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Abstract
The objectives of this work were to validate two published methods for subadult age estimation based on measurements 
of the pars lateralis, and to develop a new method based on a wider set of measurements using the Granada Osteological 
Collection. The pars lateralis of 127 individuals from 6 months prenatal to 4 years of age were measured, taking 6 meas-
urements of the body, the anterior synchondrosis and the condyle. Length and width were used to validate the published 
methods. Regression functions using age as the independent variable were calculated using each of the six measurements 
taken, and functions for age estimation were obtained through classical calibration. Functions for calculation of the 95% 
confidence interval of the estimates were obtained through linear regression using the estimation errors. In the validation 
of the previous methods, one method showed a linear tendency of the differences, which can be attributed to a circularity in 
reasoning in the original work. In the other method, a tendency towards overestimation was found, which can be attributed 
to the limitations of the method itself. The new functions have a consistency rate of 92.2% to 97.1%; the functions derived 
from all measurements are useful from 6 months prenatal to 2 years of age. Moreover, the functions obtained are applicable 
to incomplete pars lateralis, allowing for age estimation in a wide set of contexts and providing straightforward age estimates 
with their respective margin of error.

Keywords Skeletal age estimation · Pars lateralis · Classical calibration · Forensic anthropology

Introduction

In recent years, several studies have contributed to refin-
ing methods of sex and age estimation in subadult skeletal 
remains. Although there is consensus in that methods based 
on dental development are the most reliable [1–3], it is desir-
able that a wide “toolbox” of methods be available in order 
to encompass a wide range of forensic and archaeological 
settings where the recovery of fragmented and isolated skel-
etal elements is usual. Thus, a diverse array of skeletal ele-
ments from a growing number of documented skeletal col-
lections has been studied to assess morphological changes 

[4] and metric variation of cranial [5, 6] and postcranial 
skeletal elements [7–9].

Regarding the metric variation of the skull, the occipital 
bones and specifically the pars basilaris has received special 
attention, especially by virtue of its relatively late fusion 
with the rest of the skull and its compact nature, resistant to 
taphonomic factors [5, 10–12]. In its immediate anatomical 
vicinity, the pars lateralis has also been the subject of studies 
[6, 10, 11, 13], which reveal its potential for age determina-
tion in infant individuals. However, we believe that these 
studies did not exploit the full potential of the pars lateralis 
as only two measurements were applied: length and width 
(with slight differences in their definition depending on the 
author—see [14]), which are based on the posterior and 
lateral margins of the bone, prone to destruction by tapho-
nomic factors. The first aim of this paper is to validate two 
of the methods derived from the pars lateralis, namely the 
ones proposed by Fazekas and Kósa [11] and Smith et al. 
[6], both of which use the same set of measurements. The 
second and main purpose is to provide a method for sub-
adult age determination from pars lateralis measurements 
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with four practical aspects in mind. First, we seek to employ 
clearly referenced measurements of different components of 
the bone that will allow for the use of incomplete elements. 
Second, we intend the method to be easy to apply, allowing 
for age estimations using a caliper and straightforward calcu-
lations. Third, we aim to provide specific formulae for situa-
tions in which the sex of the individual can be assessed, and 
general formulae for cases in which sex cannot be known. 
Finally, we propose a simple method for determining the 
95% confidence interval of each estimate, in order to pro-
vide all the necessary information on the reliability of the 
estimates.

Materials and methods

Sample

The pars lateralis of 186 individuals were measured from the 
Granada Osteological Collection of Identified Infants and 
Young Children, composed at the time of this study of 241 
individuals of known sex and age, ranging from 5 months of 
gestation to 8 years, most of whom were younger than 1 year 
[15]. Cases with pathologies that could eventually influence 

skull development (anencephaly, hydrocephalus) and cases 
with no recorded age at death were eliminated from the 
analysis, leaving a total of 127 individuals: 55 females and 
72 males (Table 1).

Measurements

The measurements taken were as follows, using a digital 
caliper and registering up to 0.1 mm:

1. Maximum length (Fig.  1a). The greatest distance 
measured between the anterior and posterior interoc-
cipital synchondroses [11]. Typically, the measurement 
involves the lateral margin of the jugular branch of the 
anterior intraoccipital synchondrosis, and the region 
between the posterior and lateral laminae of the pos-
terior intraoccipital synchondrosis. If any bony projec-
tion is found, it should be included in the measurement 
(Fig. 1b).

2. Maximum width (Fig. 1a). The greatest distance meas-
ured between the medial and lateral margins of the pos-
terior interoccipital synchondrosis [11]. The measure-
ment should be made with the caliper parallel to the 
main plane of the bone to ensure the maximum measure-
ment, considering morphological variations due to bone 
development (Fig. 1c).

3. Length of the anterior synchondrosis (Fig. 2). The maxi-
mum distance measured between the jugular and condy-
lar branches of the anterior intraoccipital synchondrosis.

4. Width of the anterior synchondrosis (Fig. 2). Maximum 
measurement taken on an axis perpendicular to the 
length. The measurement should be taken with the cali-
per parallel to the anterior surfaces of the synchondrosis 
to measure the maximum width regardless of whether it 
is on the jugular or condylar branch.

5. Length of occipital condyle (Fig. 3a). Maximum dimen-
sion of the condyle taken in the anteroposterior axis. If 

Table 1  Age at death (years), gestational age at death (days), and sex 
distribution of the sample

Age (years) Gestational age (days) Females Males Total

Fetal 0–279 6 4 10
0–0.99 280–644 33 53 86
1–1.99 645–1009 5 9 14
2–2.99 1010–1374 6 2 8
3–3.99 1375–1739 0 4 4
4.4–99 1740–2104 2 0 2
5–5.99 2105–2469 3 0 3
Total 55 72 127

Fig. 1  a Location of the length 
(1) and width (2) of the pars lat-
eralis. Panels b and c show the 
procedures for recording length 
and width when exostoses or 
variants in shape are found
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a ridge is present, it should be included in the measure-
ment (Fig. 3b).

6. Width of the occipital condyle (Fig. 3a). Maximum 
measurement of the condyle in an axis perpendicular 
to the length. It is convenient to take it with the cali-
per parallel to the surface of the condyle to measure the 
maximum dimension.

By default, all available pars lateralis were measured 
regardless of their side; however, due to poor preservation, 
not all measurements could be taken on all bones. The left 

element was selected for the analysis; to verify whether 
the left and right elements were interchangeable when the 
left measurement could not be taken, the measurements of 
both sides were compared using Student's t-test for paired 
samples.

To estimate the intra- and interobserver error, repeat 
measurements were performed several days after the origi-
nal measurements on a random sample of 43 individuals, 
both by the original investigator (GF) and by one of us (JIO). 
These measurements were evaluated using the concordance 
correlation coefficient (CCC) [16] interpreted using the cri-
teria suggested by McBride [17]. CCC calculations were 
performed using the DescTools package in the R 3.6.2 sta-
tistical environment [18].

Validation of previous methods

The effectiveness of the methods proposed by Fazekas and 
Kósa [11] and by Smith et al. [6]—both based on the length 
and width of the pars lateralis—on the Granada skeletal col-
lection was tested in different ways owing to the difference 
in procedures employed by each method. Fazekas and Kósa 
[11] provide reference tables with the ranges of measurements 
attributable to each age, grouped in intervals of half a lunar 
month (2 weeks). Therefore, in this case, age was estimated 
for those individuals whose measures of length and width of 
the pars lateralis were within the range covered by the original 
method. As the age distribution of the measured individuals 
(Table 1) departs from normality, the estimates were compared 
with the chronological age of the official records using the 
Wilcoxon test for paired samples. The median and interquartile 
range of the differences between estimates and real age were 

Fig. 2  Location of the length (3) and width (4) of the anterior syn-
chondrosis of the pars lateralis

Fig. 3  a Location of the length 
(5) and width (6) of the condyle. 
Panel b shows the procedure for 
recording length when a distinct 
rim is found
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calculated, and the number of overestimated and underesti-
mated cases was counted.

The analysis carried out by Smith et al. [6] on the Lisbon 
and Spitalfields skeletal collections provides a set of linear 
functions for age estimation, accompanied by their respective 
mean standard errors which, when multiplied by two, provide 
95% confidence intervals for age estimates. Therefore, in addi-
tion to determining the age of the remains from the Granada 
collection from length and width using the corresponding lin-
ear functions, the 95% confidence interval of the estimates 
was calculated. A concordance rate for each function was cal-
culated as the percentage of individuals whose real age fell 
within the 95% confidence interval of the estimate. As with 
the Fazekas and Kósa method, the comparison between the 
actual ages and the point estimates was performed using a 
Wilcoxon test for paired samples, the number of overestimated 
and underestimated cases were counted, and the median and 
interquartile range of the differences with the point estimates 
were calculated.

Regression functions

Graphical inspection of the data (Figs. 4 and 5) suggests that 
the best relationship between age and measurements is loga-
rithmic, so a linear regression of each measurement as a func-
tion of the logarithm of age was performed, with the resulting 
equations having the following general form:

Once the regression equations were calculated, they were 
transformed to solve for age, so that the general form of the 
estimating equations is as follows:

measurement = a + ln (age) × b

age = e
measurement−a

b

This classical calibration procedure was preferred to the 
calculation of regression equations, using age as the depend-
ent variable because of the bias this introduces in the residu-
als, and which has been widely documented [19].

Prior to performing the regression analysis, a graphical 
inspection of the relationship between the measurements 
and the logarithm of age was performed to detect deviations 
from homoscedasticity, and to determine the age intervals in 
which the linear relationships held in order to avoid behav-
iours in the data that alter the slope of the regression. The 
equations were calculated from the gestational age (GA) of 
the individuals, calculated by adding 280 days to the post-
partum chronological age. Thus, prenatal individuals had 
ages less than 280 days. To obtain the age in years of the 
individuals analysed, 280 days must be subtracted from the 
age value obtained, and then divide the resulting number of 
days by 365. Regression equations were performed for all 
individuals, and for individuals of each sex separately, with 
ANCOVA testing of the difference between their slopes. The 

Fig. 4  Logarithmic relationship 
between the length of the pars 
lateralis and gestational age

Fig. 5  Linearized relationship between the length of the par lateralis 
and gestational age, showing distinct departures from linear tendency 
in black
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graphical representation of the data was performed with the 
ggplot2 package [20], and all statistical analyses were per-
formed in the R 3.6.2 environment [18].

Error of the estimate and internal validation

The standard error of the regression coefficient behaves as 
a variation in the slope that oscillates about the mean of the 
independent variable—in this case, the logarithm of age. 
Therefore, the standard errors (and resulting confidence 
intervals) of the estimates widen as they move away from 
the mean and must be calculated for each case. There are for-
mulae available both for estimating values of the dependent 
variable from the linear regression equation [21] and for val-
ues of the independent variable solved from the transformed 
equation [22]. However, for practical purposes, we opted 
in this study to provide linear regression equations of the 
margin of error on the estimated age for each formula. This 
allows us to quickly calculate the 95% confidence interval 
of the point estimate of age obtained from the formula by 
employing equations with the following general form:

The formulae for calculating the error were obtained from 
the confidence intervals of the age estimates of each for-
mula, using the investr package [22] in the R 3.6.2 environ-
ment [18]. In addition, for comparative purposes, the mean 
standard error (MSE) of each age estimation formula was 
calculated using the confidence intervals.

Internal validation of the models was carried out by 
applying them on the original data. The age estimates were 
considered in concordance with the real age of the individu-
als if the latter fell within the 95% confidence interval of the 
estimate. A concordance rate was calculated as the percent-
age of individuals with concordant age estimates.

Results

Comparison of the measurements of left and right elements 
yielded results indicating no evidence (t = 0.205, df = 170, 
p = 0.838 for condyle length) to weak evidence (t = 1.739, 
df = 156, p = 0.084 for synchondrosis length) for asymme-
try between the sides, so the left pars lateralis was used by 
default, turning to the right element if the left was absent 
or could not be measured due to poor preservation. This 
resulted in the number of elements for each measurement 
shown in Table 2. The results for intra- and interobserver 
error (Table 3) show a concordance of more than 95%, thus 
being substantial to near perfect for all measures.

The results obtained for the validation of the methods 
proposed by Fazekas and Kósa [11] and by Smith et al. [6] 

error = a + age × b

are shown in Table 4. In the Fazekas and Kósa method, 
significant differences were found for maximum length but 
not maximum width. However, graphical examination of 
the differences (Fig. 6a–b) showed a tendency to overes-
timate prenatal ages, and to underestimate ages around the 
moment of birth. Moreover, a distinct linear tendency was 
observed in the differences. Applying the method proposed 
by Smith et al. [6] to the Granada pars lateralis data, strong 
evidence was found for a tendency towards overestimation 
of the point estimates, but high consistency rates were found 
when the 95% confidence interval was considered (Table 4; 
Fig. 6c–d).

Graphical inspection of the relationship between the loga-
rithm of age and measurements yielded several deviations 
from linearity, recorded from 2 years of age (GA = 1010) 
for maximum length, maximum width, and the widths of 
the synchondrosis and the condyle (Fig. 5 ). Therefore, the 
range of predicted ages was restricted to 2 years for these 
measurements, and to 4 years (GA = 1740) for the remaining 
measurements.

Regression functions

The formulae for estimating age based on the regression 
functions obtained are shown in Table 5, together with their 
coefficient of determination (R2), their concordance rate, and 
the formula to obtain the error for each case. All models 
presented R2 greater than 0.8; the lowest concordance rate 
(92.2%) corresponds to the formula for condyle length in 
male individuals.

The formulae are applied calculating the division of the 
difference between the measurement and the intercept (a) 
by the slope (b) and using this result as the exponent for the 
base of the natural logarithm (e). For example, in the case 
of measuring a synchondrosis length of 12.4 mm, the appli-
cation of the general formula (Table 5, formula 3) yields a 
gestational age of the following:

The margin of error to be considered for the 95% confi-
dence interval of this estimate is as follows:

e
12.4−(−15.88)

4.47 = e
28.28

4.47 = e6.33 = 561.16 ≅ 561

Table 2  Number of cases used for each measurement

Measurement Females Males Total

Length 40 58 98
Width 39 54 93
Length of the anterior synchondrosis 47 65 112
Width of the anterior synchondrosis 42 62 104
Condylar length 51 69 120
Condylar width 44 65 109
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Table 3  Intra- and 
interobserver concordance 
correlation coefficients for the 
measurements used in this work. 
The lower limit of the one-tailed 
90% confidence interval is 
included in parentheses

† Interpretation using the lower limit according to McBride (2005)

Intraobserver error Interobserver error

Measurement CCC Interpretation† CCC Interpretation†

Length 0.995 (0.991) Almost perfect 0.995 (0.993) Almost perfect
Width 0.997 (0.995) Almost perfect 0.991 (0.987) Almost perfect
Length of the anterior synchondrosis 0.995 (0.992) Almost perfect 0.996 (0.993) Almost perfect
Width of the anterior synchondrosis 0.996 (0.993) Almost perfect 0.978 (0.967) Substantial
Condylar length 0.995 (0.991) Almost perfect 0.974 (0.964) Substantial
Condylar width 0.995 (0.991) Almost perfect 0.991 (0.987) Almost perfect

Table 4  Evaluation of the methods of Fazekas and Kósa (1978) and Smith et al. (2021) on the Granada skeletal collection

† P-value of the Wilcoxon test between estimated age and recorded age
‡ Median and interquartile range of the difference between estimated age and recorded age

Method Measurement N p† Median‡ IQR‡ Underesti-
mates

Overestimates Concordance

Fazekas and Kósa (1978) Length 37 0.027  − 10 30 26 8 N/A
Width 24 0.589  − 1 32 12 9 N/A

Smith et al. (2021) Length 88 3.16 ×  10−14 136.7 143.9 9 79 86.4%
Width 83 0.006 19.3 121.7 33 50 96.4%

Fig. 6  Differences between estimated age and real age found when 
applying the methods of Fazekas and Kósa [11] for length (a) and 
width (b) and Smith et al. [6] for length (c) and width (d) to the Gra-
nada skeletal collection. Dots represent the point estimates of age; 

lines represent the 95% confidence interval of the estimates. Points 
below the horizontal lines represent underestimates; points above the 
horizontal lines represent overestimates
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Therefore, the 95% estimate of gestational age is 341 
to 781 days, that is, between two and 16.7 months. In case 
narrower confidence intervals are desired, the standard 
error can be obtained using an approximation to the t dis-
tribution, by dividing the error obtained by the formula 
by two.

The sex-specific regressions and formulae show R2 indi-
ces and concordance rates similar to the general formulae, 
and the formulae for male individuals yield a narrower 
confidence interval. For example, application of the for-
mula for male individuals (Table 5, formula 9) to the above 
example yields a GA of 529 ± 183 days. The formulae for 
female individuals showed wider confidence intervals: 
application of the corresponding formula (Table 5, formula 
15) to the above example yields a GA of 592 ± 269 days. In 
formulae derived from three measurements (synchondrosis 
length, condyle length, and condyle width), moderate evi-
dence was found for a difference in slopes between males 
and females (Table 5; Fig. 7a). Although in the other for-
mulae this difference is statistically non-existent (Fig. 7b), 
it is advisable to employ the specific formulae whenever 
possible.

−4.76 + 561 × 0.40 = 219.64 ≅ 220
Discussion

As for the validation of the methods obtained by other 
authors, apart from the fact that the method proposed by 
Fazekas and Kósa [11] does not provide margins of error, 
the linear tendency observed upon graphical inspection 
deserves more attention. A close reading of the origi-
nal work [11] reveals that, owing to possible reporting 
errors, the skeletal material was not grouped according 
to reported gestational age but rather according to size 
(pp. 30–31). This leads to a circularity in the reasoning 
by which the size of the skeletal element is used to esti-
mate age through a method where the age of the reference 
sample is also an estimate based on size. Therefore, not 
only the methods based on pars lateralis but all methods 
proposed by Fazekas and Kósa [11] should be considered 
unreliable.

The application of the method proposed by Smith et al. 
[6] on the Granada skeletal sample showed a systematic 
overestimation in the point estimates. We believe the main 
reason for this is to be found in the method, which is based 
on dividing the growth curve into intervals that can rea-
sonably be fit to a straight line. In this study, we decided to 

Table 5  Regression formulas for estimating the gestational age (GA) of individuals from the pars lateralis

* Difference between sexes found for the slope at the 0.05 level
MSE, mean standard error

Formula for age
age = e

measurement−a

b

Error for 95% CI
error = a + age × b

Measurement Sex Concordance rate R2 a b a b MSE
(days)

Length 1 Combined 96.6% 0.846 –65.3 16.17 –4.22 0.34 65
2 Male 95.0% 0.866 –70.41 17.04 –6.36 0.32 62
3 Female 94.9% 0.82 –58.22 14.93 –12.67 0.43 76

Width 4 Combined 94.4% 0.826 –50.14 11.57 –5.47 0.38 74
5 Male 94.9% 0.829 –51.11 11.73 –9.6 0.39 76
6 Female 93.5% 0.819 –49.01 11.38 –14.84 0.45 79

Length of the anterior synchondrosis* 7 Combined 96.9% 0.86 –15.88 4.47 –4.76 0.4 90
8 Male 95.7% 0.859 –18.46 4.92 –8.61 0.36 75
9 Female 94.6% 0.879 –14.17 4.16 –9.57 0.47 111

Width of the anterior synchondrosis 10 Combined 95.2% 0.858 –15.32 3.57 –3.02 0.34 68
11 Male 92.9% 0.867 –16.13 3.7 –5.12 0.32 65
12 Female 94.2% 0.847 –14.32 3.39 –7.95 0.41 78

Condylar length* 13 Combined 97.1% 0.809 –19.84 5.14 –8.71 0.59 151
14 Male 92.2% 0.812 –22.79 5.66 –14.81 0.57 139
15 Female 95.8% 0.836 –17.04 4.64 –10.91 0.62 162

Condylar width* 16 Combined 95.4% 0.837 –15.22 3.64 –4.03 0.36 73
17 Male 95.5% 0.854 –16.94 3.93 –6.32 0.34 67
18 Female 95.4% 0.823 –13.22 3.3 –9.72 0.45 85
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use the logarithmic model for several reasons. In the first 
5 years after birth, growth is best described as a “decay-
ing polynomial”, departing negatively from a linear rate 
with time [23]. It is desirable to fit singular models into 
this pattern, and for the period considered we found that a 
logarithmic model was appropriate. Also, the cut-off point 
between one function and the next is based on the behav-
iour of the dataset and can be of limited use for ages near 
the age limit between each linear model, where substantial 
overlap between measurement values can be found. This 
notwithstanding, the method proposed by Smith et al. [6] 
shows a considerable concordance between estimated age 
and real age when the 95% confidence interval is con-
sidered, effectively validating the method through the 
Granada skeletal collection. It should be noted, however, 
that the mean standard errors (MSE) calculated using the 
confidence intervals of the methods proposed in this work 
are substantially lower than the ones calculated by Smith 
and colleagues (i.e., 65 days = 0.18 years vs. 0.37 years for 
length, and 74 days = 0.20 years vs. 0.40 years for width).

The results obtained for intra- and interobserver error of 
the new measurements proposed show a very high degree 
of agreement. This suggests a high applicability, always 

assuming careful reading of the descriptions and the graphi-
cal guides (Figs. 1, 2 and 3) prior to taking the measure-
ments. The regression functions obtained on the entire set 
of measurements have the following features:

– The formulae corresponding to maximum length, maxi-
mum width, anterior synchondrosis width, and con-
dyle width can be applied to the remains of individu-
als between 6 months of gestation (GA = 184 days) and 
2 years (GA = 1010 days).

– The formulae for anterior synchondrosis length and 
condyle length can be applied to individuals between 
6 months gestation and 4 years (GA = 1740 days).

– All formulae are applicable to isolated pars lateralis ele-
ments; in addition, in cases where the pars lateralis is 
fused with the occipital squama but not with the pars 
basilaris, it is still possible to apply the formulae for the 
anterior synchondrosis and the condyle.

– If adequate (morphological or molecular) indicators of 
the sex of the individual are available, it is advisable to 
apply the sex-specific formulae.

It should be noted that the confidence intervals increase 
rapidly with the estimated age; in most of the formulae, the 
error exceeds 1 year in estimates beyond their range of appli-
cability. However, the errors of the formulae for the length 
of the condyle exceed one year for age estimates of 1 year or 
less, being therefore not applicable in general. For the length 
of the synchondrosis, this error is 1 year in age estimates of 
a little more than 1 year, so they are useful for individuals 
of up to 2 years reducing the confidence interval to less than 
95%. Even considering these limitations, we find it impor-
tant to present these formulae as potential tools for isolated 
or fragmented pars lateralis elements.

Regarding accuracy testing, we chose to include the entire 
sample for the regression analysis, privileging sample size 
over the practical convenience of retaining a test sample. 
Thus, the only measures of accuracy we can offer are the 
result of the concordance rates detailed in Table 5. Fur-
thermore, the applicability of the method proposed in this 
work on other populations remains an open issue. Nutri-
tion, disease, and genetic factors all influence growth rates 
in different stages of infancy and childhood, being nutrition 
a crucial factor during the first few years [24]. These factors 
depend on socioeconomic status and population history, and 
this should be considered in the analysis of the samples that 
were inevitably drawn from peoples who lived and died in a 
variety of circumstances. The validation of these formulae 
in populations from a variety of contexts will be crucial in 
the determination of their applicability, and in their eventual 
calibration for other realities. Moreover, the validation and 
comparison will allow us to determine if the patterns found 
in this study can be generalized or are peculiarities of the 

Fig. 7  Differences between the slopes for male and female individu-
als, exemplified through the functions for condylar length (a, signifi-
cant) and maximum length (b, non-significant)
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sample, as for example the apparent faster growth of the 
pars lateralis in males as reflected in a higher slope in the 
regression formulae.

Finally, this is admittedly a fairly simple approach to 
the matter at hand considering recent developments, as for 
example geometric morphometrics [25], transition analysis 
[26] and Bayesian calibration [27, 28]. However, in many 
cases, these studies usually require considerable statistical 
expertise or specific software. A balance should be sought 
between the accuracy of the methods, their sophistication, 
and their applicability.
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