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ABSTRACT

Objectives: Identifying signs of birth in perinatal human remains of past populations is challenging due to the lack of direct
markers of this event on bones. This research aims to identify distinct events in humeral cross-sections microanatomy related to
perinatal development and to integrate the findings into infant mortality trends.

Material and Methods: The sample consists of infants (N=106) ranging from prenatal to 1.5years, with microanatomical
analysis of nine selected individuals. Age-at-death estimation and microanatomical characterization were conducted, combined
with quantitative analysis of microanatomical features.

Results: Biological age-at-death presents high variability and overlap across prenatal to postnatal stages. Microanatomical anal-
ysis reveals a higher percentage of mineralized areas (60%-80%) within the total cross-sectional area in the youngest individuals
up to the first neonatal month.

Conclusions: Based on the integration of microanatomical analysis in an extensive infant sample, this study highlights the evi-
dence of developmental transitions from prenatal to neonatal stages. These findings suggest that, unlike biological age estimation
methods, the full-term period can be identified microanatomically in bone. This provides a valuable approach for analyzing frag-
mented skeletal remains, secondary deposits, and other funerary or osteological contexts, opening new pathways to understand
gestational development and postnatal survival in past populations.

1 | Introduction populations, which has important social and biological implica-
tions. The type of fetal death and burial, and determining if the
A major challenge in bioarcheological studies is accurately de- baby was full-term, preterm, or small for gestational age (SGA),

fining the timing of birth in perinatal individuals from past are key indicators of maternal health and the overall well-being
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of populations (Lewis 2006; Blake 2018; Halcrow et al. 2018).
Although typical gestation lasts between 37 and 42weeks
(258-293days), referred to as full-term (Scheuer et al. 2000),
most births occur around 38weeks (Jukic et al. 2013). The
challenge lies in determining the moment of birth in fetal and
perinatal individuals in the absence of a specific chronological
age (Gonzalez Martin 1998), which serves as a crucial reference
point for accurately categorizing individuals. This study em-
ploys widely accepted age category definitions based on vari-
ous recognized references (Monnier 1985; Scheuer et al. 2000;
Lewis 2006) to make this study comparable, reproducible, and
appropriate when referring to biological age and developmental
status (Figure 1).

While the fetal period technically ends at birth, identifying fe-
tuses from neonates, or even stillborn or live-born individuals,
is challenging as this event leaves no direct markers on bones
(Blake 2018). Within archaeological populations, in utero indi-
viduals constitute the sole direct evidence of fetuses (unborn) in
the past (Halcrow 2020). Unlike postnatal individuals, whose re-
mains are more commonly recovered and studied, fetal individ-
uals are rarely identified unless they are found within the burial
context of pregnant women (Rascon Pérez et al. 2007; Malgosa
et al. 2016; De Miguel Ibdfiez 2018; De Miguel Ibafiez et al. 2021;
Armentano et al. 2020; Halcrow 2020; Molina Moreno 2021; Doe
et al. 2022; among others). Concerning the isolated buried ba-
bies, one of the most reliable ways to infer birth is through den-
tal histology by observing the neonatal line, which forms when
enamel development pauses during delivery (Zanolli et al. 2011;
Kurek et al. 2016; Martirosyan et al. 2024). However, this line
may vary depending on factors like delivery type (e.g., cesarean)
or gestational age at birth (Eli et al. 1989). Through age-at-death
estimation, it may also be possible to determine if an individual
likely died before or after birth. Whenever possible, age estima-
tion based on the dentition is recommended over skeletal age as
teeth are generally less affected by environmental conditions
(Moorrees et al. 1963). In the absence of dental analysis, age-at-
death estimation relies on skeletal size, growth, and development
(Fazekas and Ko6sa 1978; Scheuer et al. 1980, 2000).

In terms of skeletal development, bone histology has signifi-
cantly contributed to our knowledge of past human populations

by analyzing the organization and composition of bone at the
microscopic level (Enlow 1963; Stout and Crowder 2012). Osteon
counts and the size and density of Haversian canals, a technique
known as histomorphometry, are used to estimate the age of
adult individuals (Stout and Crowder 2012). Some studies have
also employed this methodology for age estimation in non-adult
individuals (Baltadjiev 1995; Streeter 2010; Valencia et al. 2020).
In fetal individuals specifically, early tibial development shows
a high density of osteons, fewer thick lamellae, wide Haversian
canals, and thin bone layers, while later gestation is character-
ized by decreased osteon density, narrower and fewer Haversian
canals, and thicker intercanal bone layers (Baltadjiev 1995).

In this context, histomorphological characterization and the
quantification of microanatomical features have been effec-
tively employed in anthropological research to investigate di-
verse questions in both the fossil and archaeological records,
such as ontogenetic changes, skeletal emaciation, and taphon-
omy (Goldman et al. 2005, 2009; Cambra-Moo et al. 2012, 2014;
Schug and Goldman 2014; Garcia-Martinez et al. 2017; Garcia-
Gil et al. 2018; Garcia Gil 2021). Ontogenetic changes were
first described in the tibia and humerus based on the percent-
ages of mineralized versus non-mineralized tissue (Cambra-
Moo et al. 2012, 2014). Similar differences in the percentages
of microstructure have been observed in the human skull
and humerus, with higher percentages of mineralized area
in the parietal bone (Garcia-Gil et al. 2018; Garcia Gil 2021).
Analogous findings have been obtained in the axial skeleton,
where histological and micro-CT analyses of the thoracic cage
have shown differences in compartmentalization throughout
ontogeny (Garcia-Martinez et al. 2017; Lépez-Rey et al. 2022,
2024). Finally, in the femur, malnutrition has been identified
based on cross-section shape and microanatomical features re-
lated to bone size at different ages during infancy (Schug and
Goldman 2014). A common finding across all this research is
the differentiation in the percentages of mineralized tissue area
in individuals classified as perinatal.

Building on these findings related to skeletal mineraliza-
tion across developmental stages, it is essential to consider
the unique processes of mineral transport and accumula-
tion during the prenatal period. Fetal mineral transport and
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FIGURE1 | Age categories based on Monnier (1985), Scheuer et al. (2000) and Lewis (2006). The reference of 40 gestational weeks has been con-
sidered in categories that consider the moment of birth (fetus, perinatal, neonatal, stillbirth, postnatal and infancy).
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metabolism are uniquely adapted to ensure that the skeleton
is fully mineralized before birth. To meet the high demands
of the rapidly mineralizing fetal skeleton, calcium, magne-
sium, and phosphorus are actively transported across the pla-
centa (Givens and Macy 1933; Shaw et al. 1990). Unlike adults,
during fetal development, the intestines, kidneys, and bones
do not serve as the primary sources of minerals. Instead, the
placenta is responsible for supplying the necessary minerals to
effectively achieve skeletal mineralization before birth (Ryan
and Kovacs 2020). Although the accumulation process begins
in the first months of gestation, it peaks during the third tri-
mester, with 80% of the total body calcium volume accrued in
this period (Givens and Macy 1933; Trotter and Hixon 1974;
Ryan et al. 1988; Ryan and Kovacs 2020). After birth, neonates
must quickly adapt their regulation of mineral homeostasis
because they lose the placental calcium supply. The newborn
continues to accumulate skeletal calcium at a similar rate to a
late-term fetus. Consequently, they rely on intestinal calcium
intake, skeletal calcium stores, and renal calcium reabsorption
to maintain normal blood calcium levels while experiencing
ongoing rapid skeletal growth. During childhood, skeletal
mass grows due to both linear growth and alterations in bone
dimensions and density (DiMeglio and Leonard 2013).

This study investigates prenatal and early infant mortality in past
populations through the analysis of skeletal remains from 106
perinatal and infant individuals recovered from various Spanish
archaeological sites. We focus on how bone microanatomy (spe-
cifically, the microstructural organization of the humerus) can
complement traditional dental-based age-at-death estimation to
improve our understanding of biological maturity at the time of
death. We aim to (1) establish refined age-at-death estimations
using well-documented dental development timelines; (2) assess
histological features of bone tissue in a subsample of nine peri-
natal individuals to identify markers potentially linked to devel-
opmental stage or birth status; and (3) evaluate the potential of
bone histology as a tool for interpreting the perinatal mortality
of these populations by integrating these data with age-at-death
estimations. By applying this combined approach to archaeo-
logical material, we aim to contribute to the understanding of
birth and death in our individuals and offer complementary
alternatives to study and interpret early life mortality in non-
individualized or poorly contextualized burial settings.

2 | Material and Methods
2.1 | Sample

The infant sample consists of 106 individuals in the prenatal,
perinatal, and early infancy stages, from which a microana-
tomical sample of 9 individuals was derived. The non-adult
skeletons in the larger infant sample have been fully analyzed
anthropologically in previous studies (Gonzalez Martin 1999;
Candelas Gonzalez et al. 2016; Molina Moreno 2021; Candelas
Gonzdlez 2023). Excavated from ten Spanish archaeological
sites spanning the Bronze Age (III millennium BC) to the 19th
century, the burials cover different funerary practices accord-
ing to their chrono-cultural context. Further information of
the whole sample is provided in Table S1. Age ranges covered
include prenatal individuals to 1.5years, based on dental and

skeletal age-at-death estimation (Ubelaker 1978; Fazekas and
Kosa 1978; Scheuer et al. 1980) (Figure 2).

The microanatomical sample (n=9) was carefully selected to
analyze prenatal and perinatal microstructure development,
specifically compared with early infancy. For this reason, three
of the individuals were recovered from maternal-fetal buri-
als (Baza, San Nicolds, and Lugo de Llanera) (Rascén Pérez
et al. 2007; Doe et al. 2022) and six from La Encantada archaeo-
logical site (Galdn Saulnier and Sdnchez Meseguer 2019; Molina
Moreno 2021). Additional information about these individuals
is provided in Table S2. Since the first three represent con-
firmed cases of prenatal death (they were determined to have
died around or before 280 gestational days and were found in
the context of pregnant women's burials), the other six perina-
tal and infant individuals were intended to offer a comparative
reference covering all stages, from prenatal to postnatal peri-
ods. The results of these nine individuals were then considered
within the context of the broader perinatal and early infancy
mortality group.

2.2 | Biological Age-At-Death Estimation

Age-at-death estimation for the entire infant sample (N=106)
was performed using the quantitative method of Irurita Olivares
and colleagues, which is based on the dimensions of dental germs
from the documented osteological collection of Granada, Spain
(Trurita Olivares et al. 2014). This method was found to be the
most accurate for deciduous dentition in Iberian Peninsula ar-
chaeological samples and is preferred over other quantitative
age-at-death estimation methods (Molina Moreno 2021). In two
cases—maternal/fetal burials Baza 52.1 and LL(A)77.1—where
the dentition was absent, linear equations for the humerus max-
imum length were used (Scheuer et al. 1980). The results aligned
with previous biological age estimates for these individuals
(Rascon Pérez et al. 2007; Molina Moreno 2021; Doe et al. 2022).

The length of dental germs was measured perpendicular to
the occlusal surface, as described by Liversidge et al. (1993).
A digital caliper with an experimental error of 0.1 mm was
used. A total of 665 dental germs were measured, each of
which has been subjected to the corresponding regression
equation (Irurita Olivares et al. 2014), obtaining maximum,

2 2
31
25 25
16
<0 0-04 1-15

05-09
Age-at-death (years)

Number of individuals

mInfant sample O Microanatomical sample

FIGURE 2 | Age distribution of the infant sample (N=97) and the
microanatomical sample (N=9).
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minimum, mean, and error range values for the estimation of
age at death. Measurement accuracy was verified through an
interobserver error analysis conducted on the second inferior
molar, using 20 pairwise measurements of randomly selected
individuals. Repeatability of dental measurements was ana-
lyzed statistically using the Intraclass Correlation Coefficient
(ICC) test (SPSS IBM Statistics v. 26.0. Armonk, NY: IBM
Corp.). The age estimation was based on multiple teeth (an-
terior and molar teeth, upper and lower), and the final age
was calculated as the average of the estimated ages from all
available teeth. The error range was set as the minimum and
maximum values of the estimated ages to cover the full range
of possibilities regarding the estimated age, minimizing any
errors that might exist in the estimation.

To enable comparison across the entire sample, individuals
with gestational ages (up to 280days) were represented using
negative values. Specifically, 280days were subtracted from the
gestational age estimated using the method by Irurita Olivares
et al. (2014), allowing these individuals to be accurately posi-
tioned to the left of zero on the timeline. For instance, an indi-
vidual estimated at 220 gestational days (corresponding to the
32nd gestational week) is plotted as-60days, indicating the num-
ber of days remaining until full-term (280 days).

2.3 | Microanatomical Study

Microanatomy was analyzed in the midshaft humeri of the
subsample (N=9). As histological methods are inherently de-
structive, the humeri were carefully measured, photographed,
and 3D scanned so they could be available for future research.
Maximum length of the humerus was taken following the
appropriate methods for non-adult individuals (Fazekas and
Kosa 1978; Buikstra and Ubelaker 1994) and scans were taken
using an Artec Spider 3D device in the Virtual Morphology
Laboratory of the National Museum of Natural Sciences
(MNCN, CSIC). The 3D models were exported in'.ply" for-
mat, printed, and are currently stored in the Laboratorio de
Poblaciones del Pasado (Biology Department, UAM). The mid-
point of the diaphysis was calculated based on the maximum
length of the humerus in complete bones. When incomplete,
it was estimated using the length of the contralateral side. In
cases where both humeri were incomplete, the cut point was
marked immediately below the nutrient foramen as it is the
closest area to the midpoint. Once the cut point was deter-
mined, 0.5cm was marked on each side to perform a trans-
verse cut of the diaphysis.

Thin sections were prepared in collaboration with the Instituto
de Cerdmica y Vidrio (ICV-CSIC), following the protocol pre-
viously used in other archaeological human bones (Cambra-
Moo et al. 2012, 2014; Garcia-Martinez et al. 2017; Garcia-Gil
et al. 2018; Garcia Gil 2021), using a two-component resin
(EpoFix resin and EpoFix Hardener, Struers, Cleveland, Ohio,
USA). Notably, we made a transverse cut at the midshaft of 1cm
(instead of 1.5cm) and thin sections were polished using cloths
of different grits (from 120 to 4000) until the thickness of the
section was reduced to approximately 100um, following the
standards described in Bromage et al. (2003). The sections were
observed and photographed under a polarized light microscope

(Olympus CX31 microscope equipped with an OMAX digital
camera A35100U camera). Between 30 and 205 photographs
were taken per individual of the entire area of the humerus
section. A complete photomontage of each section was created
using Photoshop CS6 (Adobe Systems, San Jose, USA).

Bone tissues were classified based on known vascularization
patterns and bone matrix organization (Francillon-Vieillot
et al. 1990; McFarlin et al. 2016). Spatial terms such as cor-
tex—referring to the external, peripheral part of a long bone—
and medullary region—referring to the internal or central
part—were used to ease the description of microstructural
features (Enlow 1963; Francillon-Vieillot et al. 1990). The orig-
inal bone tissue preserved is expressed in terms of percentage
(Millard 2001; Hollund et al. 2012).

Quantitative histological analysis of the total area of the hu-
merus was performed to describe the histomorphological
characteristics in numerical terms per unit area analogous to
osteometry. Following previously described protocols (Cambra-
Moo et al. 2012, 2014; Garcia-Martinez et al. 2017; Garcia-Gil
et al. 2018), we drew and quantified a total of 3656 polygons cor-
responding to vascular channels, medullary cavity, and total area
of each thin section with the Geographic Information System
(GIS) software (ArcMap 10.8.2, Esri, Redlands, California,
USA). Then, we calculated the percentage of the total area, the
area occupied by mineralized tissue (Min.Ar), and the total area
not occupied by mineralized tissue (nMin.Ar), calculated from
the sum of the medullary canal area and vascular cavities areas.
These values were expressed as the Compartmentalization Index
(Comp. Index), the ratio of mineralized to non-mineralized tis-
sue area (Lopez-Rey et al. 2022, 2024). The higher the result of
the Comp. Index, the greater the proportion of area occupied
by mineralized tissue (Min.Ar) compared to the area occupied
by the medullary canal and vascular cavities (nMin.Ar). An in-
terobserver error was estimated (from Molina Moreno 2021:213)
based on the standard deviation of the values measured by a sec-
ond observer on an unknown thin section, including the map,
areas, and relative percentages (Figure S1).

The Comp. Index was used to compare our results to other stud-
ies which have explored mineralized areas in cross-sections of
long bones such as the humerus (Cambra-Moo et al. 2014) and
femur (Schug and Goldman 2014). To standardize the age-at-
death of the individuals for comparison, data were recalculated,
assigning a biological age-at-death based on humeri following
Maresh (1970) and Scheuer et al. (1980). Further information on
the recalculated age is provided in Table S3.

3 | Results
3.1 | Biological Age-At-Death

The characterization of the entire infant sample, based on the
quantitative estimation of biological age, reveals the progression
of a measured variable across different age categories, start-
ing from the prenatal stage up to 24 months of age (Figure 3).
The high level of agreement in the interobserver error test
(ICC=0.999, F value=4358.184, p<0.05) supports the consis-
tency of the observations.
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FIGURE 3 | Biological age-at-death range distribution of the sample of 106 archaeological individuals belonging to a wider study group (Molina
Moreno 2021). Individuals histologically analyzed are highlighted in blue (with higher Comp. Index values) and red (with lower Comp. Index val-
ues). Age is expressed in days. Every individual has its own range according to the results obtained (Scheuer et al. 1980; Irurita Olivares et al. 2014).

Two key findings arise from this analysis (Figure 3). First, as
age increases, the error bars show greater variability. Second,
there is a significant overlap between age groups, illustrating
the lack of clear distinction among prenatal, perinatal, neonatal,
and postnatal categories. The trend line demonstrates that age-
at-death estimation starts negative or near zero in the prenatal
group (36days before birth) and steadily increases in subsequent
age groups. The 0-28days group has a mean of 17 postnatal
days, which exceeds early neonatal age. For older individuals,
confidence intervals widen, highlighting increased variability
with age. The “14-24 months” group peaks with measured val-
ues between 800 and 1000 postnatal days, suggesting a signifi-
cant rise over time.

Analyzing the average age of the sample shows that 21 indi-
viduals died during the prenatal period, while 12 died in their
first month of life and were consequently classified as neona-
tal (Figure 3). Individual 419.1, identified from a maternal-fetal
burial and categorized as unborn, falls within this neonatal
group (average age of 19 postnatal days). This indicates that
the categories of prenatal, perinatal, neonatal, and postnatal
are indistinguishable using the biological age estimation meth-
ods used.

3.2 | Microanatomical Analysis

Among the potential categories for classifying bone tissue types,
specific types were identified based on the organization of colla-
gen fibers and the arrangement of vascularization. Birefringence
allowed for the observation of the organization and arrange-
ment of collagen fibers. However, matrix areas showing wide-
spread destruction or infiltrations in the form of stains could not
be examined due to these alterations. This limitation affected
individuals LL(A)77.1, M-16_419.1, EN47.1, EN26.1, and some
areas of EN25.1 (Figure 4b,d,g,h,i).

Baza 52.1, LL(A)77.1, and EN63 (Figure 4a-c) exhibited tissue
purely categorized as woven bone, indicative of the initial for-
mation of the matrix. Osteocytic lacunae were clearly visible in
Baza 52.1 and EN63 due to their high percentage of preserved
intact bone (Figure 4a,c). Subsequently, individuals with gener-
alized woven bone matrix (M-16_419.1, EN46) began showing
areas with greater complexity in the arrangement of collagen
fibers and the organization of vascular channels, tending to-
ward parallel-fibered bone in the anterior surface of the bone,
specifically in the anteromedial (Figure 4d,e). However, from
two post-neonatal months onward, individual EN44 presented
the greatest complexity of the bone matrix, which shifted to the
posterior region (Figure 4f). Individuals EN26.1 and EN47.1
(Figure 4g,h) could not be fully evaluated because of the great-
est alteration of the microstructure. In any case, we identified
the presence of secondary osteons (SO) in the posterior area
of EN47.1, meaning that remodeling processes have already
started. Finally, the oldest individual, EN25.1 (Figure 4i),
seemed to present an incipient lamellar tissue in the medial and
posteromedial regions.

With respect to the microanatomical quantitative analysis, it
was possible to quantify the morphological characteristics in-
dependent of intact tissue percentages. The standard deviation
of each quantified area was between 0.01 (section area) and 0.1
(vascularization), indicating a low error (Further information is
provided in Figure S1). The highest proportions of mineralized
tissue area (from 67% to 81%) corresponded to the youngest in-
dividuals, with average age-at-death estimations from 29 weeks
in utero to the first month. These individuals, including M-
16_419.1 and EN46, showed a greater presence of early forma-
tion tissue (woven bone) in their microstructure (Figure 4a—e)
and the highest Comp. Index values (>4) (Table 1). From this
point, the ratio of mineralized tissue area decreased to almost
1:1 (50%). This change in proportions was reflected in the in-
crease of the space occupied by the medullary cavity. As the size
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TABLE1 | Histomorphological data from humeri expressed in mm? and percentages.

nMin.Ar
Medullary Total
Comp. Section area Min.Ar canal Vascularization nMin.Ar
N° individual Index mm? mm? % mm? % mm? % mm? %
BAZA 52.1 2.96 10.31 7.70 74.73 0.97 9.44 1.63 15.82 2.60 25.27
LL(A)77.1 3.82 16.73 13.26 79.24 1.56 9.32 1.91 11.43 3.47 20.76
EN63 2.08 16.05 10.83 67.48 3.45 21.51 1.77 11.01 5.22 32.52
M-16_419.1 4.19 22.79 18.40 80.74 3.31 14.54 1.08 4.72 4.39 19.26
EN46 4.26 21.08 17.08 81.00 2.15 10.19 1.86 8.81 4.01 19.00
EN44 1.43 32.83 19.34 58.90 7.07 21.53 6.41 19.52 13.48 41.05
EN47.1 0.91 52.62 25.02 47.56 23.36 44.40 4.23 8.04 27.59 52.44
EN26.1 0.95 59.58 29.05 48.76 27.45 46.07 3.08 5.17 30.53 51.24
EN25.1 1.05 68.33 35.04 51.28 26.38 38.61 6.91 10.11 33.29 48.72

Note: Vascularization refers to all empty areas except the medullary canal.

and thickness of the humerus increase, growth of the medullary
cavity is expected, but when comparing the proportions, it was
possible to observe that this structure occupied a greater per-
centage of the total section area, while the vascular cavities re-
mained uniform throughout the sample. Only individual EN44,
diagnosed with rickets (Gonzéalez Martin et al. 1999), presented
a degree of vascularization equivalent to that of the medullary
cavity.

Microstructure analysis, combined with the entire infant sam-
ple mortality trends (Figure 3), revealed that individuals with
the highest mineralized area percentages were found before or

within the first neonatal month (Baza 52.1, LL(A)77.1, EN63,
M-16_419.1, and EN46). Individuals M-16_419.1 and EN46 had
mean ages at death of 19 and 28days, respectively, coinciding
with the highest Comp. Index values (> 4) (Table 1). A reduction
in mineralized tissue area was evident later in individual EN44,
around the fourth postnatal month (95 postnatal days), with the
progression continuing in older individuals (EN47.1, EN26.1,
EN25.1), reflecting increased vascularization of the humerus up
to 16 months in individual EN25.1. (Figure 5). As the objective of
this analysis was to show the tendency that aligns with the ma-
jority of the dataset, individual EN63 has been excluded because
of its visual deviation.
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4 | Discussion

Since birth leaves no direct evidence on bones (Blake 2018), vari-
ous histological approaches have been undertaken, ranging from
dental histology (Eli et al. 1989; Zanolli et al. 2011; Martirosyan
et al. 2024) to ontogenetic changes in different anatomical re-
gions (Goldman et al. 2005, 2009; Cambra-Moo et al. 2012,
2014; Garcia-Martinez et al. 2017; Garcia-Gil et al. 2018; Garcia
Gil 2021). This study presents a novel histological approach that
combines anthropological and microanatomical characteriza-
tion to analyze the changes in the areas occupied by mineral-
ized and non-mineralized tissues during the perinatal and early
infancy stages specifically.

Although the lack of antemortem clinical data is inherent to
bioarcheology, it is important to consider that perinatal and
infant individuals are particularly susceptible to environmen-
tal changes and maternal health (Lewis 2006; Hodson and
Gowland 2020; Halcrow 2020). Six of the individuals selected
for microanatomical analyses were found in isolation. Based on
the premise that they had already been born, whether alive or
deceased, any direct interpretation of maternal health was im-
possible. However, the significance of the selected individuals in
this study lies in the fact that three of them originate from burial
contexts of pregnant women, representing the only confirmed
fetuses in archaeological contexts (Rascon Pérez et al. 2007;
Malgosa et al. 2016; De Miguel Ibafiez 2018; De Miguel Ibanez
et al. 2021; Armentano et al. 2020; Halcrow 2020; Molina
Moreno 2021; Doe et al. 2022); an evaluation of the health sta-
tus of the mothers was possible. In this context, linear enamel
hypoplasia (LEH) was identified in all three mothers, which
may indicate subpar nutrition or illness during infancy and
childhood (Lewis 2006). Specifically, in the case of Baza 52,
dental caries and calculus were also observed, indicating over-
all poor oral health. Additionally, bilateral cribra femoral was
identified, pointing to periods of nutritional and health-related
stress during later childhood and pregnancy (Rascén Pérez
et al. 2007; Doe et al. 2022). Baza 52.1 is the most developmen-
tally immature individual, with an estimated gestational age of

27-32weeks, which could potentially be related to compromised
maternal health.

The selection of the sample is intended to represent unborn in-
dividuals from the prenatal stage (Baza 52.1 and LL(A) 77.1),
full-term stage (M-16_419.1) and individuals who died during
the perinatal and infant stages (EN63, EN46, EN44, EN47.1,
EN26.1 and EN25.1). Although the microanatomical sample
size is limited due to the use of destructive techniques, the
integration of anthropological and histomorphological data
establishes a valuable contribution to understanding bone
development in the moments before and after birth in these
archaeological populations.

The infant sample (N=106) originates from the Iberian
Peninsula, offering a geographically coherent study popula-
tion. However, the inclusion of individuals from different sites
and periods introduces variability due to the influence of di-
verse socio-cultural and economic contexts, which may have
shaped patterns of infant growth and biological development
(Lewis 2006; Hodson and Gowland 2020; Halcrow 2020). This
variability represents a limitation in making broad compari-
sons. Nevertheless, the study provides a valuable framework for
understanding early life development, with important implica-
tions for forensic anthropology and non-individualized osteoar-
cheological contexts, such as secondary deposits, ossuaries, or
mass graves.

4.1 | Peak of Mineralized Tissue Areas in
the Full-Term Period

Microstructural analysis revealed that individuals with peak
mineralized tissue percentages were found exclusively within
or prior to the first neonatal month (individuals marked as blue
in Figure 3). In spite of microstructure preservation limiting
the observation of bone tissue types in many individuals, it is
worth noting that it was possible to quantify the microanatomi-
cal features of all individuals. Thus, quantitative analysis offers
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an advantage and provides precise information regardless of the
preservation of the histological section. In this respect, draw-
ing humeral cross-sections of perinatal and infant individuals
has enabled the quantification of the areas of mineralized tissue
relative to the areas occupied by non-mineralized tissue (medul-
lary canal and vascular cavities), relating these measurements
with bone tissue types and establishing an equivalence with the
age-at-death estimation. In this regard, it has been possible to
identify a high Comp. Index (4:1) in the youngest individuals,
which coincides with a widespread presence of woven bone and
an average age ranging from the intrauterine stage to the first
neonatal month of development.

These results coincide with previous studies that have also de-
tected a higher percentage of mineralized tissue area in perinatal
individuals (Cambra-Moo et al. 2014; Schug and Goldman 2014;
Garcia-Martinez et al. 2017). A thorough comparison based on
the calculation of the Comp. Index between the humerus and
the femur has confirmed that this higher concentration of min-
eralized tissue area corresponds to the moment around birth,
during the perinatal stage. Femoral cross-sections were consis-
tently larger than those of the humeri in perinates and infants,
yet the Comp. Index showed similar proportions among individ-
uals of the same age-at-death groups, with the highest levels in
the perinatal stage, especially in the femur (Comp. Index: 5.29)
(data from Schug and Goldman 2014) (Figure S2).

Mechanical influences have been suggested to affect the bone
volume fraction (bone volume/trabecular volume) in the hu-
merus, tibia, and femur. These values start out very high in neo-
natal individuals, decline to a minimum around one year of age,
and then progressively increase again to adult levels through
development (Gosman 2012). This phenomenon is well known
in medicine, has been attributed to the need to achieve full min-
eralization of the skeleton before birth (Givens and Macy 1933;
Shaw et al. 1990), and is maintained in neonatal individuals
(DiMeglio and Leonard 2013). Based on the results presented
here, the authors suggest that this phenomenon can be observed
through the study of microanatomy related to the highest per-
centages of mineralized tissue area in the humerus of the perina-
tal and neonatal individuals, associated with periods of stillbirth
and neonatal mortality in clinics (Monnier 1985).

Although biological age cannot be directly equated to chronolog-
ical age (Lewis 2006), we have also observed a minor difference
between those biologically determined as “pre-term” and “full-
term” in their microanatomical quantifications. Three individ-
uals categorized as pre-term (Baza 52.1, LL(A)77.1 and EN63)
presented a Comp. Index =2 —3.83 (70% mineralized tissue area).
All of them have a mean age corresponding to the third trimes-
ter of intrauterine development, coinciding with the described
mineralization accumulation in the medical literature (Givens
and Macy 1933; Trotter and Hixon 1974; Ryan and Kovacs 2020).
Furthermore, those individuals at term, with a mean age situated
in the first neonatal month (M-16_419.1 and EN46), are those
exhibiting the highest Comp. Index (>4, >80% of mineralized
tissue area). Considering that individual M-16_419.1 was unborn
(Molina Moreno 2021; Doe et al. 2022) and, therefore, probably
post-term, this study likely reflects the peak of mineralization of
a full-term individual that reaches these values in the humerus,
consistent with similar postnatal calcium accumulation rates

(DiMeglio and Leonard 2013) and observed in the humeri and
femur of other populations (Cambra-Moo et al. 2014; Schug and
Goldman 2014). Further information of the data compared is
available in Table S4 and Figure S2.

From the third postnatal month onward, the Comp. Index de-
creases significantly by half, represented not only by individual
EN44, but also in the other comparative populations (Cambra-
Moo et al. 2014; Schug and Goldman 2014). However, the
pathological condition of individual EN44 (Gonzalez Martin
et al. 1999) necessitates caution in interpretation. Even so, from
6 to 24 months, the ratio remains around 1:1, indicating an in-
crease in the medullary canal in particular. This is understand-
able because throughout childhood, skeletal mass increases
due to both lineal growth and changes in bone dimensions and
density. Although there is an initial decrease in mineral bone
density in the months after birth, it is succeeded by an increase
that continues into adulthood (DiMeglio and Leonard 2013).
Indeed, percentages around 53% and 67% have been observed in
the adult humerus (Cambra-Moo et al. 2014).

4.2 | Contributions of Microanatomy to the Study
of Age-at-Death in Perinatal Individuals

The integration of microanatomical analysis for a represen-
tative subsample within a larger sample of over one hundred
individuals provides critical insights into perinatal and early
infant mortality in Iberian archaeological populations. While
the infant sample (N=106) includes biological age estimations,
the detailed microanatomical subsample (N=9) offers refined
data on developmental stages, particularly around birth and
the first neonatal month or post-term stage (until 44 gestational
weeks, Figure 1). These individuals, showing peaks in mineral-
ized tissue percentages, enhance the accuracy of age-at-death
estimations, helping to understand the transition from prenatal
to postnatal life. This level of precision is crucial, especially for
individuals like M-16_419.1 and EN46, in which age ranges are
tightly constrained to the weeks before and after birth. In this
sense, microanatomy reveals observable changes, such as the
reduction of area occupied by mineralized tissue and increased
vascularization after the neonatal period, that are otherwise in-
visible in standard biological age assessments. Since the limited
microanatomical sample size presents a challenge for general-
ization, this study aims to provide preliminary insights into a
more accurate and comprehensive understanding of perinatal
mortality across the entire sample.

The neonatal transition from the intrauterine gestational envi-
ronment to the extrauterine is difficult, as organs must function
independently from the mother (Bogin 2021). The newborn's
intestines, kidneys, and the skeleton become responsible for
feeding and provisioning of minerals, including calcium (Ryan
and Kovacs 2020). The exploration of microanatomy allows us
to determine that this process is not only visible in teeth (Kurek
et al. 2016) but also in archaeological bones, highlighting differ-
ences between individuals in gestational development and full-
term or newborn stages.

Comparisons with other studies confirm these results, not only
in the humerus but also in the lower limbs and the ribcage
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(Cambra-Moo et al. 2014; Schug and Goldman 2014; Garcia-
Martinez et al. 2017; Garcia-Gil et al. 2018). Higher percentages
in the femur could be related to greater mechanical stress from
weight-bearing and locomotion, resulting in increased cortical
thickness (Gosman 2012). The skull, mandible, and ribs have an
intramembranous embryonic formation, while limb bones have
an endochondral origin (Scheuer et al. 2000). In spite of this,
the ribs show similar results to the limb bones, but not the vault
bones (Garcia-Gil et al. 2018; Garcia Gil 2021). Besides the ne-
cessity for complete mineralization of the skeleton before birth,
hormonal processes could also influence these developmental
patterns, this event observable in the microstructure mineral-
ized area percentages, similar to that seen during adolescence
(Garcia-Gil et al. 2018).

Although new methods of estimating chronological age are being
explored that present a narrower estimated range, such as odon-
tochronology (Zanolli et al. 2011; Kurek et al. 2016; Martirosyan
et al. 2024), the authors emphasize the importance of this study
not only in terms of the development of microstructure in past
populations, but also as an ontogenetic approach to gestational de-
velopment, natural mortality timing, and early infancy. The abil-
ity to establish a pattern derived from the Comp. Index and the
percentage of mineralized tissue areas from any limb bone allows
for valuable information on development in cases of fragmented
skeletal remains or incomplete and taphonomically altered indi-
viduals. Additionally, being able to identify whether an individual
has reached full-term or is in an earlier or later stage, confirmed
by the remains of maternal/fetal burials (Molina Moreno 2021,
Doe et al. 2022), opens a new avenue of understanding regarding
survival after birth. Specifically, it provides insight into survival
beyond the first neonatal month, having surpassed the clinical pe-
riod of natural mortality (Monnier 1985).

Naturally, future research should explore this line of inquiry
using larger samples and non-destructive imaging techniques
such as micro-CT scan (Lépez-Rey et al. 2022; Garcia-Martinez
et al. 2023), which have shown promising results in terms of
the study of the Comp. Index in perinatal and infant individ-
uals (Garcia-Martinez et al. 2023). However, histological anal-
ysis provides critical information that cannot be visualized
through micro-CT alone, such as the detailed development of
bone tissues or the presence of osteocyte lacunae (Francillon-
Vieillot et al. 1990; Millard 2001; Hollund et al. 2012; McFarlin
et al. 2016). Microstructure transitions toward more mature tis-
sue types, such as parallel-fibered bone in full-term individuals,
offer valuable insights that cannot be obtained from scanning
techniques to date. Finally, the exploration of other anatomical
units will help verify most of the mineralized tissue in late-term
individuals throughout the perinatal skeleton. This broader ex-
amination will provide a more comprehensive understanding of
skeletal development during this critical stage, contributing to
more accurate interpretations in a bioarchaeological context.

5 | Conclusions

Despite preservation challenges, histomorphological quantitative
analysis allowed for accurate quantification of microanatomical
features across individuals. A high Comp. Index has been identi-
fied in younger individuals, ranging from the intrauterine period

to the first neonatal month, aligned with previous studies iden-
tifying a higher percentage of mineralized tissue area in perina-
tal individuals. Specifically, we suggest that the microstructure
shows a peak of mineralized tissue areas in the full-term individ-
uals of this study, coinciding with the period of maximum min-
eral transfer to the fetus to ensure a fully mineralized skeleton
before birth. Therefore, microanatomy appears to show evidence
of the transition from the intrauterine to extrauterine develop-
mental environment, closely related to the stillbirth and neonatal
period associated with natural mortality.

This study underscores the value of microanatomical analysis
in understanding gestational development, mortality timing,
and early infancy in archaeological populations, aiding in age-
at-death estimation in fragmented or taphonomically altered
skeletal remains and providing insights into survival beyond the
neonatal period. Future research should employ non-destructive
imaging techniques and compare findings with individuals of
known age and sex to further validate and expand these insights
across different anatomical units.
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