
ORIGINAL ARTICLE

Proposal of new regression formulae for the estimation of age
in infant skeletal remains from the metric study
of the pars basilaris

Javier Irurita Olivares1 & Inmaculada Alemán Aguilera2

Received: 5 May 2016 /Accepted: 12 October 2016 /Published online: 27 October 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract In the context of physical and forensic anthropolo-
gy, when a child’s skeleton is damaged or in poor condition,
which is common, many of the metric methods for the esti-
mation of skeletal age cannot be used. In these circumstances,
those more resistant bones, such as the pars basilaris, will be
most useful. The aims of this study were to test existing
methods for estimating skeletal age from the metric study of
the pars basilaris and to propose new regression formulae.
One hundred fourteen individuals aged between 5 months of
gestation and 6 years were analyzed; seven measures were
taken from each pars basilaris using a digital caliper. The
chronological age was compared with the estimated age using
the methods published by Fazekas and Kósa in 1978 and by
Scheuer and MacLaughlin in 1994. New regression formulae
are proposed, obtained by classical calibration, which include
confidence intervals at 50 and 97.5 % to express the error.
With both methods, significant differences were observed;
the method of Fazekas and Kósa shows a tendency to under-
estimate the age, and the method of Scheuer andMacLaughlin
tends to overestimate it. The proposed formulae represent a
good tool for estimating age in many different contexts be-
cause they are relatively easy to apply, although other analysis
systems, such as Bayesian approach or geometric morphom-
etry, offer more robust and effective results.

Keywords Age estimation . Pars basilaris . Classical
calibration . Forensic anthropology . Juvenile skeletal remains

Introduction

Themost reliable methods for the estimation of age in children
are those based on dental maturation processes [1, 2]. To es-
timate the bone age, metric analysis of the skeleton is usually
preferable, and the length of long bones provides the best
precision [3, 4]. However, infant skeletons degrade easily
due to taphonomic processes [5], so the ends of the diaphysis
of the long bones are often altered. In these circumstances,
other more resistant bones are preferable as, among others,
the petrous part of the temporal bone [6] or the pars basilaris
of the occipital bone [7, 8].

For this reason, the pars basilaris has been widely studied
with the objective of developing methods for estimating age
[9], in addition to metric models [7, 8, 10], assessing the oblit-
eration of sutures [11, 12], or evaluating morphological
changes for the estimation of postnatal survival [7, 13].
However, probably due to the difficulties in investigating in-
fant osteological collections, many of these studies show some
limitations, such as the use of unidentified archaeological or
unrepresentative samples, or ineffective statistical analysis.

The design of systems for age estimation has evolved con-
siderably in recent years. Importantly, prerequisites for the use
of methods for age estimation have been defined, especially if
they are used in forensic settings, helping to define the profes-
sional ethics in the field of physical and forensic anthropology
[14–28]. Among other considerations, it is recommended to
never use methods that do not include information about the
error in the estimate, preferably given as confidence intervals.
Moreover, special attention should be given to quantifying the
repeatability and reproducibility of the method, and care
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should be taken to not interpret the value of statistical signif-
icance as an indicator of the quality of the method. Priority
should be given to those methods designed from representa-
tive and contemporary populations and related to study sub-
jects, and the method used should have been previously
validated.

Advances in computer technology and continuous scientif-
ic discussions in this context have also allowed for performing
more complex analyses more easily and solving conceptual
errors in the analysis methods used in the past. In this
case, some of the most relevant examples are the use of
classical versus inverse calibration [29], the Bayesian cal-
ibration [30, 31], transition analysis [32, 33], and image
analysis using geometric morphometrics [34, 35].

These last examples clearly represent an improvement
in methods and provide better estimates of age. But, in
our view, they also considerably increase the difficulty of
using these methods, since highly specialized computer
equipment or extensive statistical knowledge is required,
which many anthropologists responsible for making esti-
mates of age routinely do not possess. For this reason, we
believe it is important not to create a rift between the
academic and strictly professional context, and achieve a
balance that allows this discipline to keep growing, in-
creasingly improving the methods used, but without
compromising the applicability thereof.

The objectives of this study were to validate the methods
proposed by Fazekas and Kósa [7] and by Scheuer and
McLaughlin [8] for the estimation of age from metric analysis
of the pars basilaris and to propose new regression formulae
through classical calibration, which can be used as a relatively
simple method to estimate age.

Material and methods

The study sample was selected from the Granada osteological
collection of identified infant and young children [36]. This
collection is currently formed by 230 individuals aged be-
tween 5 months of gestation and 8 years, and its main
strengths are the very good condition of specimens, since all
individuals were buried in isolated niches; the collection is
relatively recent (mid to late twentieth century); and a
lot of information antemortem is available, because in
most cases, there are death certificates, birth certificates,
burial certificates, and in cases where an autopsy was
performed, a report by the coroner.

This information allowed us to use the following ex-
clusion criteria to select the study sample: individuals
whose cause of death was a premature birth, because their
chronological age does not correspond to the skeletal age;
individuals whose causes of death may have altered their
skeletal development, such as anencephaly, hydrocephaly,

or Werding Hoffman disease; individuals with obvious
alterations in skeletal development (unknown pathology);
individuals whose pars basilaris was found fully or par-
tially altered by taphonomic factors; and individuals with
unknown chronological age, either by the absence of of-
ficial documents or incongruity between them. Once these
exclusion criteria were applied, a sample of 114 individ-
uals was obtained. The distribution by age and sex is
shown in Table 1.

A digital caliper was used to collect data, but first, several
training sessions were used to practice on the pars basilaris of
several randomly selected individuals.

In addition to the measures used by Fazekas and Kósa [7]
and by Scheuer andMcLaughlin [8], four additional measures
were adopted in this study, referring to the spheno-occipital
synchondrosis and intra-occipitalis anterior suture (right), with
the aim of estimating the age in cases where the bone is par-
tially degraded. A total of seven different measures were taken
from the pars basilaris of each individual. These are described
below (Fig. 1):

(a) Maximum length: the maximum distance between the
posterior edge of the lateral condyle and the spheno-
occipital synchondrosis [9]

(b) Sagittal length: the maximum distance between the fora-
men magnum and the spheno-occipital synchondrosis [9]

(c) Maximum width: the greatest distance measured in the
line of the lateral angles [9]

(d) Maximum width of the spheno-occipital synchondrosis
(e) Height at midshaft of the spheno-occipital synchondrosis
(f) Maximum length of the intra-occipitalis anterior suture
(g) Maximum width of the intra-occipitalis anterior suture

To calculate the intra- and interobserver error, 30 randomly
selected individuals were re-measured by the main observer
and a second observer, and concordance correlation coeffi-
cient (CCC) was calculated [23].

To test the effectiveness of the methods proposed by
Fazekas and Kósa [7] and by Scheuer and McLaughlin [8],
age was estimated for those individuals whose measures of the
pars basilaris were within the range covered by the original
methods. This data were compared with the chronological age
from official records by the non-parametric Wilcoxon test for
related samples, since the data distribution was not normal
(p < 0.05, Kolmogorov Smirnov test). In addition, the mean
difference, standard deviation, and number of overestimated
and underestimated cases were calculated.

In order to propose a new system for age estimation,
new regression formulae were calculated using classical
calibration, since the reverse calibration caused a system-
atic error in estimates [29]. For this, a least-squares re-
gression was performed using Bage^ as an independent
variable and each of the measures of the pars basilaris
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as dependent variable. The logarithmic model was the
best one to explain the results (Fig. 2):

Measure ¼ a � ln ageð Þ þ b

Once this analysis was carried out, the above equation was
easily transformed to offer estimation models:

Age ¼ e
Measure − b

a

Since the logarithmic model does not accept negative values
for the variable Bage^ in fetal individuals, the gestational age of
individuals was used as an independent variable. To calculate
this value, 280 days (40weeks) were added to the chronological
age. For this reason, when the formulae are used, the result
should be converted to the desired unit. For example, to obtain
the estimated age in years, 280 should be subtracted from the
value obtained and the resulting value divided by 365.

Numerous previous studies have confirmed the existence
of different growth rates in boys and girls [2, 37]. For this
reason, to calculate the formulae, the results have been both
separated by sex and combined.

Due to the nature of the data, it is not possible to provide a
single error value for each function, because it increases pro-
gressively with age. Therefore, we believe that regression
functions should also be used to calculate the error according
to the value of the estimated age. To calculate these functions,
the following analyses were performed: after obtaining the
regression formulae for estimating age, they were applied to
all individuals in the sample in order to calculate the error

assumed in each individual (real age − estimated age).
Subsequently, a linear model was created by least-squares
regression using the real age and the absolute value of this
error as variables (Fig. 3). This model allows for incorporating
a confidence interval of 50 % to the estimate. Using the upper
limit for a confidence interval of 95 % of this model (age and
absolute error), we can get a value for the error that would
serve to create a confidence in the estimate of 97.5 %.

Results

The results for intra- and interobserver error are shown in
Table 2. The results for the intraobserver error show substan-
tial agreement for all measures. In the case of interobserver
error, only the measures proposed by the original methods and
the maximum length of intra-occipitalis anterior suture show
substantial agreement.

The results obtained for the validation of the methods
proposed by Fazekas and Kósa [7] and by Scheuer and
McLaughlin [8] are shown in Table 3. Significant

Fig. 1 The locations of
the measurements on the
pars basilaris

Fig. 2 Logarithmic relationship between themaximum length of the pars
basilaris and gestational age

Table 1 Age at death
(years) and sex distribu-
tion of sample

Age Boys Girls Total

Fetus 5 4 9

0–0.99 50 25 75

1–1.99 7 3 10

2–2.99 2 5 7

3–3.99 3 1 4

4–4.99 1 2 3

5–6 3 3 6

Total 71 43 114
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differences were found for both methods, except for the
maximum width when the proposed method by Fazekas
and Kosa [7] was applied.

Regression formulae for estimating the age and for calcu-
lating the corresponding error are shown in Table 4.

Discussion

The results indicate that the methods for estimating age from
metric study of the pars basilaris proposed by Fazekas and
Kósa [7] and by Scheuer and McLaughlin [8] are not suitable
for application in the context of physical or forensic anthro-
pology. In addition to the significant differences between es-
timated and actual age, these methods pose as disadvantages
the use of inappropriate statistical analysis and not to provide
information about the assumed error. These elements have
justified the proposal of new regression formulae as a novel
method for estimating age.

The results obtained for intra- and interobserver error show
that the degree of agreement is Bsubstantial^ for all measures,
except those relating to the spheno-occipital synchondrosis
and the width of the intra-occipitalis suture, which showed a
moderate degree of agreement [38]. It is therefore preferable
to use the measures proposed by the original methods [7, 8]
when possible, and in cases where the pars basilaris is altered,
the length of the suture must be used.

Regarding the validation of the methods tested, the pro-
posed method by Fazekas and Kósa [7] underestimated the
age of most individuals tested (Table 3). The differences be-
tween the actual and estimated age were statistically signifi-
cant (p = 0.000) when the sagittal length of pars basilaris was
analyzed, with an average underestimation of 47 days, which
can be considered high for prenatal individuals. However, the
results obtained by analyzing the width are more positive,
because, although a tendency to overestimate was also ob-
served, this was much lower (10.3 days) and the differences
were not significant. The proposed method by Scheuer and
McLaughlin [8] for the estimation of postnatal age, unlike the
previous method, showed a clear tendency to overestimate,
with significant differences for the three measures used (p =
0.000). Regardless of the values obtained after validation,
most age ranges offered by this method were calculated from
single individuals, so this study should be interpreted as a
descriptive analysis of the Collection of Spitalfields [10],
and not as a method for age estimation. In both cases, the
results show that these methods are not suitable for the age
estimation in the sample used. It would be risky to attribute a
specific reason for this error since this was not the aim of this
study. However, we can hypothesize differences in the distri-
bution of age and sex in the sample, small samples in the
original methods, interpopulation variability, differences in
statistical methods, or a combination thereof.

The new regression functions showed relatively high
values for R2, indicating that, in general, this can be consid-
ered a good method for estimating age in infant skeletal re-
mains, although it would be desirable to improve the charac-
teristics of the sample in future studies. When data from both

Table 2 Concordance correlation
coefficient to calculate the error
intra- and interobserver with the
measures used

Measure Intraobserver error Interobserver error

CCC Interpretation CCC Interpretation

Maximum length 0.97 Substantial 0.95 Substantial

Sagittal length 0.96 Substantial 0.95 Substantial

Maximum width 0.97 Substantial 0.95 Substantial

Maximum width of spheno-occipital synchondrosis 0.97 Substantial 0.93 Moderate

Height at midshaft of spheno-occipital synchondrosis 0.96 Substantial 0.90 Moderate

Maximum length of intra-occipitalis anterior suture 0.96 Substantial 0.95 Substantial

Maximum width of intra-occipitalis anterior suture 0.96 Substantial 0.94 Moderate

Interpretation according McBride (2005) [38]

Fig. 3 Regression function to calculate the assumed error for age
estimation with the maximum length
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sexes were combined, the best results were obtained with the
maximum length of the pars basilaris (R2 = 0.85) and the max-
imum length of the intra-occipitalis suture (R2 = 0.86). When
the data were analyzed separately for both sexes, in all the
cases, higher R2 values were obtained in girls, which did not
occur in boys. This result should be interpreted with caution,
because it could be due to greater variability in the results in
males, equivalent to the greater variability in this sex and
therefore to a higher degree of error assumed when estimates
are made. However, it could also be due to differences in the
number of individuals analyzed, since females were less rep-
resented in the study sample. The sex estimation in juveniles is
an extremely difficult task, being the most recommended op-
tion in case of unknown sex individuals with the application of
combined formulae.

Comparison with methods to estimate age from the length
of the long bones [3, 39] or from dental mineralization [2]
shows that the metric study of the pars basilaris is not the most
accurate system for this age group, as expected, but it will be
one of the best options in incomplete or altered skeletons.

Other authors have proposed using spline systems instead
of a logarithmic model [3]. To this end, the curve is divided
into more rectilinear patterns, with the aim of simplifying the
implementation of the method. In this study, we decided to use
the logarithmic model for a number of reasons. First, the log-
arithmic model has a better fit (R2 value closer to 1) than the
spline system, so the error in the estimate will be lower.
Moreover, according to growth patterns in humans, growth
is logarithmic until 8 years of age [37]; so, if the age range
of the sample is greater, two linear functions may be insuffi-
cient, and possibly three or four functions should be used. In
this case, if we consider that seven different measures were
employed and, ideally, independent formulae by sex should be
used for each of them, we should propose a method with 84
formulae, including calculations for the respective errors,
which really complicate the method. Additionally, the choice
of cutoff point is random in the spline system and does not
exist from the biological point of view. Finally, if the system is
divided into several lines, the choice of which one to apply
should not be based on age groups, since this is an unknown
fact when we apply the method; instead, concrete measures

should be used as a cutoff point. However, this would also
create other problems when different functions are applied to
individuals of the same age.

Although this study shows positive results compared with
previous studies, especially for individuals in the postnatal
period, the regression functions proposed in this paper have
some limitations, which must be taken into account when they
are used as a method for estimating age:

– These functions should not be applied if the result of the
estimate is more than 6 years of age or less than 5 months
of gestation.

– The sample used in this study is one of the best currently
available for this age group; however, this is not a fully
adequate sample. It remains small and inhomogeneous in
terms of distribution by age and sex. For this reason,
although confidence intervals at 50 and 97.5 % are of-
fered, the results must be interpreted with caution.

– These formulae have not been validated as a method for
estimating age. Future studies will be needed to actually
check their effectiveness.

Some studies have shown that frequentist systems or re-
gression models, as presented here, involve certain methodo-
logical drawbacks and, indeed, there are more effective
methods of analysis [40]. In our opinion, the existence of
better methods of analysis does not mean that regression
models are wrong, because they can also have advantages
depending on the context in which they are used.

There are a variety of alternatives to choose for the method-
ology that will be used to design and validate methods for
estimating age. Many of these methods have been found to be
more effective than the classical calibration method used in this
study. To mention some examples, geometric morphometrics
has the ability to analyze a large number of variables simulta-
neously, both in form and size [34]; transition analysis methods
combine various age-related processes to provide estimates that
include confidence intervals [32, 33]; Bayesian calibration al-
lows for the use of additional prior information to develop the
estimation, reduces errors, and generates probability curves,
which are very useful in the forensic context [30, 31].

Table 3 Validation of previous studies

Method Measure Number Sig. Mean difference (days) SD (days) Overestimated
(individuals)

Underestimated
(individuals)

Fazekas and Kósa (1978) [7] S. Length. 51 0.000 47.3 52.4 7 44

M. width 28 0.127 10.3 32.0 7 20

Scheuer andMcLaughlin (1994) [8] M. Length. 88 0.000 −88.5 258.0 67 21

S. Length. 75 0.000 −18.2 163.2 54 21

M. width 93 0.000 −76.5 286.3 67 26
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However, in many cases, these studies have the disadvantage
that they require considerable expertise in statistics or specific
software that the anthropologist inmany cases does not possess.
As a result, many anthropologists are still using older models
and schemes that already are known to be ineffective but allow
them to carry out estimates quickly and easily.

Obviously, to fix this problem, we do not suggest ceasing
to improve the analysis process to develop identification
methods. The main solution should be to encourage interdis-
ciplinary work and involve expert statisticians. Regarding

scientific research, the methods employed in forensic anthro-
pology have improved greatly in recent years, always seeking
to increase the precision and accuracy of results, and this line
of work must continue. However, it is important to keep in
mind that such studies should also try to make relatively sim-
ple methods for routine use in forensic practice; ultimately, if
we can facilitate the work, it will be done more efficiently.
Alternatively, it would be good to guide future research to
interdisciplinary collaborations with the goal of designing spe-
cific software that combines more sophisticated statistical

Table 4 Regression formulas for estimating the gestational age (GA) of individuals aged between 5 months of gestation and 6 years from the pars
basilaris measures

Measure Sex Number R2 GA Error for 50 %
confidence interval
error =
a × GA + b

Error for 97.5 %
confidence interval
error =
a × GA + b

a b a b

Maximum length Combined 110 0.85
e
L:maxþ15:93

5:62 � error
0.325 −47.2 0.394 −2.7

♂ 68 0.82
e
L:maxþ19:209

6:175 � error
0.435 −101.8 0.522 −48.0

♀ 42 0.9
e
L:maxþ13:318

5:176 � error
0.171 −9.9 0.258 85.5

Sagittal length Combined 110 0.73
e
L:sagþ6:79

33:361 � error
0.472 −55.1 0.600 37.7

♂ 68 0.68
e
L:sagþ8:77

3:691 � error
0.566 −101.4 0.737 4.8

♀ 42 0.81
e
L:sagþ5:121

3:085 � error
0.401 −41.7 0.573 106.9

Maximum width Combined 109 0.8
e
Anch: maxþ23:257

6:846 � error
0.304 −21.1 0.365 21.6

♂ 67 0.75
e
Anch:maxþ26:389

7:388 � error
0.489 −106.4 0.559 −64.6

♀ 42 0.86
e
Anch: maxþ21:169

6:472 � error
0.139 42.4 0.204 97.4

Maximum width of spheno-occipital synchondrosis Combined 109 0.8
e
Anch:sincþ13:195

4:113 � error
0.240 12.1 0.295 52.6

♂ 67 0.8
e
Anch:sincþ15:482

4:509 � error
0.320 −42.4 0.399 7.0

♀ 42 0.83
e
Anch:sincþ11:546

3:818 � error
0.232 27.1 0.309 93.4

Height at midshaft of spheno-occipital synchondrosis Combined 110 0.79
e
Alt:sincþ10:301

2:857 � error
0.346 −40.0 0.405 3.4

♂ 68 0.72
e
Alt:sincþ10:735

2:944 � error
0.426 −72.2 0.525 −10.1

♀ 42 0.87
e
Alt:sincþ10:234

2:822 � error
0.310 −40.1 0.377 18.2

Maximum length of intra-occipitalis anterior suture Combined 109 0.86
e
L:sut:intraþ14:063

4:193 � error
0.326 −56.1 0.395 −9.1

♂ 68 0.82
e
L::sut:intraþ15:43

4:423 � error
0.419 −97.3 0.508 −41.6

♀ 41 0.9
e
L:sut:intraþ12:766

3:974 � error
0.250 −26.8 0.316 24.7

Maximum width of intra-occipitalis anterior suture Combined 109 0.81
e
Anch:sut:intraþ11:089

2:751 � error
0.311 −32.2 0.377 13.3

♂ 68 0.77
e
Anch:sut:intraþ11:898

2:884 � error
0.428 −80.6 0.521 −23.0

♀ 41 0.88
e
Anch:sut:intraþ10:266

2:618 � error
0.211 0.4 0.285 59.0

All estimates are expressed as gestational age in days. To obtain the estimated age in years, 280 should be subtracted from the value obtained and the
resulting value divide by 365
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methods with faster and more intuitive applicability. Until
then, we believe that studies such as the one presented here
are at a midpoint between the two contexts.

We are aware that after this study, it is essential to validate
our results in an independent sample with similar characteris-
tics to determine the effectiveness of the proposed formulas,
which will be our main target for near future studies. It would
be good for colleagues and researchers who read this work to
not limit their interest to the usefulness of the functions pre-
sented here, which is obviously very important too, but also to
value the method used to obtain them and how to present the
results, with the aim of reaching consensus on these issues.

Conclusion

Methods for age estimation from the metric study of the pars
basilaris proposed by Fazekas and Kósa [7] and by Scheuer
and McLaughlin [8] are not suitable for application in the
context of physical or forensic anthropology. New formulae
for estimating the age and confidence intervals at 50 and
97.5 % to express the assumed error are presented. Despite
the implied limitations of the analysis method used, we be-
lieve that these formulae allow for simple and fast application
in forensic identification.
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