
39 under 60 25.34 -25.34 18.06 -17.36 19.44 -23.23 18.02 -16.68 16.35 -13.54 14.52 12.91
49 over 60 47.83 -47.83 30.97 -30.97 28.17 -28.17 30.00 -30.00 29.47 -29.47 8.40 -0.21
88 All 37.86 -37.86 25.24 -24.94 24.30 -23.70 24.69 -24.10 23.66 -22.41 11.11 5.61
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When the sample is divided into subgroups (sex and population sub-samples), estimated
age and known age correlations are all statistically significant at the P-value < 0.01 level with the
highest coefficients (r >72) being provided by the European-African and unknown ethnicity

formulae [32].

Further investigation of the age estimates produced by each method for males and
females divided into age cohorts, under and over 60 years old, and the entire sex sub-samples
demonstrate a similar inaccuracy and bias pattern as the one observed for the entire sample (see
supplementary material). An increasing inaccuracy and bias values towards increasing age for all
methods except for Goliath et al. [32] is reported. Stout and Paine formula [13] produces the
highest inaccuracy and bias values and Stout et al. [21] and Cho et al. [32] perform similarly for
the two sex sub-samples. When divided into age cohorts, females over 80 years of age produce
higher inaccuracy and bias values than their male counterparts for all methods. This trend is also

observed for Goliath et al. [34] method.

The Cretan and Greek-Cypriot samples produced similar values for the four age
categories and the four aging methods, with slightly higher inaccuracy and bias values being
reported for the Greek-Cypriot sample (see supplementary material). It must be noted that
although sample sizes are uneven, similar results as the ones obtained for the entire data set
and separated sex samples are produced. Again, Stout and Paine [13] method shows the
highest bias and inaccuracy values. When all individuals included in each sample are compared,
Greek-Cypriots show slightly higher inaccuracy and bias values than the Cretans. Among the
three formulae of Cho et al. [32], the African-American formula perform slightly better than
the others, although the difference is very small.

Further steps on the validation study are carried out on the entire data set based on the
similar inaccuracy and bias trends reported for entire sample and for the sex and population sub-
datasets. Wilcoxon signed-rank test is performed to verify whether the values for known age
differed significantly from the estimated age for the entire sample and the sample divided into
age cohorts (Table 8). High inaccuracy and bias values are observed for Stout and Paine [13] which
underestimated age in all age cohorts with P-values less than the 0.05 threshold. Only individuals
under 40 years of age showed non-statistically significant differences between estimated age and

known age for Stout et al. [21] and for all the three formulae from Cho et al. [32], although this
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outcome might be a result of the small sample size for this specific age cohort. When the sample
is divided into 20 year age cohorts, Goliath et al. [34] method produces estimated ages that are
statistically significantly different from zero for all the sub-groups. However, this method produces
estimated ages not statistically significantly different from known age for over 60 years of age

individuals, suggesting that it can accurately estimate age in old specimens.

Table 8. Wilcoxon paired test between known age and estimated age.

| Cho et al. (2002)
Stout and Paine African-American Goliath et al.
(1992) Stout et al. (1994) European formula Unknown formula formula (2016)

Age
N z p-value z p-value z p-value z p-value z p-value p-value

range
11 | 20-39 | -2.93 0.003 -1.33 0.18 -1.51 0.13 -1.24 0.21 -0.09 0.93 -2.93 <0.001
28 | 40-59 -2.93 <0.001 -2.93 <0.001 -2.93 <0.001 -2.93 <0.001 -2.93 <0.001 -3.69 <0.001
36 | 60-79 -5.23 <0.001 -5.23 <0.001 -5.23 <0.001 -5.23 <0.001 -5.23 <0.001 -5.23 <0.001
13 80 -3.18 <0.001 -3.18 <0.001 -3.18 <0.001 -3.18 <0.001 -3.18 <0.001 -3.18 <0.001

under
39 60 -5.44 <0.001 -5.2 <0.001 -5.17 <0.001 -5.17 <0.001 -4.7 <0.001 -4.77 <0.001
49 Ogg' 6.09 | <0.001 609 | <0001 | -6.09 | <0001 | 609 | <0001 | -609 | <0001 | -041 | o0.68
88 ALL -8.14 <0.001 -8.07 <0.001 -8.06 <0.001 -8.07 <0.001 -7.92 <0.001 -3.88 <0.001

In the final stage, B&A analysis is used to assess the agreement interval produced by the
estimated ages; only those age categories that present non-statistically significant differences
between estimated and known age are tested (Table 8). For Stout et al. [21] and Cho et al. [32]
methods, plots are not presented due to the low number of cases (n = 11). A one sample T-test
confirmed that the difference between estimated and know age is non-statistically significant (P-
value > 0.05). The upper and lower limits of agreement for the formula developed by Stout et al.
[21] range between 10.94 and -18.38 with a bias of -3.72. Cho et al. [32] European formula
presents agreement levels of 17.7 and -27.7 with a bias of -5.9. Cho et al. [32] unknown formula
limits of agreement range from 15.3 and -23.3 with a bias of -3.9; and the African-American
formula presents 23.61 and -24.3 upper and lower limits of agreement with a bias of -0.36. All the
cases fall within the limits of agreement calculated for each formula. Among these methods, Stout

et al. [21] produced the narrowest limits of agreement.

Due to a larger sample size (n = 49), the over 60 years old age cohort was tested with B&A
plot to graphically examine the agreement between estimated and known age for Goliath et al.

[34] (Table 8). The difference between scores is not statistically significant (P-value > 0.05) as
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indicated by sample t-test. Figure 2 shows the upper and lower limits of agreement corresponding
to 21.52 and -21.93 (solid lines). Only two cases fall outside the limits of agreement (4% of the
total sample) with a bias of -0.21 (dotted line). The best-fit line (coloured line) indicates a general

underestimation of individuals older than 73 years of age.
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Figure 2. Difference in Goliath et al. (2016) estimated ages and known age against known
age for the over 60-year-old sub-sample set.
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4. Discussion

Age estimation is one of the first steps in the identification process. Aging methods applied
by forensic anthropologists as they testify in court must be validated by the scientific community
[2,53]. The methods commonly used to gather anthropological information from skeletal remains
are scrutinized to evaluate measurement error, and to identify —when possible- the degree of error
related to practitioners experience and/or to technical methodological aspects [54]. This is now
accomplished by producing studies that show the rate of repeatability and validity of such research
[19,22].

Repeatability and reproducibility are tested in this study through TEM analysis and Intra-
class correlation coefficient [43]. Regarding secondary osteon frequency parameters, the results
indicate acceptable levels of intra-observer error which is in agreement with other studies [34,55].
rTEM and R as well as ICC values for inter-observer errors ranged from fair to excellent agreement
depending on the selected parameter. Osteon remodeling as expressed by OPD constitutes a
critical variable in histological research [26,28]. One of its constituent parameters, N.On.Fg and
consequently OPD(F) presented the higher inter-observer error in accordance with previous
studies [39,56]. As originally expressed by Stout and Paine [13], the definition and the nature of
the parameter states that at least 10% of the Haversian canal perimeter must exhibit evidence of
resorption, implying the estimation of the missing percentage and possibly misleading intact and
fragmentary osteons differentiation. Additionally, individuals from the old cohort present a less
structured and more crowded rib cortex with microstructural markers such as fragmentary
osteons and interstitial bone hampering the overall histological assessment. However, neither
N.On or OPD(l) showed poor agreement between observers, and moreover, OPD showed overall
acceptable levels of inter-observer errors as seen by TEM and ICC results. This indicates that the
discrepancies regarding OPD(F) are compensated by the inclusion of OPD(I) as seen elsewhere
[56,57].

Intra and inter-observer error values for the remaining histomorphometric parameters
achieved precision and met overall repeatability standards, supporting that metrics on rib cortical
bone might be easily performed [30,56,57]. The only exception is On.Cr, which demonstrated high
within subjects’ variance for both for intra- and inter-observer errors, as indicated by R, TEM and
ICC values. This issue has also been noted by Lagacé et al. [22]. The assessment of On.Cr was
performed through microphotographs using ImageJ software which calculates automatically the

circularity index including area and perimeter values [60]. Other authors tested different On.Cr
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acquisition protocols and highlighted some difficulties for data collection of this specific parameter
[61]. A possible drawback in On.Cr data collection noted in this study entails the increasing
overlapping of osteons as age increase, and thus, the difficulty of finding osteons with completely
intact cement lines on the selected rib area [34]. This is an issue that has also been reported by
other authors [62].

Histomorphometric methods are considered experience-based techniques [63]. Combining
the information previously published by our group [19] and the observed errors presented in the
current study, the same parameters demonstrated inconsistencies for inter-observer, regardless
the levels of experience, which has been pointed out by other researchers [39]. This might suggest
that factors other than practitioner expertise may play an important role in the method’s
reliability. Special attention must be placed on the definition of microstructures which may lead
to subjective evaluation. Accounting for possible technical issues, the histological assessment was
carried out through microscopy and microphotographs as suggested in other studies [18,64]. It is
unlikely that the counting of features as fragmentary secondary osteons would be drastically
altered due to the data acquisition protocol.

Inherent methodological limitations might have counted as sources of error [39]. As these
methods are applied to the assessment of human remains associated with legal cases, the lack of
agreement for some of the parameters between readers might indicate the need of further
training in bone histology as well as clarification on parameters’ description. Laboratory training
with an experienced histologist is thus highly recommended.

The focus of future bone histological methods should contribute to standardization,
improvement of data collection and reliability as most of the published studies either did not
report observer error or only assessed intra-observer error [21,28,32,65,66]. This trend may
decrease scientific reliability and limit the use of microscopic methods for expert witness
testimony in court room, even if the method accurately estimates the age of unknown individuals
[67].

The wide applicability of bone histological analysis for aging [57,65] allows practitioners
to adapt histological methods to the case at hands to fit the purpose of the investigation.
However, there are aspects such as inter-population variability in remodelling dynamics that may
decrease the accuracy of a method when applied to a target population not closely related to the
reference population [52]. Some researchers have developed population specific standards for
estimating histological AAD to overcome this problem [26,31,32]. In this paper, a validation study

to determine the performance and accuracy of four existing histological aging methods developed
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from European and African Americans individuals [13,21,32,34] was conducted on two
Mediterranean samples. The correlations between the variables and age as well as sex and
population sub-samples were investigated, with bias and inaccuracy of the existing methods
reported. Special attention must be placed to the main factors affecting the methods’
performance such as differences in demographic characteristics and biological affinity between
reference and target samples, as well as inherent limitations related to histological age estimation
techniques (i.e. OPD asymptote [17]) and methodological issues related to the statistical

approach.

All the histomorphometric variables included in our study are statistically significant
correlated to age and they behave as expected for the entire sample. The same can be said when
the entire sample is divided by sex and by Cretans and Greek-Cypriots sub-samples. Inaccuracy
and bias are commonly used for the evaluation of methods reliability [47]. The outcome from this
research shows a general pattern of underestimation for each of the methods explored, except

for Goliath et als formula [34].

Regarding the entire Mediterranean sample, the results indicated that Stout and Paine
method [13] produced inaccurate age estimates and this finding is in accordance with other
studies [51,68—70]. Stout et al. [21] and Cho et al. [32] formulas perform similarly with a slightly
lower accuracy and bias values seen for Cho et al.’s African-American equation. Goliath et al. [34]
method provides the best performance overall, although it shows a tendency of overestimation
of young individuals and underestimation of the oldest age cohort as seen somewhere else [22].
The same tendency is observed for the sub-samples by sex and by Cretans or Cypriots groups, with
each age prediction equation displaying discrepancies for specific age categories. Overall, Stout
and Paine [13], Stout et al. [21] and Cho et al. [32] methods show a gradual increase of inaccuracy
and bias values with increasing individuals” chronological age. When the sample and sub-samples
are truncated at 60 years of age, a substantial decrease in accuracy and bias is seen for the
formulas including OPD as a predictor. This observation has been reported by other studies [51]
with the implication of OPD rib asymptote occurring at this age and provoking a dissociation
between chronological and estimated age [8]. Furthermore, the under 60-years-old age cohort in
the Mediterranean sample presented a closer mean age to the mean age of the reference samples
explaining to some extent its higher accuracy. In reverse, Goliath et al. [34] formula only includes
On.Cr as a single predictor. It was previously suggested that osteon circularity may be a mechanism

for providing support to the loading forces and for preventing micro-damage, and thus, it is
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positively correlated to age [34,71]. Hence, the better performance of this method is presumed
since it is not affected by osteon densities plateau. The low number of young individuals included
in Goliath et al. [34] original reference sample (7% of the total) could explain the higher inaccuracy
and bias of this formula for the younger Mediterranean cohort.

The general inaccuracy and bias values produced by this validation study do not show major
differences when sub-groups are compared (by sex and by Cretans and Greek-Cypriots sub-
samples, separately). The fact that inherent sexual and genetic differences could not been discern
within the sexes and within population specific sub-samples due to sample size and uneven
number of individuals for each sub-group must be taken into consideration.

Male and female rib histomorphometry produced very similar results when the two sex
groups were compared, although females exhibited slightly higher inaccuracy and bias values than
males when the samples are divided into age categories. The differences between sexes are es-
pecially noticeable for the over 80 years old age group. For the three methods including OPD as
predictor [13,17,33], this might suggest more variability in remodelling rates within the female
group, along with a higher mean age for females (Females = 92 years old, Male = 83 years old).
Moreover, the increment in bone remodelling rates related to post-menopause is not steady
throughout time and it is also triggered by other diseases that are potentially appearing with ad-
vanced age [72]. A similar trend has been shown by other studies for the female group in their
samples [56]. Regarding On.Ar, weight, strains and loading complexity might entail factors affect-
ing osteon size [73—75], as well as genetics and physiological mechanisms playing an important
role [76]. Additionally, postmenopausal osteoporosis disorder commonly observed in females
over 60 years might have impacted osteonal structures morphology and the appearance of the
rib cortex [26,77]. The higher variability observed in Goliath et al’s formula [34] for the oldest
Mediterranean female group might be due to intrinsic factors or to age related changes, and fur-

ther examination of a larger sample size for this particular age cohort is required for confirmation.

Cretans and Cypriots show similar accuracy and bias values as for the entire sample and the
sex sub-samples with slight differences observed by age cohorts (note the under-representation
of Cypriot individuals younger than 40 years of age produce an unbalanced age distribution).
However, the Cretan sample does not perform better. Hence, it seems that there might be a
secondary reason, such as the overall skewed age distribution of the Mediterranean samples,
possibly affecting the general performance of the methods. Based on the low accuracy of three of

the four formulae applied [13,21,32], inter-population differences in bone remodeling between
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the European and African-American reference samples and the Mediterranean samples might be
considered as their biological affinity is not ensured [78—-80]. This matter has been previously
reported for other histological studies testing other populations [26]. Bone mass and bone
structure have been shown to vary between populations [81-83], with discrepancies between
known and estimated age being reported [26,31]. This could be a true statement for formulas
accounting for remodeling rates variables such as OPD. It appears, however, that an alternative
parameter like On.Cr might possibly minimize the inter-population differences. Recent research
found inaccurate age estimates when methods based on degenerative articular changes were
applied on the Cretan Collection, suggesting that age indicators may not be strongly correlated to
age as they are in the reference sample [29].

Age and sex distribution differences between reference and target samples may have an
impact on the methods reliability [23,84]. Stout and Paine [13], Stout et al.[21] and Cho et al. [32]
samples differ from a minimum of 10 to a maximum of 30 years from the Mediterranean sample
mean age (60 years), with Stout and Paine [13] accounting for the highest mean age difference
between reference and target samples. According to B&A results, Stout et al. [21] procedure is
recommended for younger adult individuals as assessed by the limits of agreement and bias. All
formulae generated by Cho et al. [32] produced similar accuracy and prediction power; however,
the ethnicity unknown equation performs the best as noticed by other studies [33]. Goliath et al.
[34] sample age distribution matches the mean age of the sample under study supporting its
overall good performance. This method estimated age within the limits of agreement for 96% of
individuals older than 60 years of age. Regarding sex distribution, Stout and Paine [13] is skewed
towards males while Goliath et al .[34] accounts for a more even sex distribution which might also
influence our validation study results.

Methodological issues need to be considered when revising the performance of the applied
histological methods. One of the underlying reasons for the poor performance for Stout et al. [21]
could be explained by sampling area and/or rib number. A previously published sampling error
pilot study [19] suggested that other inherent factor as inter-population variability rather than rib
topographical location could be the major causes of the reported errors. Regarding rib number,
ribs from the Mediterranean samples consist mostly of 6" ribs and it could be thought that certain
bias is introduced by the fact that Stout et al. [21] used the 4™ costal element. As noted above,
standard ribs do not seem to introduce major bias on the methods reliability [18]. Indeed, recent
histological aging studies do not specify or report rib number in their standards [33,34].

Differences between histological variables values among the samples are examined for their
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potential impact on the methods age estimates. The Mediterranean mean OPD value is of the
same general magnitude as those reported by Stout and Paine [13] and Stout et al. [21]. However,
the Mediterranean sample presents a higher mean age. A larger difference is noted for mean OPD,
On.Ar and Ct.Ar/Tt.Ar values between European and African-American ethnicity groups and the
study sample [32]. Moreover, a larger variation was accounted for among Cretans and African-
Americans. On.Cr mean value for Goliath et al. [34] reference sample is comparable to that
obtained by the study sample supporting a better method’s performance (0.905 versus 0.910).
Excluding possible inter-observer scoring differences among authors, variability in bone
remodeling rates between populations might be the origin of the discrepancies as suggested
elsewhere [85].

The last argument concerns the statistical approach undertaken by the four aging prediction
methods tested in this research. Stout and Paine [13] method applies logarithmic transformed
data and its systematic underestimation of ribs from other communities has been reported by
several studies [56,69,86]. Transformation from logarithmic data into arithmetic units might
induce an underestimation bias due to the geometric mean used for making the age predictions
[87]. Some authors have demonstrated that least square linear regression produces systematic
under and over-estimation issues. The use of classical calibration (dependent variable being the
age indicator) has been presented as an alternative [88], although confidence intervals and source
of errors would be more difficult to be established [89]. The application of Bayes” theorem should

be explored as a possible alternative to avoid systemic under and over-estimation [90].

Conclusions

The reliability and accuracy of four existing age histological methods on two contemporary
Mediterranean Cretan and Greek-Cypriot samples are tested. Based on our results, the level of
error introduced by observers is dependent of the nature of the histomorphometric variables
examined. A similar error pattern is reported for the four aging methods tested producing a
systemic under or over estimation of individuals. This inaccuracy could be explained due to inter-
population variation in bone remodelling rates, although other methodological issues such as
sample demographic characteristics or statistical approach must be taken into consideration as
well. This study supports the fact that none of these methods are deemed reliable for broad
forensic application when the case under investigation is not-closely related to the reference

sample from which the prediction equation is derived from. However, some of the methods might
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be applied to those cases in which the individual can be placed in young or old age cohorts,
preferably when combined with other available age estimation methods. As a result of our findings,
we encourage further histological research for population-specific samples, so additional

references samples can be made available for use in international forensic investigation.
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Supplementary material

Inaccuracy and bias values for the Mediterranean sample divided by sexes: age cohorts, </> 60 years and the entire sample (male and
female, respectively).

Cho et al. (2002)
Pai African-Ameri
Stout and Paine Stout et al. (1994) European Formula Unknown Formula rican-American Goliath et al. (2016)
(1992) Formula

N raA::e Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias

5 20-39 10.39 -10.39 6.97 -4.43 13.17 -6.86 10.57 -4.46 12.59 2.14 22.24 22.24

12 40-59 32.43 -32.43 24.79 -24.79 23.40 -23.40 22.48 -22.48 17.13 -17.13 12.92 9.98

17 60-79 42.62 -42.62 27.39 -27.39 25.42 -25.42 26.55 -26.55 24.93 -24.93 7.46 6.58
7,

E = 6 80 56.61 -56.61 35.08 -35.08 34.99 -34.99 37.24 -37.24 38.53 -38.53 8.24 -6.91
1
s £

17 <60 25.95 -25.95 19.55 -18.80 20.39 -18.54 18.97 -17.18 15.80 -11.47 15.66 13.59

23 >60 46.27 -46.27 29.40 -29.40 27.92 -27.92 29.34 -29.34 28.48 -28.48 7.66 3.06

40 ALL 37.63 -37.63 25.21 -24.89 24.72 -23.93 24.93 -24.17 23.09 -21.25 11.06 7.54

6 19-39 10.37 -10.37 5.54 -3.14 8.65 -5.11 7.17 -3.51 8.47 -2.45 22.76 22.76

16 40-59 30.31 -30.31 21.16 -21.16 22.47 -22.47 21.08 -21.08 19.90 -19.90 10.21 8.50

19 60-79 42.84 -42.84 26.98 -26.98 23.51 -23.51 25.23 -25.23 24.80 -24.80 6.35 1.79

n -

E 5;5 7 80 66.51 -66.51 46.96 -46.96 41.65 -41.65 45.13 -45.13 45.41 -45.41 16.38 16.38
S c
w —

w 22 <60 24.87 -24.87 16.90 -16.25 18.70 -17.74 17.28 -16.29 16.78 -15.14 13.63 12.39

26 >60 49.21 -49.21 32.36 -32.36 28.40 -28.40 30.59 -30.59 30.35 -30.35 9.05 -3.10

48 ALL 38.05 -38.05 25.27 -24.97 23.95 -23.51 24.49 -24.04 24.13 -23.38 11.15 4.00
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Inaccuracy and bias values for the Mediterranean sample divided by population sample: age cohorts, </> 60 years and the entire
sample (Cretans and Cypriots, respectively).

Cho et al. (2002)

Stout and Paine Stout et al. (1994) European Formula Unknown Formula African-American Goliath et al. (2016)
(1992) Formula
N Age range Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias
10 19-39 11.19 -11.19 6.51 -4.39 11.75 -6.52 9.29 -4.63 10.71 -1.06 21.51 21.51
11 40-59 30.94 -30.94 22.08 -22.08 19.65 -19.65 19.41 -19.41 15.93 -15.93 10.65 8.78
12 60-79 43.42 -43.42 29.14 -29.14 21.07 -21.07 23.96 -23.96 24.48 -24.48 4.77 2.36
w —
E % 8 80 62.44 -62.44 45.45 -45.45 40.83 -40.83 43.32 -43.32 44.03 -44.03 12.64 -11.65
o £
21 under 60 21.54 -21.54 14.67 -13.66 15.89 -13.40 14.59 -12.38 13.45 -8.85 15.82 14.84
20 over 60 51.02 -51.02 35.66 -35.66 28.97 -28.97 31.70 -31.70 32.30 -32.30 7.92 -3.24
41 ALL 35.92 -35.92 24.91 -24.39 22.27 -21.00 22.94 -21.80 22.64 -20.29 11.97 6.02
1 20-39 2.26 -2.26 2.94 2.94 0.25 0.25 2.94 2.94 6.64 6.64 32.67 32.67
17 40-59 31.40 -31.40 23.13 -23.13 24.95 -24.95 23.14 -23.14 20.52 -20.52 11.84 9.36
24 60-79 42.39 -42.39 26.19 -26.19 26.09 -26.09 26.80 -26.80 25.05 -25.05 7.92 4.90
v —
2 '<Ir\| 5 80 61.16 -61.16 35.12 -35.12 34.97 -34.97 38.56 -38.56 39.37 -39.37 12.59 -12.59
a
> £
© 18 under 60 29.78 -29.78 22.01 -21.68 23.58 -23.55 22.02 -21.69 19.75 -19.01 12.99 10.66
29 over 60 45.63 -45.63 27.73 -27.73 27.62 -27.62 28.83 -28.83 27.52 -27.52 8.72 1.88
47 ALL 3056 | 3956 | 2554 | 2541 2607 | 2606 | 2622 | 2610 | 2454 | 2426 | 1036 5.25
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