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a  b  s  t  r  a  c  t

The  subarcuate  fossa,  or petromastoid  canal,  is  a hypostotic  feature  of  the  temporal  bone
used for  assessing  the  age  at death  of immature  individuals.  The  present  study  uses  the
high-resolution  micro-CT  record  of  20 extant  human  infant  and  juvenile  temporal  bones
to more  precisely  assess  the  age-related  maturational  pattern  of  this  bony  structure.  In  the
perspective  of the  application  of our analytical  protocol  to the  study  of the  hominid  fossil
record, the  main  goals  of this  contribution  are to extend  the amount  and  to improve  the
quality  of  the  linear  and volumetric  information  on the  human  subarcuate  fossa  by  the
application  of  new  3D  imaging  techniques.
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r  é  s  u  m  é

La  fossa  subarcuata  ou  canal  petromastoïdien,  est un  caractère  hypostotique  de  l’os  tem-
poral  utilisé  pour  estimer  l’âge  au  décès  des  individus  immatures.  La  présente  étude  utilise
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Fossa subarcuata
Développement
Scanner micro-CT
Analyse d’image 3D

les  images  haute  résolution  micro-CT  de 20 os  temporaux  humains  immatures  et juvéniles,
afin  d’estimer  plus  précisément  la  maturation  en lien  avec  l’âge de  cette  structure  osseuse.
En  vue  d’appliquer  notre  protocole  analytique  à l’étude  du registre  fossile  hominidé,  les
principaux  objectifs  de ce  travail  sont  d’améliorer  la  quantité  et la  qualité  des  informations
volumétriques  et  linéaires  de la  fossa  subarcuata,  par  l’application  de  nouvelles  techniques
d’imagerie  3D.

© 2014  Académie  des  sciences.  Publié  par Elsevier  Masson  SAS.  Tous  droits  réservés.
1. Introduction

In paleobiological and palaeoanthropological research,
interpreting the maturational patterns of anatomical
regions is of great interest for the assessment of the accu-
rate age at death of immature individuals, notably in the
case of isolated fossil specimens. Among the intracranial
features, the subarcuate fossa (SF), or petromastoid canal
(CPM), has been recognized as a valuable hypostotic trait of
the temporal bone to assess developmental age in human
and nonhuman extant and fossil primates (e.g., Braga et al.,
2013; Coqueugniot et al., 2004; Gannon et al., 1988; Jeffery
et al., 2008; Spoor and Leakey, 1996; Weaver, 1979). This
anatomical structure (hereinafter referred to as SF, i.e.,
subarcuate fossa) is located in the bony labyrinth, which
includes the sense organs of hearing in the cochlea and
of balance in the vestibule and the semicircular canals.
It is circumscribed by the three semicircular canals and
is more precisely located on the posterior surface of the
petrous pyramid, superolateral to the internal acoustic
meatus (Jeffery and Spoor, 2004, 2006). The SF is present
in the prenatal stages of all primate species but, in some
taxa, it may  be obliterated after birth (Spoor and Leakey,
1996).

Among humans, the particularity of SF depends on
its postnatal ossification, making an osseous depression
termed the petromastoid canal (CPM). This extends pos-
terolaterally through the arch of the anterior canal toward
the mastoid antrum. At birth, the bony labyrinth has
reached its adult size and will remain invariant. In con-
trast, the FS will gradually decrease during the first
2 years, reaching its final size in c. 3 years (Dutailly et al.,
2007).

Rapid advances in computer technology offer nowadays
the opportunity of high quality two- (2-) and three-
dimensional (3D) reconstructions and provide increasingly
precise imaging techniques for noninvasively investigat-
ing inner fossil structures (e.g., Bayle et al., 2011; Clément
and Geffard-Kuriyama, 2010; Weber and Bookstein, 2011).
By using biometric references with a more precise imag-
ing technique and at a higher resolution than medical
computed tomography (Maret et al., 2010, 2014), in
this preliminary study we investigate the age-related
maturational pattern of the human subarcuate fossa.
More precisely, the objectives of this contribution are

to improve previous methods applied to the analysis of
the human fossil record (e.g., Coqueugniot et al., 2004)
and to test a new 3D imaging approach allowing a
more subtle quantitative assessment of this bony struc-
ture.
2. Materials and methods

2.1. Sample and scanning procedures

The investigated sample consists of 20 crania of imma-
ture modern individuals (H. sapiens) selected from the
reference anatomical collection of the Faculty of Medicine
of Strasbourg. Details are given in Table 1. Both sex (11
males and 9 females) and age (ranging from new-born to
10 years) were known for all individuals (Rampont, 1994).

The temporal region of each specimen was  scanned at
the Institute for Space Medicine and Physiology (MEDES)
of Toulouse with a Scanco MedicalTM X-Treme micro-
CT scanner by using the following parameters: 60 kV,
1 mA,  41 �m isotropic resolution. Image data were inter-
polated to form isometric voxels. The resulting voxel size
from which the volumetric measurements were taken was
0.041 × 0.041 × 0.041 mm.  Data were exported in DICOM
format before being converted to TIFF format for sub-
sequent segmentation of the bony labyrinth and the
subarcuate fossa. The software used for 3D visualization of
the internal structures of the petrous pyramid and for linear
and volumetric measurements was  Amira 5.0® (Mercury
Computer System®).

2.2. Measurements

The height and width of the SF opening are spatially
associated with the arc height and width of the anterior
semicircular canal (Jeffery and Spoor, 2006). Based on the
micro-CT record, the SF was quantitatively assessed by
means of linear and volumetric measurements.

2.2.1. Linear measurements
Two-dimensional measurements of the subarcuate

fossa were performed on micro-CT slices. Its degree of
obliteration was  measured using the method elaborated by
Coqueugniot et al. (2004). The SF maximum width (f wid)
was  measured along a segment joining the two  lumens of
the anterior semicircular canal (whose width corresponds
in this study to the variable c wid) in a plane parallel to the
arc of the lateral semicircular canal. The linear measure-
ments were taken to the nearest hundredth of a millimetre
and the SF width (f wid) was  expressed as a percentage of
the arc  width of the anterior semicircular canal (c wid) in

the same slice (ratio = f wid/c wid). A first series of measure-
ments was taken (f wid  1/c  wid 1). To test intra-observer
reproducibility, we carried out a second series of mea-
surements (f wid  2/c  wid 2) after an interval of 1 week.
Left and right sides were averaged for each individual.
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Table  1
Composition of the investigated sample (n = 20) and individual volumetric (in mm3) and ratio values (in %) of the subarcuate fossa (provided for each side,
if  available). Besides the indication ‘neonate’, ages are given in months (m)  or years (y).
Tableau 1
Nature de l’échantillon étudié (n = 20) et valeurs individuelles du volume (mm3) et du ratio (en %) de la fossa subarcuata (droite et gauche, si possible).
Outre  les indications « nouveau-né », les âges sont donnés en mois (m)  ou années (a).

Individual Calendar Age Sex Fossa Volume mm3 Fossa Subarcuata %

Right Left Right Left Mean Published 2004 Published 2013

Embr 249 Neonate M 15.7 14.3 30.9 41.3 36 36

Embr  323 Neonate M 3.8 8.3 30.3 51.8 41 38

Embr  168 Neonate M 22.2 25.1 55.5 36.6 46 49

Embr583 2 m.  F 6.1 3.9 22.4 17 20 20

Embr  308 2 m.  15 d. F 18.3 39.7 44.1 42.8 43 34 44

Embr  385 5 m.  F 2.3 1.5 19.7 10.6 15 16

Embr  277 6 m.  M 1.5 27.7

Embr215 7 m.  M 7.5 2.8 21.3 20.3 21 9 21

Embr  513 7 m.  F 1.6 15.5 14

Embr 576 7 m.  F 12.5 25.1 23

Embr 388 1 y. M 8 7.6 16.2 22.3 19 16 20

Embr  479 1 y.3 m.  M 9.9 3.5 25.1 25.3 25 19 27

Embr  281 1 y. 10 m. F  3 2.2 13.7 23.6 37 16 21

Embr  384 2 y. 1 m.  F 4.6 7.2 30.6 31 31 29

Embr  205 3 y. M 4.7 1.3 18.4 17.9 18 16

Embr  473 3 y. 4 m.  M 2.6 4.7 23 27.8 25 0 25

Embr  121 5 y. F 2.9 2.2 24.9 14 19 19

Embr  212 5 y. F 3.2 2.1 23 14.7 19 24

Embr  136 6 y. M 1.6 4.1 8.2 11.8 10 11

Embr  179 10 y. M 0.7 0.7 5.9 8.1 7 0
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reference planes was  validated by a second, independent
observer (RE). Volumetric data are given in Tables 1 and 2.

Table 2
Descriptive statistics of the variables considered in this study distinctly
for the right and left side.
Tableau 2
Statistiques descriptives des variables étudiées de manière distincte pour
les côtés droit et gauche.

Right (n = 19) Left (n = 17)

Mean SD Mean SD

f wid 1.59 0.79 1.57 0.76

c  wid 6.65 0.28 6.53 0.46

ratio 23.88 11.58 24.14 11.68

f  vol 6.91 6.16 6.99 9.88
: male; F: female.

orrelation and regression analyses were performed with
he mean values (between left and right sides). No sig-
ificant differences were found when values (L and R
ides) were analysed all together or individually with the

ilcoxon matched-pairs signed-rank test (pc wid = 0.17, pf
id = 0.95 and pf vol = 0.85). The ratios are given in Table 1

see also Table 2).

.2.2. Volumetric measurements
One of the aims of this preliminary study was  to accu-

ately estimate SF volume (f vol, in mm3) in order to
etermine the degree of obliteration of the SF by using a
ew 3D approach in addition to the conventional bivari-
te analysis. This because, compared to the volume of
he labyrinth (l vol), the SF is not a clearly circumscribed
nd easily quantifiable entity. However, the two reference
lanes used here to define it were systematically taken per-
endicular to the main axis of the fossa and were defined
y two anatomical features:
the external opening of the fossa to the vestibular aque-
duct;
the three openings for the cranial nerve branches (Fig. 1).
Besides a first observer (DC), the position of these two
l  vol 170.49 27.32 171.44 28.81

f wid: subarcuate fossa maximum width (mm); c wid: anterior semi-
circular canal width (mm);  ratio: f wid/c wid (%); f vol: subarcuate fossa
volume (mm3); l vol: labyrinth volume (mm3).
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Fig. 1. (Color online.) Micro-CT-based 3D rendering of a modern human
labyrinth (right side, in frontal view) with indication of the subarcuate
fossa circumscribed by two reference planes (see the text for explana-
tions).
Fig. 1. (Couleur en ligne.) Image micro-CT d’un labyrinthe osseux d’un
humain moderne après traitement 3D (côté droit en vue frontale) avec

Fig. 2. (Color online.) Component loadings of the Principal Component
Analysis. f wid: subarcuate fossa maximum width; c wid: anterior semi-
circular canal width; ratio: f wid/c wid; f vol: subarcuate fossa volume; l
vol: labyrinth volume.
Fig. 2. (Couleur en ligne.) Étude des paramètres par une analyse en com-

The Breusch–Pagan/Cook–Weisberg test for het-
eroscedasticity was  not significant (P = 0.17). Accordingly,
homoscedasticity was  accepted for the residuals of the
linear regression (age × fossa volume) (Fig. 5).

Table 3
Analysis of the correlation with age of the variables considered in this
study (see Table 2).
Tableau 3
Analyse de la corrélation avec l’âge des variables étudiées (voir Tableau 2).

Spearman correlation coefficient P value

Log (f wid) −0.58 0.03

Log (c wid) 0.23 0.67

Log (ratio) −0.58 0.02
présence de la fossa subarcuata circonscrite par les deux plans de
références (voir le texte pour les explications).

2.3. Statistical analyses

Correlations between variables were assessed using the
Spearman Test with the Bonferroni correction. All pairwise
correlations were performed in order to validate the con-
sistency of the results. The Mann-Whitney test was used
in order to compare each parameter between different
groups. A Principal Component Analysis (PCA) was per-
formed to analyse the relationships between fossa size and
age, providing a graph according to the first two compo-
nents. The statistical software was Stata v13®. Hypotheses
were rejected at P-values ≤ 0.05.

3. Results

The PCA under constraints (PCA with instrumental vari-
ables) was used as a means to understand the relationships
between a set of covariates (in this preliminary study, fossa
size) and asymmetric, often dependent variables (age) Baty
et al., 2006; Bougeard et al., 2007. Results show that, in the
extant human sample used in this study, the volume of the

subarcuate fossa (f vol), the SF width (f wid), and the f wid/c
wid fossa ratio (ratio) were inversely correlated with age
according to the first component, while the volume of the
posante principale (ACP). f wid : largeur maximale de la fossa subarcuata ;
c  wid : largeur du canal semi-circulaire antérieur ; ratio : f wid/c wid ; f
vol  : volume de la fossa subarcuata ; l vol : volume du labyrinthe.

labyrinth (l vol) and the width of the anterior semicircular
canal (c wid) were relatively invariant (Fig. 2).

The percentage of variance explained by the first two
principal components is 57%. Both correlations between
fossa volume and age (P = 0.007) and between fossa ratio
and age (P = 0.02) are significant (Table 3). It is noteworthy
that the fossa ratio decreased after birth and its relation-
ship with age could be modelled by linear regression, with
a negative slope (y = −0.2077x + 29.4, R2 = 0.317).

The relationship between fossa volume and age could
also be modelled by linear regression, with a negative
slope (y = −0.1072x + 9.73, R2 = 0.175). The quality of pre-
diction improved after a log transformation of the variables
[age = 44.225–13.206 log (f vol)/age = 154.77–42.097 log
(ratio)]. R2 rose from 0.17 to 0.23 (fossa volume) and
from 0.32 to 0.46 (ratio). Together with the mean errors
(21.7 months for the variable f vol and 20.9 months for the
ratio f wid/c wid), estimations of the confidence intervals
are shown on Figs. 3 and 4.
Log (f vol) −0.55 0.007

Log (l vol) 0.38 0.42
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Fig. 3. (Color online.) Linear regression of the subarcuate fossa log ratio
(f  wid/c wid) according to age with estimation of the confidence interval.
Fig. 3. (Couleur en ligne.) Régression linéaire du ratio de la fossa subar-
cuata (f wid/c wid) en fonction de l’âge avec estimation de l’intervalle de
confiance.

Fig. 4. (Color online.) Linear regression of the subarcuate fossa log volume
(f  vol) according to age with estimation of the confidence interval.
Fig. 4. (Couleur en ligne.) Régression linéaire du volume de la fossa sub-
arcuata (f vol) en fonction de l’âge avec estimation de l’intervalle de
confiance.

Fig. 5. (Color online.) Regression (residuals analysis) between age and
subarcuate fossa volume (f vol).
Fig. 5. (Couleur en ligne.) Analyse des résidus entre l’âge et le volume de
la  fossa subarcuata (f vol).

Fig. 6. (Color online.) Fractional polynomial regression of the subarcuate

fossa ratio (f wid/c wid) according to age.
Fig. 6. (Couleur en ligne.) Régression polynomiale du ratio de la fossa
subarcuata (f wid/c wid) en fonction de l’âge.

The relationships between fossa size parameters and
age fitted by a fractional polynomial regression with confi-
dence interval are illustrated on Figs. 6 and 7. In both cases,
the slope is very steep from the birth to circa 12 months
of age, but becomes nearly flat after the first year. At the
best of our knowledge, this represents a previously unre-
ported evidence which deserves additional investigation
(through a polynomial regression analysis) performed on a
larger and specifically selected sample.

4. Discussion and conclusion

A major objective of the present study was  to extend
the amount and improve the quality of the biometric (lin-
ear and volumetric) information currently available on the
extant human subarcuate fossa (SF) in the perspective of its

application to the analysis of the fossil record. For example,
by using medical CT images (0.199-mm pixel size) coupled
with linear measurements (SF  width relative to the dis-
tance across the anterior semicircular canal), Coqueugniot

Fig. 7. (Color online.) Fractional polynomial regression of the subarcuate
fossa volume (f vol) according to age.
Fig. 7. (Couleur en ligne.) Régression polynomiale du volume de la fossa
subarcuata (f vol) en fonction de l’âge.
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et al. (2004) firstly investigated the degree of closure of the
SF in order to tentatively constrain the age at death esti-
mate of the Early Pleistocene Indonesian Homo erectus child
from Mojokerto, Java (contra, see Balzeau et al., 2005), and
compared their findings to the available patterns reported
for extant humans and Pan. More recently, based on the
high resolution record (performed at 18.3-�m and 7.4-�m
isometric voxel size, respectively) obtained by two  indus-
trial and synchrotron micro-CT scanners, Braga et al. (2013)
accurately assessed the degree of obliteration and the lin-
ear dimensional features of the SF in order to estimate the
individual developmental age and taxonomic status of the
juvenile hominin specimen KB 6067, an isolated petrous
temporal bone from the site of Kromdraai B, Gauteng, South
Africa, likely representing Paranthropus robustus.

Our preliminary study, which uses both 2D and 3D vari-
ables to characterize the developmental patterning of the
subarcuate fossa in a modern human reference sample of
immature temporal bones, confirms the informative value
of such analyses, notably when based on a high resolu-
tion micro-CT record, but also reveals a certain degree of
fluctuating asymmetry in the SF width and volume, and
this at all age stages (Table 1). This evidence, while not
statistically significant in the sample investigated so far
(Wilcoxon matched-pairs signed-rank test: P = 0.95 for the
FS width; P = 0.84 for the ratio; P = 0.85 for the volume),
nonetheless cautions about the reliability of age at death
estimates uniquely relying upon measurements performed
on a single petrosal bone and points to the need for extend-
ing such primarily methodological work to larger series
(Hallgrimsson et al., 2007).

In the literature, there is no methodological consensus
about the volumetric assessment of the subarcuate fossa.
Accordingly, the second objective of our study was to test
a new 3D analytical approach tentatively granting repro-
ducible finer results.

In their pioneering work aimed to estimate the SF vol-
ume  in representatives from 36 mammal  genera (mostly
primates), Gannon et al. (1988) investigated the disarticu-
lated crania under a dissection microscope. Each specimen
was systematically oriented so that the arch of the ante-
rior semicircular canal was set in a horizontal plane. The SF
was then filled with an alcoholic solution up to the medial
extent of the ostium formed by the anterior semicircular
canal. According to this methodology, the SF volume in
H. sapiens was evaluated as equal to zero after birth.

Details about the morphostructural variation and evolu-
tionary history of the temporal bone labyrinthine features
in extant and fossil primates, including hominids, became
increasingly clear following the extensive application of
enhanced 2–3D imaging techniques (Hublin et al., 1996;
Spoor, 1993). For example, in a study aimed at evaluat-
ing the possible relationships among semicircular canals
size, fossa size, and agility in 167 specimens sampling 68
primate taxa, besides 9 raw and 6 derived linear param-
eters, Jeffery et al. (2008) also tentatively calculated the
SF volume by outlining the area of interest in a number

of medical CT-based transverse slices, and then by sum-
ming the pixel areas multiplied by the slice thickness.
Accordingly, the volume was estimated as the sum of out-
lines that followed the internal contours of the SF and, if
l 14 (2015) 139–145

necessary, capped by a straight line cutting across its
endocranial opening. Since, advances in high-resolution
scanning and 3D imaging are rapidly disclosing new
perspectives in the quantitative characterization of the
structural and functional evolutionary changes of the
petrous temporal bone (e.g., Braga et al., 2013).

Besides confirming previously reported evidence about
the age-related variation of the subarcuate fossa linear
measurements in immature human crania, present results
also show that the SF volume decreases rapidly after birth
and that the growth pattern at early ages does not behave
linearly. Additional methodological research developed on
larger human and nonhuman primate temporal bone sam-
ples detailed at high resolution is needed to refine such
preliminary results.
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