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Abstract

The estimation of the age at death of fetal and juvenile skeletons is a fundamental
topic in forensic anthropology and bioarchaeological studies. Especially the examina-
tion of individual skull bones can provide a large information yield for determining the
age at death.

For the present study 32 skulls of children with a known age between seven months
in utero and two and 2.5 years have been examined. The historical sample from the
1830’s originates from the Viennese Foundling House and was collected by Valentin
Terzer, a surgeon, dentist and obstetrician. The dimensions of six different skull
bones (occipital, parietal, frontal, zygomatic, maxilla and mandible) of these infants
were measured with a sliding caliper. By using linear and quadratic regression equa-
tions, the association between these skull dimensions and the juvenile age at death
could be described.

The statistical evaluation revealed that the coefficients of determination R? of all skull
measurements ranged between 0.38 and 0.83. The most accurate method to deter-
mine the age at death of children by means of regression equations was the meas-
urement of the frontal bone chord height. The least reliable estimates were obtained
when using the width of the mandible. Although a good validity of pars basilaris oc-
cipitalis measurements for ageing of sub-adults was asserted in earlier research,
these assumptions could not be confirmed by the data of this study. Additionally, the
maximum width, sagittal length and maximum length of the pars basilaris occipitalis
had only a poor predictive value for the infant’s age in this project.

The results of this osteological study indicate that linear and quadratic regression
equations can be meaningfully applied for the estimation of age at death using skull
bone measurements. Hence, this should encourage additional scientific work in this
field, which examines the relation between skull bone measurements and age at
death of infants. Thereby future research should concentrate on developing valid and
reproducible standards for ageing methods based on skull measurements since the-

se methods can be used in numerous bioarchaeological and forensic contexts.
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Zusammenfassung

Die Bestimmung des Sterbealters von fetalen und frihkindlichen Skeletten ist eine
grundlegende Fragestellung der forensischen Anthropologie wie auch in der Durch-
fuhrung bioarchaologischer Studien. Insbesondere die Untersuchung einzelner
Schadelknochen kann zahlreiche Informationen fur die Bestimmung des Sterbealters

liefern.

FUr die vorliegende Studie wurden 32 Schadel von Kindern mit einem bekannten
Sterbealter zwischen sieben Monaten in utero und zweieinhalb Jahren untersucht.
Die historische Sammlung aus den 1830er Jahren stammt aus einem Wiener Findel-
haus und wurde von Valentin Terzer, einem Chirurgen, Zahnarzt und Geburtshelfer,
gesammelt. Die Dimensionen von sechs verschiedenen Schadelknochen (Occipitale,
Parietale, Frontale, Zygomaticum, Maxilla und Mandibel) dieser Kinder wurde mit
einem Gleitzirkel gemessen. Durch die Verwendung von linearen und quadratischen
Regressionsgleichungen konnte der Zusammenhang zwischen diesen Schadelmes-
sungen und dem Sterbealter der Kinder beschrieben werden.

Die statistische Auswertung zeigt, dass der Bestimmungskoeffizient R? aller Scha-
delmessungen zwischen 0,38 und 0,83 variierte. Die genaueste Methode, um das
Sterbealter von Kindern unter Verwendung von Regressionsgleichungen festzustel-
len, war die Messung der Hohe des Os frontale. Die am wenigsten zuverlassigen
Schatzungen wurden bei Verwendung der Breite der Mandibula erzielt. Obwohl der
Messungen der Pars basilaris occipitalis in fruiheren Untersuchungen eine hohe Aus-
sagekraft fur die Bestimmung des Sterbealters von Kindern zugeschrieben wurde,
konnte dies durch die Daten dieser Studie nicht bestatigt werden. Aulerdem hatten
in der vorliegenden Arbeit die Messungen der maximalen Breite, der sagittalen Lan-
ge und der maximalen Lange der Pars basilaris occipitalis eine nur geringe Aussage-

kraft fir die Schatzung des Sterbealters der Kinder.

Die Ergebnisse dieser osteologischen Studie zeigen, dass mittels linearer und quad-
ratischer Regressionsgleichungen, die auf Schadelmal3en basieren, aussagekraftige

Schatzungen des Sterbealters erzielt werden kdnnen.
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Dies sollte daher zu weiteren wissenschaftlichen Arbeiten ermutigen, welche die Be-
ziehung zwischen Messungen von Schadelknochen und der Bestimmung des Ster-
bealters von Kindern untersuchen. Daher sollte sich die zuklnftige Forschungsarbeit
auf die Entwicklung aussagekraftiger und reproduzierbarer Standards fur die Be-
stimmung des Sterbealters durch Schadelmessungen konzentrieren, da diese Me-
thoden in zahlreichen bioarchaologischen und forensischen Fragestellungen ver-

wendet werden konnen.
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1 Introduction

Fetal and juvenile osteology are important fields within forensic anthropology and
medico-legal medicine. (1) Such research areas benefit from examinations of sub-
adult skeletons as these can provide a lot of information (2) on the general health,
the wellbeing of a population as well as on mortality and birth rates. An important first
step in this regard is the estimation of individual age of skeletal remains. Fetal and
new-born age estimation rely mainly on dentition-based methods (3), on the meas-
urement of long bones (4) as well as on the examination of ossification centres. (5)

A rather rare approach to age sub-adults is the analysis and survey of individual skull
bones. Up to now there exist only few studies, which described a relation between
the chronological age of an individual and the dimensions of the occipital bone (5) (6)
(7) (8) (9) (10) (11) and the mandible (12) (13) (14). Other bony parts of the skull

were widely neglected in age estimation research so far.

This study therefore investigates the correlation between the measurements of six
skull bones (occipital, parietal, frontal, zygomatic, maxilla and mandible) and sub-
adult age. These numerous measurements were taken with a sliding caliper on 32
skulls of the so-called Terzer collection, a group of infants from the Viennese Found-
ling House which were compiled in the 1830’s. The known age at death of these chil-
dren lay between seven months in utero and two years, seven months and 22 days.
By applying linear and quadratic models, a reliable statistical method was used to
calculate regression equations, which characterize the association between age-at-
death and skull dimensions in infants and allow to calculate an estimated age of the

individual.
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2 Theoretical principles

2.1 Forensic osteology and age estimation

In the field of forensic osteology skeletal remains are analysed. Thereby the skeletal
dimensions, anthropological characteristics as well as the physical development of
skeletons are investigated. Additionally, this scientific area determines the origin and
age of discovered human remains. (5)

The aim of such an analysis is the identification of individuals by examining four main
characteristics - sex, age, stature and ethnic background. (15) Age estimation is the
first step for further investigations in forensic and archaeological cases. A determina-
tion of the individual's age is of particular importance as this information is essential
for a positive identification. (2)

Skeletal development and bone growth, which are crucial for estimating the age of
skeletal remains, however depend on various external factors. (15) These can have a
genetic, environmental, nutritional and socioeconomic basis (2) and possibly compli-
cate age estimation analyses by raising individual variation in skeletal appearance
within and between populations.

The changes of morphological characteristics in dentition and skeletal growth during
the various stages of life are generally utilized to determine age. The age of remains
is assessed on a skeletal basis by the presence or absence of ossification centres as
well as from the size and length of long bones. (5) (15) (16) (17) (18) Moreover, den-
tal age identification is possible when comparing the eruption and the degree of min-
eralization of individuals. (15) (19) (20) (21) For comparative purposes there are up
to now many standards for dentition development and changes available in the litera-
ture. (22) (23) (24) (25)
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2.2 Forensic fetal osteology and fetal age estimation

Fetal osteology is a special branch of forensic osteology which is concentrating on
the examination of fetal skeletons. (5) When a skeleton of a fetus is found, the follow-

ing questions have to be answered by medico-legal experts at the beginning: (5)

1. Are the remains of human fetal or of animal origin?
2. If the bones stem from a human fetus, what is the lunar age?

3. Could the fetus have been viable at birth, or was it born prematurely, in a non-

viable state?

4. |s there serological or genetic evidence that the fetus is related to possible sus-
pects?

5. Did the investigation or skeleton itself furnish data indicating the circumstances

or the possible cause of death?

6. How much time has elapsed between the interment of the fetus and its discov-

ery?

It is not always an easy task to work with, recognize and analyse fetal remains. (5)
(2) Firstly, fetal bones might be easily overlooked or misinterpreted during osteologi-
cal work due to inadequate excavation techniques. In addition, skeletons of sub-
adults and particularly those from fetuses and infants can be confused with animal
bone. Moreover, the fragility of fetal remains as well as their smaller size and density
than those of adults makes these bones more susceptible to decay, loss or disper-
sion. (2) (26) The manifold stages of development, the large number of skeletal ele-
ments present as well as their varying appearance might further impede skeletal in-

vestigations. (2)

Despite some constraints in the handling of fetal bones, a biological identification and
the age determination of juveniles can be a useful source of information as these fac-
tors reflect the general health and wellbeing of a population. (27) Moreover, sub-adult
skeletal remains give insights into population size and structure as well as into mor-
tality and birth rates. (2)



Theoretical principles 12

When a complete fetal skeleton is recovered, questions of its age at death, the lunar
month and its maturity at birth can be answered by a comparison with generally ac-
cepted osteometrical data and standards. (1) (5) This can be achieved as the in-
crease of osteological dimensions with growth and the succession of well document-
ed developmental changes allow a reliable age estimation. (15) (24) (28) Therefore,
fetal and new-born age estimation is concentrating on methods that utilize changes in
child development and enable thereby the assignment of a developmental stage.
These include analyses of changes in the dentition (29) (3) and of the presence or
absence of ossification centres. (5) (30) Fetuses can further be aged according to
their long bone development (4) by measuring diaphyseal length of e.g. the tibia or
humerus. (4) The standard method for fetal age determination is the measurement of
the femoral diaphysis, which is based on the various empirical charts and regression
formulas. (14) (27) (31) Dental development is claimed to be the most accurate

method to determine the age in immature skeletons. (32)

Also more unusual approaches of estimating the infant’s age can be found in the lit-
erature. Hence, a relation between fetal clavicular measurements and the age was
already demonstrated. (33) Some studies introduced correlations between the age of
new-borns or fetuses and morphometric indices of the cervical vertebral column. (34)
(35) (36) (37) Even facial dimensions were related to fetal age. (38) (39) In particular
an association between mandibular distances and the fetal age were found in previ-
ously published research. (12) (13) (14) As this thesis relies on the measurement of
bony skull elements, the next chapter will give a short introduction into skull-based

age estimation in young infants.

2.3 Age estimation based on the skull

The human origin as well as the age at death of a recovered specimen can be de-
termined by examining the skull bones. One advantage when working with skull
bones is their good representation and preservation in the burial environment. (40)
Especially cranial bones such as the temporal, the occipital, the zygomatic and the
mandible are well preserved and often found completely intact and therefore allow
the age determination of skeletons. (40)
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According to Scheuer and Black, for example the measurement of the pars basilaris
of the occipital is an attractive tool for age estimations as the proportions of the pars
basilaris change within life and the bone remains intact after burial. (27)

An easy method to relate the skull to age was proposed by Sherwood et al. (2000),
who revealed a relation between the head circumference and age in fetuses between
15 and 42 weeks of gestational age. (17) In addition, the individual maturation, mor-
phological changes and developmental stages of the skull provide the basis for a
good and simple estimation of age at death in sub-adults. Since the skull is one of
those main skeletal elements where a joining of primary ossification centres occurs, a
knowledge of the timing and schedule of these watershed events can be used for
age determination in sub-adults. (41) Cranial maturation — the closure of fontanelles
or suture formation — has already been applied as the aging method of choice in in-
fants in previous studies. (42) (43) The next chapters provide a short overview about
the most important anatomical characteristics of the human and in particular the sub-
adult skull.

2.3.1 Anatomical characteristics of the human skull

The skull or cranium is the most complex region of the axial skeleton and contains 28
bones, which form the cranial vault, the face and the jaws. (2) These bones support
and protect the brain and sensory organs. Moreover, the human skull also contains

the upper parts of the respiratory and alimentary tracts. (4)

At birth the skull consists of 45 separate elements. (44) These further ossify from
multiple ossification centres and result in a final number of 28 bones in an adult cra-
nium. (2) A skull of a new-born is relatively large compared to other parts of the body
(44) and shows different proportions compared to those of adults. (4) (27) To be
more precise, the new-born skull has a very small facial cranium whereas the vault is

commensurably oversized. (44)
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Whilst almost all parts of the face develop in parallel with the formation of the denti-
tion, the vault and the eye-sockets are growing more rapidly. (4) (27) The fetal face at
birth corresponds to 55 - 60% of the breadth, 40 - 45% of the height and 30 - 35 % of
the depth of an adult face. (45) Additionally, the rate of calvarial to facial proportions
changes from about 8:1 at birth, to 4:1 at five years and to 2 - 2.5: 1 in adult life. (46)

Viscerocranium and neurocranium

The cranium consists of two parts: the neurocranium and the viscerocranium. (4) (47)
The neurocranium, the braincase, is constituted of eight bones (the ethmoid, the
frontal, the occipital, two parietals, the sphenoid and two temporals). It contains a
base and a vault whose sidewalls and roof (calvaria) complete the bony protective
covering. The viscerocranium comprises 14 facial bones (two inferior nasal conchae,
two lacrimal bones, the mandible, two maxillae, two nasal bones, two palatine bones,
the vomer and two zygomatic bones) yielding an upper part, which forms the skele-
ton of the orbits as well as of the nose, and a lower part that consisting of the maxilla
and mandibular bone. (4) (47)

Fontanelles

At birth the skull reveals “soft spots® between the cranial plates, the so-called fonta-
nelles, which are formed by connective tissue. Fontanelles are cartilaginous mem-

branes that mineralize and turn to bone during life. (44)

The anterior or bregmatic fontanelle lies between the two parietals and the two
halves of the frontal and is four-sided (Figure 1). It closes at the age of three years.
(48) (49) An analysis of the anterior fontanelle is important after birth (48) as it can be
used for taking a blood sample or giving intravenous injections. (49)
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Anterior fontanelle

Parietal

Metopic suture

Metopic fontanelle

Sphenoid fontanelle 25 \ g R : Temporal

Figure 1: Anterior view of the fetal skull. (4)

The posterior or lambdoid fontanelle is triangular and located between the occipital
and parietals (Figure 2 and Figure 3). It closes in the third month of postnatal life.
(48) (49)

Anterior fontanelle

Posterior fontanelle

Tympanic ring

Figure 2: Lateral view of the fetal skull. (4)
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The two types of laterally located fontanelles are called sphenoid and mastoid fonta-
nelle. The sphenoid or anterolateral fontanelles lie between the frontal, parietal, tem-
poral and sphenoid (Figure 2) and close by the sixth month of life. The mastoid or
posterolateral fontanelle, which is placed between the temporal, parietal and occipi-
tal, closes in the 18" month of life (Figure 2 and Figure 3). (49)

Figure 3: Basal view of the fetal skull. (4)

Sutures

Sutures are the contact lines between skull bones, which have a zipper-like appear-
ance. The names of many sutures derive from the two bones contacting each other.
(44) The numerous bones of the vault come into complete contact at the age of four
or five years (48).
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2.3.2 The intrauterine development of the human skull

The prenatal development of the human skull is complex, as it is a mosaic of a num-
ber of distinct components. (46) The developmental processes include changes in
morphology and growth of the three main parts, the desmocranium, the chondrocra-
nium and the viscerocranium. (46) The neurocranium is formed from the desmo- and

the chondrocranium whereas the viscerocranium develops into the face. (46)

Chondrocranium

The initially formed, cartilaginous part of the skull is called chondrocranium. The de-
velopment of the chondrocranium starts at the end of the fourth intrauterine week and
is finished in the ninth week at the latest. It is formed from endochondral bone of neu-
ral crest origin. (46) When the chondrocranium is ossified, starting from different ossi-
fication centres, it forms the essential part of the base of skull. (49) This transfor-
mation of the chondrocranium into the cranial base starts in parallel with the ossifica-
tion of the membranous roof of the skull. Only the nasal septum and the greater
wings of the sphenoid persist in a cartilaginous condition. (5) The occipital bone (ex-
cept for the superior portion of the squama), the ethmoid bone, the sphenoid bone
(except for the pterygoid plates and tip of the greater wing), the temporal bone (ex-
cept for the superior portion of the squama and the tympanic part) and the inferior

concha develop from the chondrocranium. (5)

Desmocranium

The mesenchymic part of the skull, the desmocranium, is formed from intramembra-
nous bone of paraxial mesodermal origin. (46) The desmocranium forms the vault of
the skull (the calvaria) after its ossification and it builds the major part of the bones of
the viscerocranium. (49) The parietal bone, the frontal bone, the nasal bone, the lac-
rimal bone, the vomer and the upper part of the squama occipitalis arise from the
desmocranium at the beginning of the third month. (5)
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Viscerocranium

The viscerocranium forms the facial skull and is derived from the pharyngeal arches.
(46) A large number of the bones of the viscerocranium is built by the desmocranium.
(49) The viscerocranium forms the access to the visual, aural and respiratory system

as well as the oromasticatory apparatus. (46)

2.3.3 Studies of age estimation in infant skulls

With regard to age estimation, there appears to be less literature present on the
measurements of infant skulls than on the rest of the skeleton or the teeth. (50) Not
only skull circumferences but also dimensions of individual skull bones might be of
importance for age analyses but these still have to be studied in detail. (51) Some
previous studies could already reveal how separate bones of the skull can be used
for the age estimation of fetuses and juveniles.

Fazekas & Kdésa (1978) measured all bones of the skeleton of male and female fe-
tuses from the third to the tenth lunar month of pregnancy. (5) They measured the
length and width of the basilar part and developed standards for a fetal age estima-
tion based on the pars basilaris. (5)

Redfield (1970) examined the occipital bone of 117 skeletons from the medieval ne-
cropolis at Mistihalj, in Southern Yugoslavia. (6) All measurements of the occipital
bone were regular enough to allow a prediction of age. The sample was further com-
pared with a series of 20 German fetuses, ten Egyptian skulls and 19 Eskimo skele-
tons. Thereby Redfield found, that the data could also be used for approximating age
of skeletons in the fetal and early post-natal range in other populations. (6)

The work by Scheuer and MacLauglin-Black (1994) confirmed a correlation between
the age at death and the dimensions of the pars basilaris of the occipital bone in fe-
tuses and juveniles. (7) They studied 62 fetal and juvenile partes basilares of the St.
Bride’s and Spitalfields collection, ranging in the age from approximately 26 weeks in
utero to four years and seven months postpartum.
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Further, Scheuer and MacLauglin-Black increased the number of measurements and
additionally also studied the proportion of the maximum width to the sagittal length
(5) as well as the maximum length of the pars basilaris in regard to their validity as
age indicators. (6)

Tocheri & Molto (2005) analysed 39 fetal and juvenile skeletons from Kellis 2 (K2), a
Roman Period cemetery in Dakhleh, Egypt including the measurement of the basilar
part. (8) They found that the dimensions of the basilar part were related to the gesta-
tional age. Unfortunately the real chronological age of the specimens was not known,

but only estimated using femoral diaphyseal length and dental data. (8)

In their studies Nagaoka et al. (2012) provided more data on the relation between the
fetal age at death and the basilar part of the occipital bone. (10) (9) By investigating
272 Japanese individuals between the ages of five to eleven months from gestation
they discovered that the fetal age at death can be directly inferred from basilar part
measurements. (10) (9) In addition, a positive correlation between the measurements
of the temporal bones with gestational age could be revealed by Nagaoka et al.
(2012). The petrous part of the temporal was a good marker for the estimation of age
at death in their Japanese sample. (10) (9)

The investigation by Cardoso et al. (2013) introduces the possible utility of ossifica-
tion centres in the occipital bone as markers for age estimation. (11) In a sample of
64 immature skeletons between birth and eight years of age they could demonstrate
the relation between age and a certain stage of fusion. (11)

2.4 The current study: six fetal skull bones for age estimation

Following Fazekas and Kosa (1978), Redfield (1970), Scheuer and MacLauglin-Black
(1994) and others, in this thesis six different bones from sub-adult skulls were meas-
ured and used for an age determination. (5—7) The characteristics and the develop-
ment of each bone analysed will be shortly described below.
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2.4.1 The occipital bone

The occipital bone forms the base of the skull and surrounds the foramen magnum
on each side. It comprises the squama occipitalis, two partes laterales os occipitalis
and the pars basilaris os occipitalis. All four parts are present long before birth and
fuse from posterior to anterior in the first six years of life. (6)

The base of the skull is the “most stable area in the skull during growth”, which is
normally not distorted during the birth process. (52) Especially the pars basilaris is a
complete and solid bone from an early fetal period on, which is likely to be found un-
broken. (6) In addition, all the bones of the base are highly resistant to degradation
and have characteristic shapes (Figure 4). Hence, for skeletal research the bones of
the base are usually found in an intact condition and have characteristic features
useful for identification, which is important for age at death determinations. (5)

Figure 4: Basilar and lateral parts of the occipital bone at the age of 3 - 10 lunar months. (5)

The pars basilaris os occipitalis is centred under the skull and located anterior to
the foramen magnum. It forms the base of the skull and is separated from the sphe-
noid bone by the synchondrosis spheno-occipitalis. (6) The pars basilaris os occipi-
talis experiences characteristic changes during the intrauterine development.(5)
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Thereby it gradually thickens and increases in width. From the age of 8 % lunar
months, the width of the bone usually starts to exceed its length (Figure 4). (5) By six
months of age is the width of the pars basilaris always greater than its length. (27)

The squama occipitalis consists of the pars supra-occipitalis, the most posterior
part of the skull base, and the pars interparietalis. It forms the posterior section of the
occipital bone. (27) The pars supra-occipitalis and the pars interparietalis start to fuse
in the middle of the bone between 3.5 and 5 prenatal months. (6) The junction of the-
se two bones is marked by the sutura mendosa in prenatal life (Figure 5). (27) During

the first year of life the remains of the sutura mendosa are closing. (27)

The two pars lateralis os occipitalis lie on either side of the foramen magnum and
articulate anteriorly with the pars basilaris os occipitalis. (6) (27) The anterior ends of
either pars lateralis thicken gradually and in this region does the hypoglossal canal
pass through (Figure 5). (27) (5)
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Figure 5: Intracranial view of the perinatal occipital bone. (27)
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2.4.2 The parietal bone

The parietal bone is a paired bone, which forms a large part of the sidewalls of the
cranial cavity. At the sagittal suture both parietal bones articulate with each other and
other sutures with the squama occipitalis, the mastoid, the squamous part of the
temporal, the greater wings of the sphenoid and the frontal. (27)

At the end of the second lunar month two ossification centres develop. In the fifth
lunar month the squamous plate in the region of the parietal eminence grows in den-
sity and is ellipsoid as well as convex in shape. (5) The margins of the squamous
part straighten at the coronal, sagittal and lambdoid sutures in the sixth lunar month.
Then both superior ends become angular (5) and borders as well as angles become
definitive. (27) At birth there exists a single parietal bone with a prominent eminence
(Figure 6) and the sagittal fontanelle is usually no longer present. (27)
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Figure 6: The right perinatal parietal bone. (27)
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2.4.3 The frontal bone

The frontal bone is an irregular and bowl-shaped bone, which forms parts of the roof
and the sidewalls of the cranial cavity. It also builds the floor of the anterior cranial
fossa and of the roofs of the orbits. (27) The bone consists of two independent sym-
metrical parts and is divided by the frontal suture. (5)

Between six and seven weeks of prenatal life, each half of the bone ossifies from a
single centre. (27) If no complete union of both frontal bones takes place, the bones
meet by the sutura metopica (in 10 % of cases). (5) At the end of the first trimester a
merged frontal bone is recognizable. It is built of two symmetrical halves at birth,
which are separated from each other by the metopic suture. (27) In the fifth prenatal
month is the anteroposterior length of the frontal bone greater than the lateral width.

The metopic suture normally closes between two and four years of age. (27)

The diamond-shaped anterior fontanelle is the largest of all fetal fontanelles and is
located between the anterosuperior angles and the parietal (Figure 7). This fontanelle
normally closes between the age of one and two years. (27)

Sagittal fontanelle

Parietal Parietal eminence

Anterior fontanelle

Frontal eminence

Frontal
Metopic fontanelle

Figure 7: Perinatal frontal and parietal bones. (27)
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244 The zygomatic bone

The zygomatic forms the cheek prominence and separates the orbit from the tem-
poral fossa. It is irregularly shaped and has three surfaces, two processes and five
borders. (27) In the eighth prenatal week, one or more centres of ossification arise in
the mesenchyme below and lateral to the orbit. These centres fuse in the third
month. (5)

By the first half of prenatal life, the zygomatic is recognizable and similar to the adult
bone, but has different proportions. (27) At birth the zygomatic is a tri-radiate gracile

bone with frontal, temporal and maxillary processes (Figure 8). (27)

During infancy and early childhood the zygomatic bone development has to keep up
with the rapid growth of the maxilla, which creates space for the deciduous teeth.
This causes an angulation at the notch on the inferior border. (27) The zygomatic
receives adult proportions by the time of the eruption of the deciduous dentition. (27)
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Figure 8: Lateral view of the right perinatal zygomatic bone. (27)
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2.45 The maxilla

The maxillae form the anterior part of the cranial roof and a large part of the visible
surface of the lower face as well as the nasal aperture. Moreover, the maxilla bears
all upper teeth. (27) The maxilla develops from the dental bone as the maxillary pro-
cess of the mandible. It ossifies in the sixth week of prenatal life from six centres that
fuse with another by forming two bones. These two bones unite around the fourth
lunar month. (5)

In the eleventh week of prenatal life, the crypts of the deciduous incisors start to de-
velop. The crypts of all teeth are completed in the 17" - 18" week of prenatal life
(Figure 9). At about one year of age, the formation of the crypt of the second decidu-
ous molar ends and simultaneously the crypt of the first permanent molar is posteri-
orly opened. After about three years of age the opened socket of the second perma-

nent molar is present. (27)
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Figure 9: Palatal view of the right maxilla. (27)



Theoretical principles 26

2.4.6 The mandible

The mandible is the lower jaw, which is the only skeletal element of the head, apart
from the ossicles of the middle ear, that moves independently relative to the cranium.
It bears all the lower teeth and is composed of two halves of which each consists of a
horizontal body and a vertical ramus (Figure 10). (27)

The ossification of the mandible starts in the mesenchyme, which surrounds the
Meckel's cartilage, a cartilaginous bar in the embryonic mandibular arch. This pro-
cess begins shortly before the ossification of the maxilla. (46) The two halves of the
mandible are connected by the symphysis mandibulae (5), a band of connective tis-
sue, which ossifies in the first year of life. (53) The mandibular bony union arises at
the age of one or two years starting from one to four centres of ossification. (5)

The shape and proportions of the mandible change significantly during the develop-
ment. After birth the mandible experiences more variation in shape and increases
more in size than any other facial bone. This can be partly explained by the strains of
sucking and masticating movements, which play an important role in the develop-
ment of the final shape of the mandible. (5) Moreover, the mandible has to grow
along with the development of the deciduous and permanent dentition, with the
changes of size and shape of the maxilla and with the increasing width of the cranial
base. (27).

First deciduous molar

Incisive fossa

Mental protuberance {%
cm

Figure 10: Frontal view of a child’s mandible at the dental age of one year. (27)
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3 Objectives

The major goal of this study is to evaluate the usefulness of the six proposed skull
bone elements for aging young postnatal children. By calculating linear and quadratic
regression equations, statements on the predictive aging value of each bone can be

made.

Moreover, it is aimed to compare the measurements of the skeletal elements with the
data of previous studies by Fazekas & Kosa (1978), Scheuer & MacLauglin-Black
(1994), Redfield (1970) and Tocheri & Molto (2002).(5-8) In this regard, also differ-
ences between the dimensions of varying skeletal populations can be examined.

As this study is based on measurements of infants from birth up to two years, it is
further aspired to provide a reliable method by the use of regression equations for the

estimation of age at death in this age group.
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4 Materials and Methods

4.1 Material

The analysed material, a historical collection of skulls from children from the 19" cen-
tury, was provided by the museum of the dental clinic Vienna. The museum’s storage
offers three specific osteological collections from the 19" century. One of these was
accumulated by Valentin Terzer, a surgeon, dentist and obstetrician. (54)

Valentin Terzer was born on 1% March 1799 in Entiklar, near Kurtatsch in South Ty-
rol. In 1820 he enrolled as a surgeon of the first class at the University of Vienna and
probably worked in a dental practice while studying. In 1834, Valentin Terzer was
registered in the list of established surgeons and dentists in Vienna. He is no longer
in this medical directory after 1874. According to the baptismal register of his birth-
parish in Kurtatsch, Valentin Terzer died on 18" December 1875 in Bozen. (54)

The Terzer collection represents a sample of skulls mostly of the earlier and also the-
later childhood - Infans | (up to seven years) and Infans Il (up to 14 years) from the
year 1833. There are no records about the aim of this historical collection. It is just
known that this collection was examined by scientists in the second half of the 19™
century and is analysed today by several researchers. (54)

The child corpses of the Terzer collection were received from the Viennese Found-
ling House, a maternity house or a hospital (Figure 11 and Figure 12). The Viennese
Foundling House was built in 1784 by Joseph Il to cope with the increasing number
of illegitimate births in Vienna. (55) Almost all of these children were either born in
the maternity houses or were given directly after birth into this institution. Hence, 70%
of the children were already admitted to the Viennese Foundling House at the age of
eight or nine days. (55) Although the Viennese Foundling House should serve as a
protected place for unmarried women, where they could leave their children, this in-
stitution revealed high mortality rates. Until 1813, 97% of all children died. (55)
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This fact might be explained by the multitude of people living in a confined space to-
gether, by the missing or sparsely respected hygienic rules as well as by the pres-
ence of many diseases such as respiratory diseases, diarrhoea or syphilis. (55)

Figure 12: Transfer of children from the biological mothers to the midwives and the foster mothers.
(55)
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For the present study 32 skulls of the Terzer collection between the age of seven
months in utero and two years, seven months and 22 days were examined (Figure
13 and Figure 14). A few of the skulls of the original Terzer collection had to be ex-
cluded due to unknown age at death or missing skull bones. Although not all of the
crania were complete, but most of them were in a good state of preservation. Some
skulls had additional handwritten information about pathological conditions, age at
death, date of death and the individual’s names (Table 1). (54)
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Table 1: Individuals of the Terzer collection with information about age at death and cause of death.

Individuum Age Notes
P210_ZE-000300 |7 months "The child's head is in the maternity hospital on 27th July 1833. The cesarean section was taken inthe
seventh month" (MV 71; 4)
P210_7ZE-000301 |2 months, 28 days "624/800 ZIERER Maria, 1 month, 28 days, on 14th May 1833 died of emaciation and was broughton
15th of the month" (MV 65; 5)
P210_7ZE-000302 |3 months, 9 days "K.M. 58/833 ADEL Josepha, 3 months 9 days, died of Fraisch (epileptic seizures) on 2nd April 1833 "
P210_7ZE-000303 |3 months, 15days MV 73; 6; 10
P210_7ZE-000304 |3 months, 20days "Z.B.77/833 MULLNER Karl, 3months 20 days died of Fraisch on 11th April" (MV 67;9)
P210_ZE-000305 |4 months, 5 days "3305/832 EGER Barbara, 4 months 5days died of hydrocephalus on 1st April 1833" (v.0.2.19; 12; MV
72;2)
P210_ZE-000306 |9 months, 15days v.0.Z._; MV 68;1
P210_7ZE-000308 |7 months, 13 days "Z.B.2771/832 Scheinfeld Franziska, 7 months 15 days died on 14th May 1833 and was brought on 15th
of the month" (v.0.Z. 26; MV 75; 12)
P210_7ZE-000310 |4 months, 12 days "Z.B.n6 34/833 Foundling Streiphnee Sigismund, 4 months 12 days died of Fraisch on 11th May 1833"
(MV 69; 10)
P210_7ZE-000311 |6 months, 28 days v.0.Z.24; MV 74; 14
P210_7ZE-000312 |10 months, 17 days "Gb12 Maria, 10 months 17 days died of paralysis of the lungs on Sth May 1833" (29; MV 76; 15)
P210 7ZE-000314 |1year, 17days "21/802 Edelmann Joseph, 1 year 17 days died of Fraisch on 1st August 1833" (v.0.Z; 26; MV 83; 33)

P210_ZE-000316

1year, 4 months, 14 days

"Magdalena Zimmermann Z.b.Nr.: 3129/1831, 1 year 4 months 14 days died of emaciation on 6th April
1833"

P210_ZE-000317

1year, 5 months, 27 days

"28Gg/831 WURZWALL Karoline, 1 year 5 months 27 days died of emaciation on 23rd April 1833 and
was brought on 12th April 1833"

P210_ZE-000318

9 months, 12 days

"Z.B: Ko 1752/833 Binder Karl, 9months 12 days died of Fraisch on 30th May 1833 and was brought on
the same day"

P210_ZE-000319

1year, 9 months

P210_7ZE-000320 |6 months, 15days "Z.B.: Nr 2738/833 SELENA Maria, 6 months 15 days died of Fraisch on 11th September 1833"

P210_7ZE-000321 |5 months, 1 day

P210_7ZE-000322 |1 month, 1 day Skull laterally impressed "959/833 Hauslan Eduard, 1 month 1 day died of hectic fever on 1st April

1833"

P210_7ZE-000323 |8 months, 2 days

P210_7ZE-000324 |17 days

P210_7E-000326 |4 days MV 58; 26

P210 7ZE-000328 |2 months, 14 days "750/833 Riesenthaler Theresia, 2months 14 days died of Fraisch on 27th May 1833 and was brought on
28th May 1833"

P210 7ZE-000329 |8 months, 26 days "z.B.2021/832 Kraus Ernst, 8months 26 days died of measles on 1st April 1833"

P210_7ZE-000331 |10months, 1day

P210 7ZE-000332 |1 year, 6 months open skull (v.0.Z. 37; MV 86; 29)

P210_7ZE-000333 |1 year, 4 months open skull (v.0.Z. 38; 30; MV 87; 31)

P210_ZE-000334

1year, 9 months, 8days

"Nr1900/831 Tischler Johann, 1 year 9months 8 days died of Fraisch on 10th May 1833" (MV 90; 36)

P210_ZE-000335

1year, 10months, 10days

v.0.Z.42; 34; MV 91; 37

P210 ZE-000336

1year, 11 months

active caries (V.0.Z. 43; 35; MV 92; 28)

P210_ZE-000337

2 years, 7 months, 22 days

MV 93; 38; 36

P210_ZE-000338

1year, 8 months

caries (MV 88; 35)
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4.2 Methods

4.2.1 Description of the measurements of all analysed skull bones

The children’s skulls were measured with a sliding caliper in millimetres. The dimen-

sions of the following six bones were examined:

The occipital bone (squama occipitalis, pars basilaris os occipitalis)
The parietal bone

The frontal bone

The zygomatic bone

The maxilla

The mandible

o a0 K~ w N =

The following 15 dimensions of the skull bones (Table 2) were measured according
to the specifications by Fazekas & Kdsa (1978) and Schaefer, Black & Scheuer
(2009) and are verbally as well as graphically described in the following subchap-
ters.(5,56)

Table 2: Summary of all measurements taken.

Measurements at fetal skulls

Occipital squama height Squama

Occipital squama width occipitalis o -

Maximum width basilaris e occipita
Pars bone

Sagittal length basilaris basilaris

Parietal height
Parietal width
Frontal height

| Frontal width
10|Zygomatic length

The parietal bone

1
2
3
4
5|Maximum length basilaris
6
7
8
S The frontal bone

— - - The zygomatic bone
11]Zygomatic width (oblique height)

12| Maxilla length Maxilla
13|Mandible body length
14|Mandible width (of the arc of the mandible) Mandible

15] Full length of the half mandible (oblique length)
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All of the following definitions for the measurements have been adopted verbatim
from Fazekas & Kosa (1978) and Schaefer, Black & Scheuer (2009). (5) (56)

The squama occipitalis

1. Occipital squama height
The distance measured in the midline, from the posterior border of the foramen mag-
num to the tip of the squama. (5)
Straight line distance from the posterior border of the foramen magnum to the tip of
the squama. (56)

Figure 15: The height of the occipital squama.

2. Occipital squama width
The greatest width of the occipital squama in the line of the sutura mendosa. (5)
Straight line distance from the greatest width of the occipital squama in the line of the
sutura mendosa. (55)

Figure 16: The width of the occipital squama.
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The pars basilaris os occipitalis
3. Maximum width basilaris
The greatest distance measured in the line of the lateral tubercles. (5)

Greatest distance measured in the line of the lateral angles. (56)

Figure 17: The maximum width of the pars basilaris occipitalis.

4. Sagittal length basilaris

Midline distance between the foramen magnum and synchondrosis sphenooccipital-
is. (56)

Figure 18: The sagittal length of the pars basilaris occipitalis.
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5. Maximum length basilaris

The distance measured in the midline between the foramen magnum and synchon-

drosis sphenooccipitalis. (5)

Maximum distance between the posterior edge of the lateral condyle and the syn-
chondrosis sphenooccipitalis (56)

Figure 19: The maximum length of the pars basilaris occipitalis.

The parietal bone
6. Height

The distance (length) measured parallel with the coronal suture, from the middle of
the squamous margin to the middle of the sagittal margin, across the tuber parietal
eminence. (5)

Straight line distance from midsquamous border to midsagittal border across parietal

eminence parallel to coronal suture. (56)

Figure 20: The height of the parietal bone.
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7. Width

The distance measured parallel with the sagittal suture between the frontal and the
occipital margins across the parietal eminence. (5)

Straight line distance from frontal to occipital borders across parietal eminence, par-
allel to sagittal suture. (56)

Figure 21: The width of the parietal bone.

The frontal bone
8. Height

The distance (length) measured from the middle of the superior margin of the orbit,
across the frontal eminence to the superior peak of the frontal bone. (5)

Straight-line distance from middle of the superior margin of the orbit to superior peak
of bone across frontal eminence. (56)

Figure 22: The height of the frontal bone.



Materials and Methods 39

9. Width

In younger fetuses (3 to 3 %2 lunar months) the distance measured at the level of the
superior border of the orbit. In fetuses older than 4 lunar months the distance meas-
ured transversally at the level of the frontal eminence. (5)

Straight-line distance from width across frontal eminence at right angles to length

(width at superior border of orbit in younger fetuses). (56)

Figure 23: The width of the frontal bone.

The zygomatic bone

10.Length
The distance measured between the anterior end of the infraorbital margin (marginal
process) and the posterior end of the temporal process. (5)
Anterior end of maxillary process to posterior end of temporal process. (56)

Figure 24: The length of the zygomatic bone.
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11.Width (oblique height)

The distance measured between the anterior end of the infraorbital margin (marginal

process) and the frontosphenoidal process. (5)

Anterior end of maxillary process to superior end of frontal process. (56)

Figure 25: The width (oblique height) of the zygomatic bone.

The maxilla
12.Length

The sagittal measurement of the maxilla between the anterior nasal process and the

posterior border of the palatal process. (5)

Anterior nasal spine to posterior border of palatal process in sagittal plane. (56)

Figure 26: The length of the maxilla.
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The mandible
13. Body length
The distance from the tuberculum mentale to the ipsilateral angle. (5)

From tuberculum mentale to mandibular angle. (56)

Figure 27: The body length of the mandible.

14. Width (of the arc of the mandible)
The distance measured between the coronoid and condyloid process. (5)

Posterior border of condyle to tip of coronoid process. (56)

Figure 28: The width of the mandible.
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15. Full length of the half mandible (oblique length)

The distance measured between the tuberculum and the head of the mandible of the
same side. (5)

From tuberculum mentale to posterior border of condyle. (56)

Figure 29: The full length of the half mandible (oblique length).
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4.2.2 Statistical analysis

For the statistical evaluation the program R version 3.2.2 (57) has been used. The
graphics were created with ggplot2. (58) Descriptive statistics include values such as
the mean, the median, the standard deviation (SD) as well as the minimum and the

maximum of each dimension measured.

For inductive statistics linear models, ordinary least square models and second order
polynomial regression models have been applied for predicting age. Thereby the
prediction error was assessed using the Standard Error of Estimate (S.E.E.), the
Mean Absolute Deviation (M.A.D.) and the Leave-one-out-cross-validation (CV error).
(59)

An adjusted R-squared (R? = coefficient of determination) variable was determined to
demonstrate the strength of the association between the age (in days on y-axis) and
the skull dimensions (in mm on x-axis) in a linear and a quadratic regression analy-
sis. (60) If the R? value is near one or at least higher than 0.7 the relation is strong
and linear or quadratic. If the value is near zero or at least less than 0.5, the relation

is far from being linear or quadratic. (5)
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5 Results

The results include descriptive statistics of the measurements taken on the 32 skulls
of the Terzer collection. In addition, scatter plots illustrate the calculated linear
(marked in red) and quadratic (marked in blue) regression equations. For each equa-
tion the S.E.E., the M.A.D., the adjusted R-squared (R?) and the CV error are provid-
ed.

5.1 Descriptive statistics

The mean value (Mean), standard deviation (SD), minimum (Min.), median, maxi-
mum (Max.), number of individuals (n) and the missing skeletal dimensions of the

bone (missing) of every skeletal dimension are given in Table 3.

The mean age of all analysed individuals is 307.8 days, which equals 10.1 months
(Table 3, first row). A standard deviation of +/- 252.3 days indicates an age variance
of the sample between 55.5 and 560.1 days. The median sums up to 235.5 days. As
according to Jukic et al. (2013) the median time from ovulation to birth is 268 days
(61), hence the minimum age in this study is -55.0 days (= 213 days - 268 days; skull
ZE-000300, 7 months in utero). The maximum value represents the age of the oldest
individual, which is two years, seven months and 22 days (ZE-000337).

The same values (mean, SD, min, max, median) are given for each dimension in mil-

limetres.
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Table 3: Descriptive statistics of the measurements.

Mean | SD Min Median | Max | n | Missing
Age 307.8 | 252.3 | =55.0 | 235.5 |965.0 | 32 0
ChordHeightParsSquamaOccipital 67.1 | 11.6 | 48.9 66.7 88.2 | 32 3
ChordWidthParsSquamaOccipital 70.0 | 12.8 | 47.1 68.3 92.9 | 32 3
MaxWidthParsBasilarisOccipital 14.5 3.0 8.1 14.1 242 | 32 0
SagittalLengthParsBasilarisOccipital 11.7 1.9 8.3 11.5 16.6 | 32 0
MaxLengthParsBasilarisOccipital 15.7 | 2.5 11.2 15.6 232 | 32 0
ChordHeightParietal 81.5 | 11.2 | 60.1 82.4 | 101.4 ] 32 3
ChordWidthParietal 86.0 | 13.5 | 62.7 84.2 | 117.0 | 32 3
ChordHeightFrontal 58.8 9.7 45.1 57.3 85.9 | 32 3
ChordWidthFrontal 512 | 7.1 34.8 50.2 68.3 | 32 4
LengthZygomatic 27.2 4.8 17.0 27.1 39.5 | 32 2
ObliqueHeightWidthZygomatic 21.1 34 14.2 20.8 27.9 | 32 2
LengthMaxilla 28.7 | 3.2 | 21.6 28.3 37.0 | 32 1
BodyLengthMandible 404 | 6.1 29.1 39.5 57.2 | 32 0
WidthMandible 16.1 2.8 10.4 16.1 245 |32 2
ObliqueLengthMandible 58.1 | 10.1 | 37.5 55.7 82.7 | 32 1
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5.2 Regression models

5.2.1 The chord height of the pars squama occipitalis

— Linear
— Quadranc

Age (days)

| | |

Chord Height Pars Squama Occipital (mm)

Figure 30: Linear and quadratic regressions of the chord height of the pars squama occipitalis.

The quadratic (blue line) and the linear (red line) regression equation have the same
R? value of 0.71. The M.A.D. for the linear regression is with 90.23 days slightly larg-
er than the quadratic regression (88.48 days). Table 4 summarizes these values in

addition to the CV error and the S.E.E. for each equation.

Table 4: Model assessment for the chord height of the pars squama occipitalis.

model S.EE MAD. R* CV Error
Age = —O418 +183-X 13404 00.23 0.71 147 50
Age = -3675+7- X +01-X? 13363 8848 071 155.80
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5.2.2 The chord width of the pars squama occipitalis

Age (days)

| |

Chord Width Pars SqUama Occipitél (mm)

Figure 31: Linear and quadratic regressions of the chord width of the pars squama occipitalis.

The quadratic (blue line) regression equation has a marginally higher R? value of
0.76 compared to the linear (red line) regression equation (0.75). This is also reflect-
ed by the smaller M.A.D. for the quadratic regression (90.81 days) than for the linear
regression (M.A.D. 96.14 days). Table 5 summarizes these values in addition to the

CV error and the S.E.E. for each equation.

Table 5: Model assessment for the chord width of the pars squama occipitalis.

model S.EE MAD. "* CV Error
Age — 0068 + 17- X 12450 96.14 0.75 135.45
Age =819-114-X +02-X? 12092 90.81 0.76 136.10
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5.2.3 The maximum width of the pars basilaris occipitalis

— Linear
— Quadrarc

Age (days)

| |

Max Width Pars Basilaris Occipital (mm)

Figure 32: Linear and quadratic regressions of the maximum width of the pars basilaris occipitalis.

R? has a minimally higher value in the quadratic (blue line; 0.60) than in the linear
regression equation (red line; 0.59). Both, show better M.A.D. values (quadratic:
118.00 days; linear: 120.54 days) than the calculations by Scheuer and MacLaughlin-
Black (1994; M.A.D. 266.30 days), which are presented together with the CV Error
and the S.E.E. for each equation in Table 6.

Table 6: Model assessment and comparison with Scheuer & MacLaughlin-Black, 1994, for the maxi-

mum width of the pars basilaris occipitalis.

model SEE MAD. R® CV Error
Age = 6206+64.1-X 15830 120.54 0.59 165.99
Age = 42184+ 37.7- X +08-X? 157,70 118.00 0.60 167.05
ScheuerMclaughlinBlack 33282 266.30 332.82
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5.2.4 The sagittal length of the pars basilaris occipitalis

— Linear
— Quadrarc

Age (days)

| |
=

Sagittal Length Pars Basilaris Occipital (mm)
Figure 33: Linear and quadratic regressions of the sagittal length of the pars basilaris occipitalis.

The R? of both, the linear (red line) and quadratic (blue line) regression equation has
the same value of 0.41. Also the M.A.D. values are quite similar, with the quadratic
regression (M.A.D. 151.30 days) showing the lower value than the linear regression
(M.A.D. 152.32 days). The calculations by Scheuer and MacLaughlin-Black (1994)
indicate an M.A.D. of 262.56 days. Table 7 summarizes these values in addition to
the CV Error and the S.E.E. for each equation.

Table 7: Model assessment and comparison with Scheuer & MacLaughlin-Black, 1994, for the sagittal

length of the pars basilaris occipitalis.

model SSEE MAD R* CV Error
Age = —696.6 +859-X 191.47 152.32 041 205.55
Age = -2418+93-X +3.1 -X? 190,95 151.30 0.41 221.39
ScheuerMclaughlin Black 325.87 262.56 325.87
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5.2.5 The maximum length of the pars basilaris occipitalis

— Linaar
— Quadraric

Age (days)

Max Length Pars Basilaris Occipil_al (mm)

Figure 34: Linear and quadratic regressions of the maximum length of the pars basilaris occipitalis.

The quadratic (blue line) regression equation has an R? of 0.57, which is slightly
higher than that of the linear (red line) regression equation (0.56). Of both, the quad-
ratic regression (M.A.D. 118.75 days) and the linear regression (M.A.D. 120.51 days)
the M.A.D. values are much lower than the value obtained by Scheuer and
MacLaughlin-Black (1994; M.A.D. 265.86). Table 8 summarizes these values in addi-
tion to the CV Error and the S.E.E. for each equation.

Table 8: Model assessment and comparison with Scheuer & MacLaughlin-Black, 1994, for the maxi-

mum length of the pars basilaris occipitalis.

model SEE. MAD. R* CV Error
Age = —876.6 + 756 X 16421 12051 0.56 171.87
Age = -528 +325-X +13-X? 163.73 11875 0.57 175.43
ScheuerMclaughlinBlack 33761 265.86 337.61
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5.2.6 Comparison of the length of the pars basilaris vs. the width of the pars

basilaris
25 -
A
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Figure 35: Relationship between the maximum width and the maximum length of the pars basilaris.

Figure 35 shows the relationship between the maximum width (triangles) and the
maximum length (circles) of the pars basilaris of this study. The black line indicates
the age of five months postpartum. The green marked dots (= maximum length) and
triangles (= maximum width) represent the individuals where the width exceeds the

length of the pars basilaris.
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5.2.7 The chord height of the parietal bone

— Linear
— Quadrarc

Age (days)

Chord Height Parietal (mrri)

Figure 36: Linear and quadratic regressions of the chord height of the parietal bone.

The quadratic (blue line) regression equation has a higher R? value (0.73) than the
linear (red line) regression equation (0.68). Also, a considerably smaller M.A.D. for
the quadratic regression (87.67 days) compared to the linear regression (M.A.D.
104.99 days) is present. Table 9 summarizes these values in addition to the CV Error

and the S.E.E. for each equation.

Table 9: Model assessment for the chord height of the parietal bone.

model SEE MAD. R CV Error
Age = —12202 + 185- X 13891 10499 068 150.12
Age = 12854 - 447-X +04-X? 12899 8767 0.73 142,88
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5.2.8 The chord width of the parietal bone

— Linear
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Figure 37: Linear and quadratic regressions of the chord width of the parietal bone.

Both, the quadratic (blue line) regression equation and the linear (red line) regression
equation have similar R? values of 0.64 and 0.63, respectively. The M.A.D. for the
quadratic regression (114.26 days) is higher than the linear regression (M.A.D.
108.97 days). Table 10 summarizes these values in addition to the CV Error and the

S.E.E. for each equation.

Table 10: Model assessment for the chord width of the parietal bone.

model SEE MAD. R* CV Error
Age = -992 + 148- X 149.96 108.97 0.63 172.57
Age = -16202+291-X - 0.1- X? 148.98 114.26 0.64 199.33
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5.2.9 The chord height of the frontal bone

— Linear
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Figure 38: Linear and quadratic regressions of the chord height of the frontal bone.

R? for the quadratic (blue) regression equation (0.83) is similar to that of the linear
(red) regression equation (0.82). The M.A.D. for the quadratic regression (79.53
days) is slightly smaller than that of the linear regression (M.A.D. 82.68 days). Table
11 summarizes these values in addition to the CV Error and the S.E.E. for each

equation.

Table 11: Model assessment for the chord height of the frontal bone.

model SEE MAD. R* CV Error
Age = —-1095.7+2314- X 104.11 82.68 0.82 110.28
Age = -3177-21-X +02. X? 101.17 7953 0.83 113.80
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5.2.10 The chord width of the frontal bone

— Linear
— Quadrarc

Age (days)

|
bl

Chord Width Frontal (mm)

Figure 39: Linear and quadratic regressions of the chord width of the frontal bone.

The quadratic (blue) regression equation has an R? of 0.72, which is slightly higher
than that of the linear (red) regression equation (0.70). The value of the M.A.D. for
the quadratic regression (85.88 days) is much lower than that of the linear regression
(M.A.D. 93.54 days). Table 12 summarizes these values in addition to the CV Error

and the S.E.E. for each equation.

Table 12: Model assessment for the chord width of the frontal bone

model SEE MAD, R° CV Error
Age = —1053.2 + - X 11838 9354 0.70 126.10
Age = 1646-225-X +05-X? 11344 8588 0.72 129.49
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5.2.11 The length of the zygomatic bone

— Linear
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Figure 40: Linear and quadratic regressions of the length of the zygomatic bone.

The R? of both, the linear (red) and quadratic (blue) regression equation has the
same value of 0.60. Also the M.A.D. values are quite similar, with the quadratic re-
gression (M.A.D. 110.79 days) showing the lower value than the linear regression
(M.A.D. 111.04 days). Table 13 summarizes these values in addition to the CV Error
and the S.E.E. for each equation.

Table 13: Model assessment for the length of the zygomatic bone.

model SEE MAD R° CV Error
Age = —GO8.4+36- X 14122 111.04 0.60 149.07
Age = -53214+235-X +02-X? 14099 110.79 0.60 152.68
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5.2.12 The oblique height (width) of the zygomatic bone

— Linear
— Quadrarc

Age (days)

7 Oblique HeigﬁfWidth Zygomati_é (mm)
Figure 41: Linear and quadratic regressions of the oblique height (width) of the zygomatic bone.

The quadratic (blue) regression equation has an R? of 0.71, which is slightly higher
than that of the linear (red) regression equation (0.69). The value of the M.A.D. for
the quadratic regression (95.36 days) is much lower than that of the linear regression
(M.A.D. 98.70 days). Table 14 summarizes these values in addition to the CV Error
and the S.E.E. for each equation.

Table 14: Model assessment for the oblique height (width) of the zygomatic bone.

model SEE MAD R° CV Ermror
Age = —B826+55.5- X 12270 98,70 0.69 129.66
Age = —1245-19-X +18-X? 120,08 9536 0.71 128.27




Results 58

5.2.13 The length of the maxilla

— Linear
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Figure 42: Linear and quadratic regressions of the length of the maxilla.

R? for the quadratic (blue) regression equation (0.62) is similar to that of the linear
(red) regression equation (0.61). The M.A.D. for the quadratic regression (123.77
days) is slightly smaller than that of the linear regression (M.A.D. 128.54 days). Table
15 summarizes these values in addition to the CV Error and the S.E.E. for each

equation.

Table 15: Model assessment for the length of the makxilla.

model SEE MAD. ”° CV Ermror
Age — — 14036 + 63- X 156.41 12854 0.61 164.80
_Age = -3%68-123-X + 1.3-X? 155.27 123.77 0.62 166.42
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5.2.14 The body length of the mandible
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Figure 43: Linear and quadratic regressions of the body length of the mandible.

The linear (red) and quadratic (blue) regression equation have the same R? value of
0.70. Also the M.A.D. values are quite similar, with the quadratic regression (M.A.D.
98.09 days) showing the lower value than the linear regression (M.A.D. 98.87 days).
Table 16 summarizes these values in addition to the CV Error and the S.E.E. for

each equation.

Table 16: Model assessment for the body length of the mandible.

model SEE. MAAD. R® CVEmor
Age— —10870 +345- X 13552 08.87 0.70 142,19
_Age=-9209+264-X +0.1-X* 13544 9809 0.70 147.14
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5.2.15 The width of the mandible
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Figure 44: Linear and quadratic regressions of the width of the mandible.

The quadratic (blue) regression equation has an R? of 0.41, which is slightly higher
than that of the linear (red) regression equation (0.38). The value of the M.A.D. for
the quadratic regression (157.36 days) is much lower than that of the linear regres-
sion (M.A.D. 165.36 days). Table 17 summarizes these values in addition to the CV

Error and the S.E.E. for each equation.

Table 17: Model assessment for the width of the mandible.

model SEE. MAD. R CV Error
Age = 6030 +56- X 20029 165.36 0.38 21431
Age =3018-664-X +37-X?7 19405 157.36 0.41 208.41
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5.2.16 The oblique length of the mandible
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Figure 45: Linear and quadratic regressions of the oblique length of the mandible.

R? for the quadratic (blue) regression equation (0.74) is similar to that of the linear
(red) regression equation (0.73). The M.AD. for the quadratic regression (89.94
days) is slightly smaller than that of the linear regression (M.A.D. 98.26 days). Table
18 summarizes these values in addition to the CV Error and the S.E.E. for each

equation.

Table 18: Model assessment for the oblique length of the mandible.

model SSEE. MAD R* CV Emror
15-X 129.19 98.26 0.73 136.46
X+02-X? 12648 8994 074 134.93
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Table 19 below shows all values of R? of the linear and quadratic regressions ar-

ranged in a descending magnitude.

Table 19: Measurements sorted by the value of R? of linear and quadratic regression.

Bone measurement

Linear regression R’

Bone measurement

Quadratic regression R?

Frontal bone chord 0.82 Frontal bone chord 0.83

height height

Pars squama occipital- 0.75 Pars squama occipital- 0.76

is chord width is chord width

Mandible longest 0.73 Mandible longest 0.74

oblique length oblique length

Pars squama occipital- 0.71 Parietal bone chord 0.73

is chord height height

Frontal bone chord 0.7 Pars squama occipital- 0.72

width is chord height

Mandible body length 0.7 Frontal bone chord 0.71
width

Zygomatic bone width 0.69 Zygomatic bone width 0.71

Parietal bone chord 0.68 Mandible body length 0.7

height

Parietal bone chord 0.63 Parietal bone chord 0.64

width width

Maxilla length 0.61 Maxilla length 0.62

Zygomatic bone 0.6 Zygomatic bone length 0.6

length

Pars basilaris occipi- 0.59 Pars basilaris occipi- 0.6

talis max. width talis max. width

Pars basilaris occipi- 0.56 Pars basilaris occipi- 0.57

talis max. length talis max. length

Pars basilaris occipi- 0.41 Pars basilaris occipi- 0.41

talis sagittal length talis sagittal length

Mandible width 0.38 Mandible width 0.41
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6 Discussion

The determination of age at death of human skeletal remains is an important subject
for the forensic anthropology (10) (62) (63) as it can provide a lot of relevant infor-
mation for the identification of individuals. For this reason it is necessary to find those
measurements which are most effective for aging skeletal remains of infants depend-
ing on their varying states of preservation. Especially skeletons of fetuses and early
juveniles often do not survive the burial unscathed. (7) As bones of the skull have the
advantage that they are better represented and preserved in a burial environment
(40), age estimation of young infants could be based on these skeletal elements.

The aim of this study was to analyse which bones of the skull are best suited for the
estimation of age at death of very young postnatal children. Moreover, our data was
compared to the measured dimensions and age-predictions of fetal and juvenile
skeletal skull elements from previous studies. Another goal was to establish generally
applicable regression equations for skull bones and to test if they are good indicators
for the determination of age at death.

In the scope of this study the historical Terzer collection from the 1830’s was ana-
lysed. Valentin Terzer, a surgeon, dentist and obstetrician, collected approximately
40 skulls of infants from foundling houses, maternity houses and hospitals. (54) Of
these, 32 skulls have been examined in this thesis, which ranged in their age from
seven months in utero to two years, seven months and 22 days. From all skulls 15
measurements on the frontal, parietal, occipital, zygomatic, mandible and maxilla

were taken with a sliding caliper.

The following subchapters should give an overview of the most and least appropriate
skull measurements for aging of infants in this study.
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6.1 The most and least suitable measurements of this study

For a classification into the most and least appropriate measurements, the adjusted
R-squared (R?) is the best suitable indicator (Table 19) and will therefore serve as the
basis for the ranking and interpretation. R? depicts the strength of association be-
tween the individual skull bone measurement (x-axis) and the age (y-axis). (60) If the
R? value is near one or at least higher than 0.7 the relation is strong, whereas if the
value is near zero or at least less than 0.5 the relation is far from being strong. (5)
The values of R? in this study range between 0.38 and 0.83. Those measurements
with an R? above 0.7 seem to reveal a good relation to age and will therefore more
specifically discussed below. The measurements with R? values below 0.7 might ra-
ther be of poor predictive value for age of infants as characterized in the next chap-
ters. As the quadratic regression generally showed a better correlation with age and
a provided a better description of the data, the adjusted R-squared of the quadratic
regression is used for the following interpretations.

6.1.1 Measurements best suited for the estimation of age at death

The chord height of the frontal bone was the measurement best suited for the es-
timation of age at death in this study (Figure 38). R? has a high value of 0.83 (Table
11) and therefore this dimension would be a good indicator for age determination. In
addition, the chord width of the pars squama occipitalis has a relatively high R? of
0.76 (Table 5 and Figure 31). Hence, if the pars squama of the occipital bone is
found unbroken, it is a useful and reliable measurement for the estimation of age at
death. Also, the oblique length of the mandible is a good indicator for the estima-
tion of age at death (Figure 45). R?has a value of 0.74 (Table 18).

6.1.2 Measurements least suited for the estimation of age at death

All measurements along the pars basilaris occipitalis were amongst the least suit-
ed measurements for the estimation of age at death in this study. The value of R?
varied between 0.41 and 0.60 (Table 6 - 8). Hence, for this study it was not a meas-
urement that provided a good prediction of age at death in infants. The width of the
mandible showed the lowest value of R? of 0.41 (Table 17). As also many outliers
were found, it was the least appropriate measurement for the estimation of age at
death.
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6.1.3 The regression equations

The results provide new regression equations for 15 skull measurements for children
from birth up to 2.5 years. These might constitute a good basis for further work in fo-
rensic and archaeological fields when applied for sub-adults.

6.2 Factors influencing the reliability of age estimation

The current study examined documented skeletal remains of infants. The skulls of
the children have been obtained from the Viennese Foundling House in the year
1833. This institution was hardly able to fulfil the requirements for responsible and
professional childcare, did not have enough rooms for the children and until the
1890’s the morgue was located between inhabited rooms. (64) Most of the children
suffered from diseases, which were due to the bad sanitary conditions, inadequate
nutrition, forms of neglect and abuse. Only the strongest children survived. (64)

Due to the preserved handwritten leaflets deposited inside of the skulls of 16 of the
infants it is known of which diseases they died (Table 1). Most of them succumbed to
“Fraisen” and emaciation, which are obsolete terms for epileptic seizures and tuber-
culosis. Nevertheless it can be assumed that the other children also died of similar
diseases.

That the children’s background might be of relevance shows a comparison of the
pars basilaris measurements obtained in this study with those by Tocheri and Molto
(2002), Redfield (1970) as well as by Scheuer and MacLaughlin-Black (1994).
(8)(6)(7) Individuals of this thesis showed for all three measurement smaller values
than those of the other studies. In general, the skulls of the “Terzer” sample had

smaller dimensions compared to previously published samples.

Also the samples used for comparison might have a different structure, e.g. the age
of individuals might not cover the same age range and the statistical procedures cho-
sen might not be comparable. All these additional factors can also lead to different

outcomes in different studies.
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6.3 Interpretation of the results of this study in comparison to

previously published data

6.3.1 Mandible

In a morphometric study of the mandible of 65 fetuses between 22 and 40 weeks of
amenorrhea conducted by Minier et al., regression equations on the relation between
fetal age and mandible measurements were created. The dimension that best corre-
lated with age was the mandible width (R?> 0.72). (13)

The fact that the mandibular measurements (oblique length and width) show up
amongst both, the least as well as the best suited measurements for the estimation
of age, might be explained as follows: The mandible is one of the first bones that
starts to ossify. (65) After birth the mandible experiences more variation in shape and
increases more in size than any other facial bone. The mandible has to grow along
with the development of the deciduous and permanent dentition, with the changes of

size and shape of the maxilla and with the increasing width of the cranial base. (27)

One important change is that the ramus of the mandible becomes more vertical in
adulthood. (13) Bareggi et al. mentioned that the mandibular ramus grows relatively
faster than the body. (66) This may be the reason why the oblique length of the man-
dible might be a good age indicator. Therefore this measurent of the mandible has
been used for the estimation of age and sex in the field of forensic anthropology. (65)

One reason, why the width of the mandible is the least suited measurement could be,
that the height of the mandible increases more than the width, i.e. the latter shows a
slower postnatal growth. Moreover, it shows some of the smallest values of all the
measurements taken. This might be relevant insofar, as small dimensions possibly
do also undergo only small changes in size during the development. These again
might be a confounding factor in the estimation of age, because larger changes in
size may lead to regression equations that perform better.
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6.3.2 Frontal bone, zygomatic bone, maxilla and pars squama occipitalis

To our knowledge, these four skull elements were not used for age determination
studies in postnatal infants before. However, the results of this thesis suggest, that
some of these dimensions might provide a good basis for age estimation analyses in
young infants.

6.3.3 Pars basilaris occipitalis

Scheuer and MacLaughlin-Black (1994), Fazekas and Késa (1987), Redfield (1970),
Tocheri and Molto (2002) and Nagaoka et al. (2012) describe, that the basilar part of

the occipital bone is a useful indicator for the estimation of age at death. (5-8,10)

This is not in accordance with our study, as here the measurements of the pars basi-
laris were found amongst the dimensions that are least useful in the determination of

age at death. They showed comparatively low R? from 0.41 to 0.60.

Also the application of the results of these previous studies to the “Terzer” sample did
not show convincing results. This might be mainly explained by the differences in the
social, geographical background and historical affiliation of the study samples.

Scheuer and MacLaughlin-Black (1994) measured the pars basilaris occipitalis of 64
fetal and juvenile skeletons from the St. Bride and Spitalfields collection in the UK. (7)
When applying these standards to estimate the age of the individuals of the “Terzer”
sample the results are very poor (Tables 6 — 8). The age estimates obtained using
the Scheuer & MacLaughlin-Black method were very high. Moreover, the M.A.D.
shows that their determination of age at death differed by +/- 260 days, which is
much higher than those achieved by applying the regression equations developed in
this thesis (approx. +/-120 days).

Also, Fazekas and Kosa (1978) measured the length and width of the pars basilaris
occipitalis of 138 human fetuses from the third to the tenth lunar month. (5) Redfield
(1970) analysed the development of the pars basilaris occipitalis of 117 immature
skeletons from the medieval necropolis at Mistihalj, in southern Yugoslavia. (6)

Tocheri and Molto (2002) studied the pars basilaris, the maximum length of the femo-
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ral diaphysis and the dental development. Their sample consisted of 39 skeletons

from Kellis 2 (K2), a late Roman Period cemetery in Dakhleh, Egypt. (8)

Nagaoka et al. (2012) stated that the problem of these four studies is that most of
them analysed undocumented specimens whose age was estimated from femoral
diaphyseal length or body length. (9) (10) The studies did not have a statistical model
for the estimation of age at death based on bone measurements. These circum-
stances are less fortunate than the background setting of this study, where the age of
individuals was known to the day.

Nagaoka et al. (2012) studied the basilar part of the occipital bone of 272 Japanese
fetuses between the third and eleventh month of gestational age. They also found
that the dimensions of the occipital bones were positively correlated with the gesta-
tional ages and thereby confirmed previous results. However, the authors mentioned
that there can exist differences in bone measurement regarding populations and that
regression equations are population-related. The usefulness of regression equations
in the determination of age at death based on the measurements of the bones was

also confirmed in this study. (9) (10)

A frequent statement in forensic osteology is that when the width of the pars basilaris
exceeds the maximum length, then the individual is aged five months postpartum.
Figure 35 (p. 51) shows that this statement cannot be supported by the data and re-
sults of this study. Turner et al. (2013) came to the same conclusion when they found
that the length can exceed the width at all ages. (67)
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6.4 Conclusion and outlook

The current study reveals that skull measurements can be reliable used for the esti-
mation of age at death in young children. Amongst these the height of the frontal
bone as well as the oblique length of mandible are the most useful measurements for
the aging of individuals.

The linear and quadratic regression equations introduced in this study can be mean-
ingfully applied for the estimation of age at death by directly using skull bone meas-
urements. Future studies should examine the relation between skull bone measure-
ments and age at death of infants when considering the medical history, personal
background as well as the characteristic of the populations under study. Thereby fu-
ture research should concentrate on establishing valid and reproducible standards for
skull-based aging methods, since these methods can be used in numerous bioar-
chaeological and forensic contexts.
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