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Abstract

Objectives: Pelvic features, mostly known as parturition scars, have been extensively
studied in the last decades and are frequently investigated in archaeological and
forensic contexts. It is still unclear, however, whether they really relate to pregnancy
and birth, or whether these features are caused by other biomechanical factors.
Because the length and difficulty of labor correlates with the form of the birth canal,
we studied the association between the expression of pelvic features and pelvic
shape using geometric morphometrics.

Materials and Methods: We scored the expression of the preauricular sulcus, margo
auricularis groove, sacral preauricular extension, dorsal and ventral pubic pitting for
54 individuals from a 19th century collection and 19 individuals from the Bronze Age
cemetery of Hainburg-Teichtal, Austria. Based on photogrammetric surface models,
pelvic shape was captured by 331 landmarks and semilandmarks. The multivariate
association between pelvic features and pelvic shape was explored by partial least
squares analysis.

Results: Within the female subsample, we detected a significant association of a con-
strained birth canal with a strong expression of the preauricular sulcus, the margo
auricularis groove, and a retroverted position of the acetabulum. No significant asso-
ciation was found among males.

Discussion: This suggests that difficult or prolonged labor may indeed cause more
strongly expressed pelvic features, presumably because of increased strain of the pel-
vic ligaments during birth. Furthermore, the retroversion of the acetabulum, which is
known to cause sacroiliac joint dysfunction, changes the strain on pelvic ligaments

and can thus also result in the development of pronounced pelvic features.
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1 | INTRODUCTION

Pelvic features (also called parturition scars) have been described and
analyzed for more than 150 years (Zaaijer, 1866). First interpreted as
racial differences between populations in the second half of the 19th
century (Zaaijer, 1866), these bony depressions, grooves, craters, cavi-
ties or pits at specific locations on the pelvis are more likely caused by
the stressful event of birth (Angel, 1969; Houghton, 1974, 1975;
Putschar, 1976; Stewart, 1970; Ullrich, 1975). However, the actual
origin of pelvic features remains largely unclear because some multip-
arous females never present pelvic features, and nulliparous females
or even males occasionally exhibit them (Holt, 1978). Additionally,
degenerative changes of the pelvis are often stronger developed in
females than in males (Meindl et al., 1985; Todd, 1921). These differ-
ences are probably also caused by pregnancy and childbirth, as occu-
pation as a main cause cannot explain the observed dimorphism.
Pelvic features are associated with body size and the size and shape
of the pelvic canal in both sexes and therefore cannot be caused
solely by childbirth (Decrausaz, 2012). We thus suggest to use the
more general term “pelvic features” introduced by Pany-Kucera
et al. (2019) over parturition scars, which implies a specific cause of
the pelvic changes (Stewart, 1970).

Pelvic features can be found near the pubic symphysis (dorsal pubic
pitting, ventral pubic pitting, extended pubic tubercle), next to the iliac
auricular surface (preauricular sulcus, interosseous groove), and on the
sacrum (margo auricularis groove, sacral auricular extension).

The preauricular sulcus, also known as paraglenoid sulcus
(Loehr, 1884; Schemmer et al., 1995), is a horizontal groove at the infe-
rior border of the auricular surface of the ilium (Derry, 1909;
Houghton, 1974, 1975; Zaaijer, 1866). The preauricular sulcus is more
often observed and more pronounced in mature females than in young
individuals (Bergfelder & Herrmann, 1978). Houghton (1974, 1975) dif-
ferentiated two types of preauricular sulcus: the groove of ligament
(GL), a smooth, shallow, and straight-edged groove, often starting at a
piriform tubercle; and the groove of pregnancy (GP), which exclusively
occurs in females and presumably is a sign of parturition. It exhibits a
scooped floor and uneven inferior margin and usually extends more
superiorly at the anterior margin in comparison to the GL.

Sometimes, grooves also occur at the margin of the facies pelvina
of the sacrum, adjacent to the preauricular sulcus, generally known as
“sacral scarring” (Cox, 1989). Ullrich (1975) described grooves at the
sacrum, similar to the preauricular sulcus (“interosseous grooves”).
They occur at the margin of the sacral auricular facet, often adjacent
to the preauricular sulcus (Kelley, 1979). The more specific term
margo auricularis groove was adapted by Rebay-Salisbury
et al. (2018). This feature is probably more linked to age or sex than
births (Cox, 2006; Maass, 2012).

Pany-Kucera et al. (2019) described thin, ventrally pointing osse-
ous extensions at the ventrosuperior margin of the sacral wings in
female individuals. Presumably, these extensions are caused by micro-
traumata especially during traumatic birth events, inducing heterotro-
phic ossification in the overlying ligaments. They may also be

influenced by ligament laxity and a postural change caused by weight

gain during pregnancy. In an Austrian Bronze Age sample, Pany-
Kucera et al. (2019) observed sacral preauricular extensions in approx-
imately 15% of female individuals of all ages, often appearing unilater-
ally and together with other pelvic features.

Stewart (1970) hypothesized that impressions at the dorsal side
of the pubis, parallel to the symphyseal margin, can occur in parous
females after hemorrhages and cyst formations in this area. Gilbert
and McKern (1973), who used samples of known obstetric history,
reported a trend for large pits in multiparous females. Further possible
causes of dorsal pubic pitting include inflammatory pathological
lesions of the pubic bone after traumata or infections (Angel, 1969;
Ashworth et al.,, 1976), congenital anomalies, metabolic diseases,
degenerative pathologies, or tumors (Gamble et al., 1986).

Despite the lack of a consistent definition, the extended pubic
tubercle has been described as a pelvic feature in the literature
(Angel, 1969; Bergfelder & Herrmann, 1978; Cox & Scott, 1992;
Owsley & Bradtmiller, 1983; Snodgrass & Galloway, 2003;
Ullrich, 1975). Ullrich (1975) and Bergfelder and Herrmann (1978)
described it as an elongation of the anatomical “pubic tubercle,”
which is located just superior-anterior to the pubic articulation sur-
face. Others referred to the “extended pubic tubercle,” which often
forms to variable extents at the arcuate line of the superior pubic
ramus (Angel, 1969; Decrausaz, 2012; Maass, 2012; Snodgrass &
Galloway, 2003). Bergfelder and Herrmann (1978) interpreted an
extended pubic tubercle as evidence for parturition, and Cox (1989)
found a significant relationship with birth events in the Spitalfields
collection. However, Snodgrass and Galloway (2003), Decrausaz
(2012), Maass (2012), and Aurigemma (2015) also reported a correla-
tion with body height in both sexes.

Strongly expressed pelvic features are more frequently observed in
older individuals than in young ones (Bergfelder & Herrmann, 1978;
Cox, 1989; Maass, 2012), which may owe to the higher average number
of children in older ages. However, in contrast to males, the female pel-
vis continually remodels and changes in shape during the reproductive
period, which may also alter its biomechanical properties. Young females
tend to have a smaller pelvic inlet in comparison to older females. In the
twenties and thirties, the female pelvis becomes wider and more gyne-
coid, which facilitates childbirth. After menopause, the female pelvis
remodels toward a more android pelvis (Auerbach et al., 2018; Hus-
eynov et al., 2016; Mitteroecker & Fischer, 2016). These shape changes
are likely to be related to hormones and sex-biased gene expression
(Mitteroecker & Fischer, 2016; Parsch & Ellegren, 2013; Williams &
Carroll, 2009), but also stature and body mass is related to pelvic shape
(Fischer & Mitteroecker, 2017; Ruff, 2000).

2 | AIMOFTHESTUDY

For most historical and archaeological collections of skeletons, data
on parity and parturition are not available, preventing a direct correla-
tion of pelvic feature expression with the number of children and the
length of labor. For modern collections or clinical records, by contrast,

the number of children tends to be much smaller and also the length
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and difficulty of labor (as a potential cause of pelvic features) vary
considerably less due to obstetric interventions compared to (pre)his-
toric collections. The contribution of childbirth to the development of
pelvic features may thus be small in modern populations relative to
other biomechanical, age-related, and genetic factors.

We studied the expression of pelvic features and their association
with pelvic shape in a 19th-century sample and a Bronze Age sample
using a comprehensive 3D geometric morphometric approach. Parity
status is unknown for these individuals, but age at death, stature, and
body mass are well documented for the historical collection. Thus, we
studied the obstetric and biomechanical factors leading to pelvic fea-
tures indirectly, as far as they are mirrored in pelvic shape. If childbirth
indeed contributed to the development of pelvic features, then we
expect a stronger expression of pelvic features in females with a more
constrained birth canal because these females experience, on average,
longer and more difficult births (Nkata, 1997; Pavlicev et al., 2020;
Proisy et al., 2014; Rosenberg & Trevathan, 1995). Clearly, delayed or
arrested labor can also occur for numerous other reasons than pelvic
shape (e.g., uterine contractions, fetal dimensions and presentation),
but they presumably all act in the same way on the development of
pelvic features, namely through prolonged or increased stress and
strain of the pelvic ligaments. Hence, even though we have no direct
data on these birth-related factors, the influence of delayed labor on
pelvic features would, nonetheless, be reflected by the association of
relative birth canal dimensions and pelvic feature expression. Like-
wise, multiple biomechanical factors unrelated to birth can increase
stress and strain of pelvic ligaments. However, certain aspects of pelvic
geometry, for example, the form, position, and orientation of the acetab-
ula, affect the biomechanics of the pelvis, especially at the sacroiliac
joint (Dalstra & Huiskes, 1995; Morgan et al, 2013). Associations
between pelvic feature expression and such locomotion- and posture-
related aspects of pelvic shape would reflect biomechanical factors that
are unrelated to childbirth. Therefore, our dataset comprises landmarks
on the entire pelvis, including the acetabula, to capture birth-related and

other biomechanical signals. We also included body height and age at
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death as covariates in the analysis as these variables may be associated

both with pelvic shape and feature expression.

3 | METHODS

We used two collections of human skeletal remains curated in the
Natural History Museum in Vienna (n = 73). We included only com-
plete pelves of adult individuals whose sacrum was at least partially
fused with little or no fragmentation. We excluded individuals with
lumbarization or ante mortem traumata of the pelvis, the lower long
bones, and the spine.

Nineteen human pelves (12 females, 7 males) are part of an Early
Bronze Age (2,200-1,600 BC) skeletal collection excavated in Hainburg-
Teichtal, Lower Austria, during the 1920s (Beninger et al., 1930;
Teschler-Nicola, 1992). Age at death, sex, and body height were esti-
mated from the skeletons (Brooks & Suchey, 1990; Bruzek, 2002;
Ferembach et al, 1979; Lovejoy et al, 1985; Miles, 1963; Ruff
et al., 2012; Stloukal & Hanakova, 1978; Szilvassy, 1977).

As a second sample, we used 54 individuals of the Weissbach col-
lection, a well-studied and documented 19th-century anatomical col-
lection with some known background information about the deceased
(Breitinger, 1990; Weissbach, 1866). This collection contains pelves of
young male soldiers from the Austrian Imperial and Royal Army, as
well as remains of 27 females, which we all included in our sample.
The collection also includes some crania and lumbar vertebrae of the
individuals. Data on sex, age, body height, and body weight were col-
lected from the inventory book of the Department of Anthropology at
the Natural History Museum. Most individuals died of tuberculosis
and were underweighted at the time of death. Parity was rarely
recorded, but some females died in puerperal fever. Likewise, nutri-
tion status, and occupation were not reported for all individuals. To
yield a similar age distribution for both sexes, we randomly chose a
male specimen with the same age at death for every female individual

(Figure 1). If there was no individual available with the same age, we
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Scoring systems to evaluate pelvic features, developed in the framework of the “Value of mothers to society” project, partially adapted for the present study (Rebay-Salisbury

TABLE 1

et al., 2018)

Sacral preauricular

extension (adapted
from Pany-Kucera

Extended pubic

Preauricular sulcus stage
(adapted from Cox (1989)
and Houghton (1975))

0

Ventral pubic pitting

Dorsal pubic pitting (adapted
from Stewart (1970) and

Ullrich (1975))

0

tubercle (adapted

(adapted from Ullrich (1975)) from Maass (2012)) et al. (2019))

Margo auricularis groove
0

Preauricular sulcus type

(Houghton (1974))

0

(adapted from Rebay-

Salisbury et al. (2018))

0

ANTHROPOLOGY

=
c
Q
0
[0)
=
(e}

absent

0
1

absent

0
1

area is smooth, with no
clear evidence of a sulcus

area is smooth, with no =
clear evidence of a sulcus

area is smooth, with no
clear evidence of a sulcus

smooth surface, no lesion

present

smooth surface, no lesion

present

present

shallow, poorly marked
shallow, straight-edged

even floor

1
2

shallow, poorly marked
shallow, straight-edged

even floor

1
2

groove of ligament

1
2

small lesion present

(<2 mm)

1=

small lesion present

(<2 mm)

1=

groove of pregnancy

WALTENBERGER ET AL.

medium to large lesion

present (>2 mm)

2=

medium to large lesion

present (>2 mm)

2=

developed, well-defined

platform

3=

developed, well-defined

platform

3=

developed pitted

4
5

developed pitted

4
5

irregular floor and/or
margins, projecting dorsal

margin

irregular floor and/or =
margins, projecting dorsal

margin

chose the individual with least age difference. We represented the
expression of pelvic features by ordinal variables, separately for the
left and right sides (Table 1). Using photogrammetry, we created 3D
surface meshes of the articulated pelves after inserting an artificial
pubic disc with a thickness of 5.2 mm for females and 6.0 mm for
males (Vsianska, 2007) to simulate a realistic size of the pelvic inlet.

In a previous study, we showed that photogrammetry yields reli-
able 3D models of human pelves, comparable to 3D structured light
scanner and CT scanning (Waltenberger et al., n.d.). We used a Nikon
DSLR-camera D5300 equipped with an AF-P Nikkor 18-55 mm
1:3.5-5.6G lens. Distortions were minimized by taking a medium focal
length (Linder, 2016) and leaving space between the pelvis and the
margin of the photo. We took all pictures with a resolution of
24 megapixels, an exposure time of 1/100, an ISO-value of 100 and a
focal ratio of 4.8. Additionally, a diffuse LED ring flash device
(Neewer) helped to reduce shadows and increase the photo quality.
We took approximately 110-120 pictures in six circles around each
object: one circle was directed horizontally to the object, the second
one obliquely in a 45° angle, and the third one in a steep angle at
approximately 80°. Then, the pelvis was placed upside down and we
repeated the three circles.

We placed 331 landmarks and semilandmarks at all important
anatomical structures of the human pelvis (Table 2, Figure 2). Anatom-
ical landmarks are based on the definitions by Reynolds et al. (1982).
All landmarks were placed by a single observer (L. W.). To evaluate
intraobserver error, all landmarks were placed three times on 10 differ-
ent pelves. If a pelvis exhibited a sacralization, the posterior pelvic
inlet was adjusted along the first transverse ridge between S1 and S2
instead of the promontorium.

We performed the morphometric and statistical analysis in R
3.6.1 (R Core Team, 2013) using the packages Geomorph 3.2.0
(Adams et al., 2013) and DiscriMiner 0.1-29 (Sanchez, 2013). All semi-
landmarks were slid along their corresponding curve in order to mini-
mize the bending energy between each individual and the sample
mean shape (Gunz et al., 2005; Gunz & Mitteroecker, 2013). Subse-
quently, they were standardized for differences in overall location,
scale, and orientation by a Generalized Procrustes Analysis
(Mitteroecker & Gunz, 2009; Rohlf & Slice, 1990). The resulting shape
coordinates were explored by a principal component analysis (PCA),
and the multivariate association between pelvic shape and pelvic fea-
tures (all standardized to the same variance) was studied by partial
least squares (PLS) analysis (Mitteroecker & Bookstein, 2007; Rohlf &
Corti, 2000) separately for male and female individuals of the
Weissbach and Hainburg-Teichtal samples. We repeated the PLS anal-
ysis after removing allometry and age by regressing out centroid size

and age at death from the shape data and the pelvic features.

4 | RESULTS

Shape variation between repeated measures was small relative to the
variation between individuals. In fact, the largest shape difference

between the repeated measurements was less than half in magnitude
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TABLE 2
left and right side (L + R)

Sacrum
Promontorium

S1 posterior body

Os Coxa (L + R)
Posterior superior iliospinale

Posterior inferior iliospinale

Semilandmarks

List of landmarks used in this study (anatomical landmarks after Reynolds et al. (1982)). Bilateral landmarks were collected on the

Lateral ischial tuberosity

No. placed landmarks

5

S1 lateral body L+R Apex of sciatic notch Medial ischial tuberosity 5
First segment union point lliospinale Acetabulum 10
S1 center Anterior inferior iliospinale Pelvic inlet 40
Second segment union point lliocristale summum Lateral iliac crest 20
Third segment union point Ischio-spinale Medial iliac crest 20
Fourth segment union point Pubotubercle Alar auricular ridge curvature 10
Caudion Anterior acetabulion Lateral sacral ridge 10
Inflection Inferior acetabulion Greater sciatic notch 10
Lateral alar auricular point L+R Anterior iliac base point Inferior pubic ramus 5
Anterior alar point L+R Acetabulion, center point Obturator foramen 10
Mid alar point L+R Pubic eminence point

Inferior sacro-iliac junction L+R Superior pole, pubic symphysis

Sacral canal anterior floor Anterior symphyseal point

Sacral canal anterior roof Posterior symphyseal point

Sacral canal anterior wall L+R Inferior symphyseal pole

Superior articular facet: medial superior L+R Obturator tubercle point

Superior articular facet: lateral superior L+R Superior tuberosity point

Superior articular facet: medial inferior L+R Ischiale

Superior articular facet: lateral inferior L+R Inferior tuberosity point

Posterior alar-auricular point L+R Posterior ischial border point

Posterior sacral tubercle L+R

Dorsal spine of the first sacral vertebra

Dorsal spine of the second sacral vertebra

Sacral canal, posterior roof

Posterior caudion

Lateral caudion L+R

FIGURE 2

Landmarks and semilandmarks placed on the three-dimensional surface meshes

as the smallest shape difference between the different specimens
(Procrustes distances of 0.0378 and 0.0808, respectively).
Age at death and body height were similarly distributed in the

(Table 3). Eight specimens of the Weissbach collection (four males and
four females) and two females of the Hainburg-Teichtal sample
showed sacralizations. Only few individuals lacked anatomical parts

females and males of the Hainburg-Teichtal and Weissbach samples and were excluded in the corresponding statistics of the pelvic
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TABLE 3 Distributions (range, mean, and standard deviation) of age at death and body height in the Hainburg-Teichtal and Weissbach
collections. The exact age at death and body height were documented for the Weissbach collection. Age at death and body height were

estimated from the skeletal material for the Hainburg-Teichtal sample

Hainburg-Teichtal Weissbach
Female Male Female Male
12 7 27 27
n Range Mean SD Range Mean SD Range Mean  SD Range Mean SD
Age at death 19-45 32.04 8.302 19-40 28.0 7577  20-77 30.2 13.61 21-75 31.26 13.55
Body height 144-161 153.17 5.477 150-172 162.83 7.679 144-163 154.2 8.167 156-187 169.6 8.493
(@) I dimension
0.60
0.50
0.40
0.30
0.20
0.10
0.00
e Left Right Left Right Left Right Right margo Right ventral
extended extended preauricular preauricular preauricular preauricular auricularis pubic pitting
pubic pubic sulcus sulcus sulcus type sulcus type groove
tubercle tubercle
(b) 2" dimension
1.00
075
0.50
0.25
0.00
0.25
Left Right Left Right Left Right Right margo Right ventral
extended extended preauricular preauricular preauricular preauricular auricularis pubic pitting
pubic pubic sulcus sulcus sulcus type sulcus type groove
tubercle tubercle
FIGURE 3 Loadings of the pelvic features on the first two dimensions of the partial least squares (PLS) analysis in the female sample, a)

loadings of the 15t PLS dimension, b) loadings of the 2" PLS dimension. The loadings are proportional to the covariance between each feature

and the corresponding pelvis shape feature depicted in Figure 4

features. Ventral pubic pitting, sacral preauricular extensions, and
margo auricularis groove occurred only in few individuals. Dorsal
pubic pitting was not observed in the sample. Common features were
the extended pubic tubercle and the preauricular sulcus. In the PCA of
pelvic shape, the sexes could be separated along PC1 (accounting for
20% of total variance). Within the first five PCs (together accounting for
52.72% of total variance), however, no clustering of pelvic shape with
respect to single pelvic features was observable (SupplnfoO1-
SupplInfo09).

As each single pelvic feature was not strongly associated with pel-
vic shape in our sample, we performed PLS analysis to explore the

multivariate association between all pelvic features and pelvic shape.

The first PLS dimension yields the combination of pelvic features that
maximally covaries with pelvic shape. We excluded features that were
expressed in less than three individuals (sacral preauricular extensions
in all groups; ventral pubic pitting in Weissbach males; margo
auricularis groove in Weissbach males). In the female Weissbach sam-
ple (n = 27), the first PLS dimension accounted for 48% of the total
squared covariance (p = 0.015 based on 1000 random permutations;
r = 0.84 between the corresponding pair of PLS scores). Preauricular
sulcus and margo auricularis groove had similarly high loadings,
whereas the extended pubic tubercle and ventral pubic pitting had
loadings close to zero (Figure 3(a)). A weak expression of the pre-

auricular sulcus and the margo auricularis groove was associated with
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FIGURE 4 The pattern of pelvic shape change along the first dimension of the partial least squares (PLS) analysis (compare Figure 3).

(a) Pelvic shape corresponding to a low score for the preauricular sulcus and margo auricularis groove (extrapolation —5sd). (b) Pelvic shape
corresponding to a high score for the preauricular sulcus and margo auricularis groove (extrapolation +5sd). A narrow inlet, small subpubic angle,
medially protruding ischial spines, a curved, inwardly protruding sacrum, and an inferior-posteriorly oriented acetabulum are associated with a

strong expression of these pelvic features

a relatively wider pelvis, a larger subpubic angle, longer superior pubic
rami, relatively short pubica, large greater sciatic notches, and a
straight, inferiorly pointing sacrum. A strong preauricular sulcus and
margo auricularis groove, by contrast, corresponded to a narrow and
high pelvis, a small subpubic angle, short superior pubic rami, a
strongly curved sacrum, and ischial spines protruding into the pelvic
canal (Figure 4). Furthermore, a strong expression of pelvic features
was associated with a more inferior-laterally aligned acetabulum,
whereas in pelves with a weak feature expression the acetabulum was
anteriorly oriented. Hence, a weak pelvic feature expression was gen-
erally associated with a more female-like pelvis shape and a relatively
larger birth canal. In the second dimension (accounting for 25.03% of
total squared covariance), the margo auricularis groove was highly

loaded (Figure 3(b)). Here a strong expression was associated with
vertically tilted coxal bones and a high, curved sacrum.

By separating the preauricular sulcus expression into the groove
of ligament and the groove of pregnancy (as two separate features
with the scores averaged across both sides), the association between
pelvis shape and pelvic features was still significant (n = 26, r = 0.816,
p = 0.04) and the shape pattern of the first PLS dimension remains the
same as in Figure 4. The groove of pregnancy had a higher loading
than the groove of ligament (0.483 vs. 0.153) on the first dimension
(accounting for 41% of total squared covariance, Figure 5). After
removing allometric variation and age at death from the data, PLS
yielded very similar results as for the raw data (not shown). There was
no significant association of pelvic shape and pelvic features in the

1t dimension
0.60
0.40
0.20
0.00
0.20
Groove of  Groove of Left Right Right margo Left Right Right ventral
ligament  pregnancy preauricular preauricular auricularis  extended extended pubic pitting
mean mean sulcus sulcus groove pubic pubic
tubercle tubercle
FIGURE 5 Loadings of the pelvic features on the first partial least squares (PLS) analysis dimension when separating the preauricular sulcus

expression into the groove of ligament and the groove of pregnancy as two separate features. High loadings indicate a high covariance between
pelvis shape and the corresponding pelvic features in females. The left and right grooves of ligament and grooves of pregnancy were pooled
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males of the Weissbach collection (n = 27, p = 0.92). The Hainburg-

Teichtal sample was too small to conduct a PLS analysis.

5 | DISCUSSION

5.1 | Pelvic features as parturition scars

Pelvic features are commonly assumed to be caused by increased
strain on the pelvic ligaments during birth, although empirical evi-
dence for this assumption is scarce. In this study, we explored the
association between the expression of pelvic features and pelvic
shape within samples of both sexes. We expected that females with a
relatively smaller birth canal tend to have more strongly expressed
pelvic features due to harder births as compared to females with a
wider birth canal. In females but not in males, we indeed found that a
strong expression of the preauricular sulcus, and the margo auricularis
groove was significantly associated with a strongly curved, inward-
projecting sacrum, a smaller subpubic angle, shorter pubic rami and
elongated ischial spines, all of which narrow the pelvic canal and com-
plicate birth (Abitbol, 1987; Leutenegger, 1972; Lovejoy et al., 1973).
The additional strain on the pelvic ligaments and muscles during par-
turition may thus contribute to the development of the pelvic
features.

Previous studies on pelvic shape and pelvic features (Cox, 1989;
Jugert et al.,, 2018; Maass, 2012) were based on the classic pelvic
types (anthropoid, gynecoid, android, platypelloid) defined by Caldwell
and Moloy (1933, 1938). The gynecoid type, characterized by a round
birth canal, is common in females and is considered most suitable for
childbirth in the gynecological literature (e.g., Maharaj, 2010; Stewart
et al., 1979), whereas the android type (heart-shaped, anteriorly nar-
row canal) is more common in males. This typological view, however,
does not account for the continuous variation of pelvis shape in
humans (Abitbol, 1987; Cunningham et al., 2014; Delprete, 2017;
Fischer & Mitteroecker, 2017). Nonetheless, our results showed that
females with weak expressions of pelvic features tend to have round,
gynecoid pelvic canals, whereas strong feature expressions are more
common in females with narrower, android pelves (Figure 4).

However, this is only indirect evidence of the association
between parturition and pelvic features. Obstructed labor is caused
by various other factors besides a small pelvic canal, including a large
fetal head or shoulders, an abnormal position or presentation of the
fetus, an incompletely developed pelvis in teenagers, and problems
with soft tissues including a narrow vagina and perineum (Dy, 2013).
For instance, the sacrum, ischial spines, and tuberosities are important
attachment sites of the pelvic floor, a layer of flat muscles, fat, and lig-
aments in the pelvic outlet. A small pelvic canal challenges childbirth
but supports the pelvic floor to uphold the pelvic and abdominal
organs. Birth canal size, including the ischial spines, thus evolved by
trading off its functions for parturition and pelvic floor support
(Abitbol, 1988; Mitteroecker, 2019; Mitteroecker et al., 2016;
Pavlitev et al., 2020; Schimpf & Tulikangas, 2005; Woodman &
Graney, 2002). Elongated and broadened ischial spines, however, can

also be caused by remodeling in response to hypertrophic pelvic floor
muscles, especially the coccygeal muscle (Antolak Jr. et al., 2002). The
pubococcygeus muscles, which are partially attached to the ischial
spine, and the sacrospinous ligament constantly pull the sacrum and
coccyx anteriorly, which leads to their ventral tilt (Abitbol, 1987;
Amiel, 1981; Paulsen & Waschke, 2010; Steele & Bramblett, 2003).
This causes strain to the sacroiliac ligaments and might be one factor
in the development of the preauricular sulcus and margo auricularis
groove, unrelated to childbirth.

Bone is continually remodeled during life, and the female pelvis
has been shown to change in shape throughout the reproductive
period (Auerbach et al., 2018; Huseynov et al., 2016; Mitteroecker &
Fischer, 2016). Likewise, the expression of pelvic features tends to
increase with age (Bergfelder & Herrmann, 1978; Cox, 1989;
Maass, 2012). This joint dependence of female pelvic shape and pelvic
feature expression on age may thus induce a spurious correlation and
explain why this association was only found in females, not in males,
even though the preauricular sulcus, the margo auricularis groove, and
the extended pubic tubercle were found in both sexes (Cox, 1989;
Decrausaz, 2012; Holt, 1978). We therefore included age at death as
a covariate to account for spurious associations mediated by age.
However, after regressing out age from both blocks of variables, the
association between pelvic shape and pelvic features basically
remained the same and only slightly weakened in magnitude, demon-
strating that it is not an artifact of age-related variation.

The extended pubic tubercle, ventral and dorsal pubic scarring are
suspected to be associated with body weight and body height
(Aurigemma, 2015; Decrausaz, 2012; Maass, 2012; Snodgrass &
Galloway, 2003). Snodgrass and Galloway (2003) speculated that
increased hormone levels resulting from obesity destabilizes the pelvic
girdle and causes dorsal pubic pitting. Decrausaz (2012) found a corre-
lation between body height and the size and position of the extended
pubic tubercle in both sexes. We found the expression of the
extended pubic tubercle to be positively correlated with both body
height and weight, but we found no consistent pattern of correlation
for the preauricular sulcus and the margo sacralis (the analyses were
strongly limited by sample size, and weight and height data were not
available for all individuals). Also pelvic shape, including size and shape
of the pelvic canal, shows an allometric association with body height
(Fischer & Mitteroecker, 2015, 2017; Kurki, 2011; Tague, 1992;
Wood & Chamberlain, 1986). However, removing allometry from our
shape data did not change the results of the PLS analysis. Hence, the
association between pelvic features and pelvic shape that we found is
unlikely to be driven by variation in body height.

Two types of the preauricular sulcus are known (after
Houghton, 1975). The groove of ligament was interpreted as triggered
by biomechanical stress because it is found in both sexes, whereas
the groove of pregnancy is only found in females. Except for the dif-
ferent morphological expression of the sulcus in both types; however,
their development still remains unclear. Our results indicated a consid-
erably stronger association of a constrained pelvic canal with the
groove of pregnancy than with the groove of ligament (Figure 5). Nev-

ertheless, also the groove of ligament showed a weak association with
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a narrow pelvic canal, which may be due to misclassifications of

weakly expressed grooves of pregnancy as grooves of ligament.

5.2 | Pelvic features and a retroverted acetabulum
Biomechanical aspects related to pelvic shape were largely neglected
in the literature as potential causes of pelvic features. Our results,
however, showed that not only the pelvic canal, but also the position
and orientation of the acetabula are associated with the expression of
pelvic features (Figure 4). The acetabulum was more anteverted in
females with weak feature expression, whereas in individuals with
strong feature expression the acetabulum was more retroverted, that
is, inferior-posteriorly located. A retroverted acetabulum occurs in
48% of all individuals, with a slightly higher rate in males than in
females and an increased retroverted orientation in higher ages (Grant
et al, 2012; Klasan et al., 2019; Tannenbaum et al., 2014). In a
retroverted acetabulum, the posterior brim experiences increased
strain during daily life activities and often causes pelvic pain, osteoar-
thritis, femoroacetabular impingement, and femoral head fractures
(Eckstein et al., 2007; Reynolds et al., 1999; Siebenrock et al., 2003;
Tannast et al., 2008; Tannenbaum et al., 2014). A retroverted acetab-
ulum can be pathologically caused by hip disorders like Legg-Calvé-
Perthes disease, slipped capital femoral epiphysis or hip dysplasia
(e.g., Cibulka, 2014; Siebenrock et al., 2003; Tannast et al., 2012) but
acetabular orientation can also change during life (Klasan et al., 2019).
The position of the femoroacetabular joint affects the biome-
chanics of the pelvis, especially at the sacroiliac joint (Dalstra &
Huiskes, 1995; Morgan et al., 2013). Body weight inclines the sacrum
anteriorly and inferiorly, where females tend to have laxer ligaments
than males, and thus larger nutation (Calvillo et al., 2000; Kissling

FIGURE 6
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et al., 1990). The margo auricularis groove and sulcus preauricularis
are both located beneath the anterior sacroiliac ligament, which pro-
hibits a tilt or dislocation of the sacrum and is prone to increased
strain. These sulci are thus likely caused by lateral tensions to the pel-
vic ligaments (Hirschberg et al., 1998).

Our results indicate that—in addition to pregnancy and
childbirth—biomechanical aspects, such as those related to a
retroverted acetabulum, also contribute to pelvic feature develop-
ment. The ischial spine sign and the crossover sign, both used to diag-
nose a retroverted acetabulum in orthopedics, and the retroverted
position of the acetabulum are clearly visible in our results (Figure 6).
The common prevalence of retroverted acetabula in males appears to
be at odds with this claim. However, the general sexual dimorphism in
pelvic shape and hormonal regime may account for different bone
remodeling in response to mechanical stress in females and males. For
instance, the sacrum is more horizontally positioned in females
(Vleeming et al., 2012) and the sacroiliac joint surface is smaller and
less undulated compared to males (Vleeming & Schuenke, 2019). Liga-
ment relaxation in response to relaxin secretion, along with weight
gain during pregnancy, increases the strain on pelvic ligaments and
changes pelvic posture (Hagen, 1974; Ribeiro et al., 2013; Vleeming
et al., 2012). Therefore, a long-term positional shift of the coxal bone
relative to the sacrum during pregnancy or birth could also contribute
to the expression of pelvic features.

5.3 | Limitations of the Weissbach sample

Although age at death and stature are reliably documented for the
Weissbach collection, parity is unknown for most individuals. Therefore,
associations between pregnancy, parturition, and pelvic features are only

Pelvic shape corresponding to a strong expression of the preauricular sulcus and margo auricularis groove (extrapolation +3SD; see

Figures 3 and 4). The ischial spine sign (green) and crossover sign (anterior acetabular margin: blue, posterior acetabular margin: orange) are

clearly visible
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indirectly captured by the association between pelvic shape and pelvic
features; the actual magnitude of the association may thus be under-
estimated by our approach. On the other hand, given the large variation
in the length of gestation, fetal dimensions, and the length and difficulty
of labor, the number of children may not be the best predictor of pelvic
feature expression either. It would require well-documented clinical data
to assess all these factors, but modern populations show less variation in
these factors compared with historical and prehistorical populations.

It is not documented by which criteria, if any, Weissbach col-
lected the specimens. The collection, especially the small sample of
females, thus may not be representative of a European 19th century
population with regard to biometric properties and parity. It is very
unlikely, however, that the association between pelvic features and
pelvic shape, as assessed here, is affected by any potential
sampling bias.

By studying the association between pelvic features and pelvic
shape, we were also able to detect biomechanical signals unrelated to
childbirth. What we are completely missing, however, is individual varia-
tion in hormone levels, especially estrogen and relaxin secretion, both of
which are likely to affect pelvic bone remodeling during pregnancy. Like-
wise, effects of physical stress, occupation, lifestyle, and nutrition on pel-
vic feature expression are not captured by our analysis.

Due to the limited sample size, some pelvic features occurred in
too few individuals to be included in the analysis. Future studies with
larger samples are necessary to study these rare pelvic features. Few
specimens of the Bronze Age Hainburg-Teichtal sample were com-
plete enough to be included in a geometric morphometric study. The
PLS for this small sample did not reach statistical significance (and,
therefore, was not shown here), but the shape pattern closely resem-
bled that of the Weissbach collection.

6 | CONCLUSIONS

Our study demonstrates that the occurrence of a pronounced pre-
auricular sulcus and margo auricularis groove are correlated with a
narrow birth canal owing to shorter pubica, elongated ischial spines,
and a strongly curved sacrum. By contrast, a pelvis with weakly
expressed pelvic features tends to have a gynecoid shape with long
pubic bones, a wide subpubic angle, a wide greater sciatic notch, and
a straight sacrum. Age-related and body size-related variation do not
account for this association. A long and difficult birth process may
thus contribute to the expression of these pelvic features. However,
the correlation between pelvic feature expression and the orientation
of the acetabulum suggests that other biomechanical aspects also

affect the development of pelvic features.

ACKNOWLEDGMENTS

This study was performed in the framework of the project “The value
of mothers to society: responses to motherhood and child rearing
practices in prehistoric Europe” and has received funding from the
European Research Council (ERC) under the European Union's Hori-

zon 2020 research and innovation programme (grant agreement

No. 676828). The authors thank Karin Wiltschke-Schrotta, Margit
Berner, and Sabine Eggers from the Department of Anthropology at
the Natural History Museum in Vienna for granting us access to the
skeletal collections and their support of our research. Moreover, the
authors would like to thank Michaela Spannagl-Steiner for their help
with data acquisition. The authors are grateful to Anne Le Maitre and
Barbara Fischer for their support of the data analysis and Sophie

Beitel for her input on the manuscript.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Lukas Waltenberger and Philipp Mitteroecker: Designed the study
and performed the statistical analysis. Lukas Waltenberger and Doris
Pany-Kucera: Collected the material. Lukas Waltenberger, Philipp
Mitteroecker, and Katharina Rebay-Salisbury: Wrote the manuscript.

DATA AVAILABILITY STATEMENT
The data used in this study are available via DRYAD data repository
(doi: 10.5061/dryad.6q573n5xg).

ORCID

Lukas Waltenberger " https://orcid.org/0000-0002-9670-6117
https://orcid.org/0000-0003-4140-3220
Katharina Rebay-Salisbury "= https://orcid.org/0000-0003-0126-8693

https://orcid.org/0000-0002-5308-3837

Doris Pany-Kucera

Philipp Mitteroecker

REFERENCES

Abitbol, M. M. (1987). Obstetrics and posture in pelvic anatomy. Journal of
Human Evolution, 16, 243-255.

Abitbol, M. M. (1988). Evolution of the ischial spine and of the pelvic floor
in the hominoidea. American Journal of Physical Anthropology, 75,
53-67. https://doi.org/10.1002/ajpa.1330750107

Adams, D. C., Collyer, M. L., & Kaliontzopoulou, A. (2013). Geomorph:
Software for geometric morphometric analyses. R package version
3.0.6 (version 3.2.0). Methods in Ecology and Evolution, 4(4), 393-399.

Amiel, G. J. (1981). Essential obstetric practice. MTP Press.

Angel, J. L. (1969). The bases of paleodemography. American Journal of
Physical Anthropology, 30(3), 427-437. https://doi.org/10.1002/ajpa.
1330300314

Antolak, S. J., Jr., Hough, D. M., Pawlina, W., & Spinner, R. J. (2002). Ana-
tomical basis of chronic pelvic pain syndrome: The ischial spine and
pudendal nerve entrapment. Medical Hypotheses, 59(3), 349-353.
https://doi.org/10.1016/s0306-9877(02)00218-9

Ashworth, J. T., Allison, M. J,, Gerszten, E., & Pezzia, A. (1976). The pubic
scars of gestation and parturition in a group of pre-Columbian and
colonial Peruvian mummies. American Journal of Physical Anthropology,
45, 85-90. https://doi.org/10.1002/ajpa.1330450111

Auerbach, B. M,, King, K. A,, Campbell, R. M., Campbell, M. L., & Sylvester, A. D.
(2018). Variation in obstetric dimensions of the human bony pelvis in rela-
tion to age-at-death and latitude. American Journal of Physical Anthropology,
167(3), 628-643. https://doi.org/10.1002/ajpa.23690

Aurigemma, T. A. (2015). The height of the pubic tubercle as an indicator of
parturition. (MSc master thesis). Boston University.

Beninger, E., Mihlhofer, F., & Geyer, E. (1930). Das frithbronzezeitliche
Reihengraberfeld bei Hainburg-Teichtal. Mitteilungen der
Anthropologischen Gesellschaft in Wien, 60, 65-142.


https://orcid.org/0000-0002-9670-6117
https://orcid.org/0000-0002-9670-6117
https://orcid.org/0000-0003-4140-3220
https://orcid.org/0000-0003-4140-3220
https://orcid.org/0000-0003-0126-8693
https://orcid.org/0000-0003-0126-8693
https://orcid.org/0000-0002-5308-3837
https://orcid.org/0000-0002-5308-3837
https://doi.org/10.1002/ajpa.1330750107
https://doi.org/10.1002/ajpa.1330300314
https://doi.org/10.1002/ajpa.1330300314
https://doi.org/10.1016/s0306-9877(02)00218-9
https://doi.org/10.1002/ajpa.1330450111
https://doi.org/10.1002/ajpa.23690

WALTENBERGER ET AL.

WILEY_L

Bergfelder, T., & Herrmann, B. (1978). Zur Fertilititsschatzung an Hand
geburtstraumatischer Veranderungen am Schambein. Homo, 29, 17-24.

Breitinger, E. (1990). Sulcus praeauricularis und sulcus praesymphysialis als
Fertilitatszeichen. Annuals of the Natural History Museum, 91, 63-78.

Brooks, S., & Suchey, J. M. (1990). Skeletal age determination based on
the os pubis a comparison of the Ascadi-Nemeskeri and Suchey-
Brooks methods. Human Evolution, 5(3), 227-238. https://doi.org/10.
1002/ajpa.20999

Bruzek, J. (2002). A method for visual determination of sex, using the
human hip bone. American Journal of Physical Anthropology, 117(2),
157-168. https://doi.org/10.1002/ajpa.10012

Caldwell, W. E., & Moloy, H. C. (1933). Anatomical variations in the female
pelvis and their effect in labor with a suggested classification. American
Journal of Obstetrics and Gynecology, 26(4), 479-505. https://doi.org/
10.1016/s0002-9378(33)90194-5

Caldwell, W. E., & Moloy, H. C. (1938). Anatomical variations in the female
pelvis their classification and obstetrical significance. Proceedings of
the Royal Society of Medicine, 32(1), 1-30.

Calvillo, O., Skaribas, I., & Turnipseed, J. (2000). Anatomy and pathophysi-
ology of the sacroiliac joint. Current Review of Pain, 4, 356-361.
https://doi.org/10.1007/s11916-000-0019-1

Cibulka, M. T. (2014). Sacroiliac joint dysfunction as a reason for the devel-
opment of acetabular retroversion: A new theory. Physiotherapy: The-
ory and Practice, 30(4), 249-253. https://doi.org/10.3109/09593985.
2013.867558

Cox, M. (1989). An evaluation of the significance of scars of parturition in the
Christ Church Spitalsfields sample. (PhD thesis). University College London.

Cox, M. (2006). Assessment of parturition. In M. Cox & S. Mays (Eds.),
Human osteology in archaeology and forensic sciences (2nd ed.,
pp. 131-142). Cambridge University Press.

Cox, M., & Scott, A. (1992). Evaluation of the obstetric significance of
some pelvic characters in an 18th century British sample of known
parity status. American Journal of Physical Anthropology, 89, 431-440.
https://doi.org/10.1002/ajpa.1330890404

Cunningham, F. G., Leveno, K. J., Bloom, S. L., & Spong, C. Y. (2014). Wil-
liams obstetrics (24th ed.). McGraw-Hill Education.

Dalstra, M., & Huiskes, R. (1995). Load transfer across the pelvic bone.
Journal of Biomechanics, 28(6), 715-724. https://doi.org/10.1016/
0021-9290(94)00125-n

Decrausaz, S. L. (2012). A morphometric analysis of parturition scarring on
the human pelvic bone. (MSc thesis). University of Victoria.

Delprete, H. (2017). Pelvic inlet shape is not as dimorphic as previously
suggested. Anatomical Record, 300(4), 706-715. https://doi.org/10.
1002/ar.23544

Derry, D. E. (1909). Note on the innominate bone as a factor in the deter-
mination of sex with special reference to the sulcus preauricularis.
Journal of Anatomy and Physiology, 43, 266-276.

Dy, J. (2013). Labor dystocia. In G. D. Posner, J. Dy, A. Y. Black, & G. D.
Jones (Eds.), Human labor and birth. McGraw Hill Medical.

Eckstein, F., Matsuura, M., Kuhn, V., Priemel, M., Miiller, R, Link, T. M., &
Lochmiiller, E.-M. (2007). Sex differences of human trabecular bone
microstructure in aging are site-dependent. Journal of Bone and Mineral
Research, 22(6), 817-824.

Ferembach, D., Schwidetzky, I., & Stloukal, M. (1979). Empfehlungen fir
die Alters- und Geschlechtsdiagnose am Skelett. Homo, 30, 1-32.

Fischer, B., & Mitteroecker, P. (2015). Covariation between human pelvis
shape, stature, and head size alleviates the obstetric dilemma. Proceed-
ings of the National Academy of Sciences of the United States of America,
112(18), 5655-5660. https://doi.org/10.1073/pnas.1420325112

Fischer, B., & Mitteroecker, P. (2017). Allometry and sexual dimorphism in
the human pelvis. The Anatomical Record, 300, 698-705. https://doi.
org/10.5061/dry-ad.2d728

Gamble, J. G., Simmons, S. C., & Freedman, M. (1986). The symphysis
pubis: Anatomic and pathologic considerations. Clinical Orthopaedics
and Related Research, 203, 261-272.

ANTHROPOLO

Gilbert, B. M., & McKern, T. W. (1973). A method for aging the female os
pubis. American Journal of Physical Anthropology, 38, 31-38. https://
doi.org/10.1002/ajpa.1330380109

Grant, A. D., Sala, D. A,, & Schwarzkopf, R. (2012). Femoro-acetabular
impingement: The diagnosis-a review. Journal of Children's Orthopae-
dics, 6(1), 1-12. https://doi.org/10.1007/511832-012-0386-2

Gunz, P., & Mitteroecker, P. (2013). Semilandmarks: A method for quanti-
fying curves and surfaces. Hystrix, 24(1), 103-109. https://doi.org/10.
4404/hystrix-24.1-6292

Gunz, P., Mitteroecker, P., & Bookstein, F. L. (2005). Semilandmarks in
three dimensions. In D. E. Slice (Ed.), Modern Morphometrics in physical
anthropology (pp. 73-98). Plenum.

Hagen, R. (1974). Pelvic girdle relaxation from an orthopaedic point of
view. Acta Orthopaedica Scandinavica, 45(1-4), 550-563. https://doi.
org/10.3109/17453677408989178

Hirschberg, J., Milne, N., & Oxnard, C. E. (1998). The interface between
muscle and bone: Biomechanical implications. In E. J. E. Szathmary
(Ed.), Annual meeting of the American Association of Physical Anthropolo-
gists, (Vol. 26, p. 96). New York, USA: Wiley-Liss.

Holt, C. A. (1978). A re-examination of parturition scars on the human
female pelvis. American Journal of Physical Anthropology, 49(1), 91-94.
https://doi.org/10.1002/ajpa.1330490114

Houghton, P. (1974). The relationship of the pre-auricular groove of the
ilium to pregnancy. American Journal of Physical Anthropology, 41,
381-390. https://doi.org/10.1002/ajpa.1330410305

Houghton, P. (1975). The bony imprint of pregnancy. Bulletin of the
New York Academy of Medicine, 51(5), 655-661.

Huseynov, A., Zollikofer, C. P., Coudyzer, W., Gascho, D., Kellenberger, C.,
Hinzpeter, R., & Ponce de Ledn, M. S. (2016). Developmental evidence
for obstetric adaptation of the human female pelvis. Proceedings of the
National Academy of Sciences of the United States of America, 113(19),
5227-5232. https://doi.org/10.1073/pnas.1517085113

Jugert, F., Hummel, S., & Grosskopf, B. (2018). Investigations of the rela-
tion between birth trauma and pelvic size in females from a medieval
gravesite from Lubeck. Anthropologischer Anzeiger, 75(2), 141-153.
https://doi.org/10.1127/anthranz/2018/0778

Kelley, M. A. (1979). Parturition and pelvic changes. American Journal of
Physical Anthropology, 51, 541-546. https://doi.org/10.1002/ajpa.
1330510405

Kissling, R., Brunner, C. H., & Jacob, H. A. C. (1990). Zur Beweglichkeit der
lliosakralgelenke in vitro. Zeitschrift fiir Orthopddie, 128, 282-288.
https://doi.org/10.1055/s-2008-1039994

Klasan, A., Neri, T., Sommer, C,, Leie, M. A, Dworschak, P., Schofer, M. D., &
Heyse, T. J. (2019). Analysis of acetabular version: Retroversion preva-
lence, age, side and gender correlations. Journal of Orthopaedic Translation,
18, 7-12. https://doi.org/10.1016/}.jot.2019.01.003

Kurki, H. K. (2011). Pelvic dimorphism in relation to body size and body
size dimorphism in humans. Journal of Human Evolution, 61, 631-643.

Leutenegger, W. (1972). Newborn size and pelvic dimensions of
Australopithecus. Nature, 250, 568-569. https://doi.org/10.1038/
240568a0

Linder, W. (2016). Digital photogrammetry—A practical course (4th ed.).
Springer-Verlag.

Loehr, P. (1884). Uber den Sulcus praeauricularis des Darmbeines und
ahnliche Furchen anderer Knochen. Anatomischer Anzeiger, 9, 521-536.

Lovejoy, C. O., Heiple, K. G., & Burstein, A. H. (1973). The gait of
Australopithecus. American Journal of Physical Anthropology, 38,
757-780. https://doi.org/10.1002/ajpa.1330380315

Lovejoy, C. O., Meind|, R. S., Pryzbeck, T. R.,, & Mensforth, R. P. (1985).
Chronological metamorphosis of the auricular surface of the ilium: A
new method for the determination of adult skeletal age at death.
American Journal of Physical Anthropology, 68, 15-28. https://doi.org/
10.1002/ajpa.1330680103

Maass, P. (2012). The bony pelvis scars of parturition and factors influencing
their manifestation. (PhD thesis). University of Cape Town.


https://doi.org/10.1002/ajpa.20999
https://doi.org/10.1002/ajpa.20999
https://doi.org/10.1002/ajpa.10012
https://doi.org/10.1016/s0002-9378(33)90194-5
https://doi.org/10.1016/s0002-9378(33)90194-5
https://doi.org/10.1007/s11916-000-0019-1
https://doi.org/10.3109/09593985.2013.867558
https://doi.org/10.3109/09593985.2013.867558
https://doi.org/10.1002/ajpa.1330890404
https://doi.org/10.1016/0021-9290(94)00125-n
https://doi.org/10.1016/0021-9290(94)00125-n
https://doi.org/10.1002/ar.23544
https://doi.org/10.1002/ar.23544
https://doi.org/10.1073/pnas.1420325112
https://doi.org/10.5061/dry-ad.2d728
https://doi.org/10.5061/dry-ad.2d728
https://doi.org/10.1002/ajpa.1330380109
https://doi.org/10.1002/ajpa.1330380109
https://doi.org/10.1007/s11832-012-0386-2
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.3109/17453677408989178
https://doi.org/10.3109/17453677408989178
https://doi.org/10.1002/ajpa.1330490114
https://doi.org/10.1002/ajpa.1330410305
https://doi.org/10.1073/pnas.1517085113
https://doi.org/10.1127/anthranz/2018/0778
https://doi.org/10.1002/ajpa.1330510405
https://doi.org/10.1002/ajpa.1330510405
https://doi.org/10.1055/s-2008-1039994
https://doi.org/10.1016/j.jot.2019.01.003
https://doi.org/10.1038/240568a0
https://doi.org/10.1038/240568a0
https://doi.org/10.1002/ajpa.1330380315
https://doi.org/10.1002/ajpa.1330680103
https://doi.org/10.1002/ajpa.1330680103

% | WILEY

WALTENBERGER ET AL.

ANTHROPOLOGY

Maharaj, D. (2010). Assessing cephalopelvic disproportion: Back to the
basics. Obstetrical & Gynecological Survey, 65(6), 387-395. https://doi.
org/10.1097/0GX.0b013e3181ecdfOc

Meindl, R. S., Lovejoy, C. O., Mensforth, R. P., & Walker, R. A. (1985). A
revised method of age determination using the os pubis, with a review
and tests of accuracy of other current methods of pubic symphyseal
aging. American Journal of Physical Anthropology, 68(1), 29-45. https://
doi.org/10.1002/ajpa.1330680104

Miles, A. E. W. (1963). Dentition in the estimation of age. Journal of Dental
Research, 42(1), 255-263. https://doi.org/10.1177/
00220345630420012701

Mitteroecker, P. (2019). How human bodies are evolving in modern socie-
ties. Nature Ecology & Evolution, 3(3), 324-326. https://doi.org/10.
1038/541559-018-0773-2

Mitteroecker, P., & Bookstein, F. (2007). The conceptual and statistical
relationship between modularity and morphological integration. Sys-
tematic  Biology, 56(5), 818-836. https://doi.org/10.1080/
10635150701648029

Mitteroecker, P., & Fischer, B. (2016). Adult pelvic shape change is an evo-
lutionary side effect. Proceedings of the National Academy of Sciences of
the United States of America, 113(26), E3596. https://doi.org/10.
1073/pnas.1607066113

Mitteroecker, P., & Gunz, P. (2009). Advances in geometric morphomet-
rics. Evolutionary Biology, 36, 235-247. https://doi.org/10.1007/
$11692-009-9055-x

Mitteroecker, P., Huttegger, S. M., Fischer, B., & Pavlicev, M. (2016). Cliff-
edge model of obstetric selection in humans. Proceedings of the
National Academy of Sciences of the United States of America, 113(51),
14680-14685. https://doi.org/10.1073/pnas.1612410113

Morgan, P. M., Anderson, A. W., & Swiontkowski, M. F. (2013). Symptom-
atic sacroiliac joint disease and radiographic evidence of
femoroacetabular impingement. Hip International, 23(2), 212-217.
https://doi.org/10.5301/hip.2013.10729

Nkata, M. (1997). Maternal mortality due to obstructed labor. International
Journal of Gynecology & Obstetrics, 57, 65-66.

Owsley, D. W., & Bradtmiller, B. (1983). Mortality of pregnant females in
Arikara villages: Osteological evidence. American Journal of Physical
Anthropology, 61, 331-336. https://doi.org/10.1002/ajpa.
1330610307

Pany-Kucera, D., Spannagl-Steiner, M., Argeny, S., Maurer-Gesek, B.,
Weninger, W. J., & Rebay-Salisbury, K. (2019). Sacral preauricular
extensions, notches, and corresponding iliac changes: New terms and
the proposal of a recording system. International Journal of
Osteoarchaeology, 29, 1-9. https://doi.org/10.1002/0a.2814

Parsch, J., & Ellegren, H. (2013). The evolutionary causes and conse-
quences of sex-biased gene expression. Nature Reviews. Genetics, 14
(2), 83-87. https://doi.org/10.1038/nrg3376

Paulsen, F., & Waschke, J. (2010). Sobotta Atlas der Anatomie des Menschen
- Allgemeine Anatomie und Bewegunsapparat (23th ed.). Urban &
Fischer.

Pavlicev, M., Romero, R., & Mitteroecker, P. (2020). Evolution of the
human pelvis and obstructed labor: New explanations of an old
obstetrical dilemma. American Journal of Obstetrics & Gynecology, 222
(1), 3-16. https://doi.org/10.1016/j.ajog.2019.06.043

Proisy, M., Rouil, A., Raoult, H., Rozel, C., Guggenbuhl, P., Jacob, D., &
Guillin, R. (2014). Imaging of musculoskeletal disorders related to preg-
nancy. American Journal of Roentgenology, 202, 828-838.

Putschar, S. (1976). The structure of the human symphysis pubis with spe-
cial consideration of parturition and its sequelae. American Journal of
Physical Anthropology, 45, 589-594. https://doi.org/10.1002/ajpa.
1330450324

R Core Team. (2013). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Rebay-Salisbury, K., Pany-Kucera, D., Spannagl-Steiner, M., Kanz, F.,
Galeta, P., Teschler-Nicola, M., & Salisbury, R. B. (2018). Motherhood

at early bronze age Unterhautzenthal, lower Austria. Archaeologica
Austriaca, 102, 71-134. https://doi.org/10.1553/archaeologial02s71

Reynolds, D., Lucas, J., & Klaue, K. (1999). Retroversion of the acetabulum.
A cause of hip pain. Journal of Bone and Joint Surgery, 81(2), 281-288.
https://doi.org/10.1302/0301-620x.81b2.8291

Reynolds, H. M., Snow, C. C., & Young, J. W. (1982). Spatial geometry of
the human pelvis. In Memorandum report prepared for the
U.S. Department of Transportation, Federal Aviation Administration,
Office of Aviation Medicine. National Technical Information Service.

Ribeiro, A. P., Joao, S. M., & Sacco, I. C. (2013). Static and dynamic biome-
chanical adaptations of the lower limbs and gait pattern changes dur-
ing pregnancy. Women's Health, 9(1), 99-108. https://doi.org/10.
2217/whe.12.59

Rohlf, F. J., & Corti, M. (2000). Use of two-block partial least-squares to
study covariation in shape. Systematic Biology, 49(4), 740-753.
https://doi.org/10.1080/106351500750049806

Rohlf, F. J., & Slice, D. E. (1990). Extensions of the Procrustes method for
the optimal superimposition of landmarks. Systematic Zoology, 39(1),
40-59. https://doi.org/10.2307/2992207

Rosenberg, K., & Trevathan, W. (1995). Bipedalism and human birth: The
obstetrical dilemma revisited. Evolutionary Anthropology, 4(5), 161-168.

Ruff, C. (2000). Body mass prediction from skeletal frame size in elite ath-
letes. American Journal of Physical Anthropology, 113, 507-517.

Ruff, C. B., Holt, B. M., Niskanen, M., Sladek, V., Berner, M., Garofalo, E.,
Garvin, H. M, Hora, M., Maijanen, H. Niinimdki, S., Salo, K,
Schuplerova, E., Tompkins, D. (2012). Stature and body mass estimation
from skeletal remains in the European Holocene. American Journal of Physi-
cal Anthropology, 148(4), 601-617. https://doi.org/10.1002/ajpa.22087

Sanchez, G. (2013). Package ‘DiscriMiner’ (version 0.1-29).

Schemmer, D., White, P. G., & Friedman, L. (1995). Radiology of the
paraglenoid sulcus. Skeletal Radiology, 24, 205-209. https://doi.org/
10.1007/bf00228925

Schimpf, M., & Tulikangas, P. (2005). Evolution of the female pelvis and
relationships to pelvic organ prolapse. International Urogynecological
Journal and Pelvic Dysfunction, 16(4), 315-320.

Siebenrock, K. A., Schoeniger, R., & Ganz, R. (2003). Anterior femoro-
acetabular impingement due to acetabular retroversion. Treatment
with periacetabular osteotomy. Journal of Bone and Joint Surgery, 85(2),
278-286. https://doi.org/10.2106/00004623-200302000-00015

Snodgrass, J. J., & Galloway, A. (2003). Utility of dorsal pits and pubic
tubercle height in parity assessment. Journal of Forensic Sciences, 48(6),
1226-1230. https://doi.org/10.1520/JFS2003027

Steele, D. G., & Bramblett, C. A. (2003). The anatomy and biology of the
human skeleton (7th ed.). Texas A&M University Press.

Stewart, K. S., Cowan, D. B., & Philpott, R. H. (1979). Pelvic dimensions
and the outcome of trial labour in Shona and Zulu primigravidas.
South African Medical Journal, 55(21), 847-851.

Stewart, T. D. (1970). Identification of the scars of parturition in the skele-
tal remains of females. In Personal identification in mass disasters.
National Museum of Natural History; Smithsonian Institution.

Stloukal, M., & Hanakova, H. (1978). Die Linge der Lingsknochen
altslawischer Bevolkerungen unter besonderer Berlicksichtigung von
Wachstumsfragen. Homo, 29, 53-69.

Szilvassy, J. (1977). Altersschiatzung an den sternalen Gelenkflichen der
Schlisselbeine. Beitrdge Zur Gerichtlichen Medizin, 35, 343-345.

Tague, R. G. (1992). Sexual dimorphism in the human bony pelvis, with a
consideration of the Neanderthal pelvis from Kebara Cave, lIsrael.
American Journal of Physical Anthropology, 88, 1-21.

Tannast, M., Goricki, D., Beck, M., Murphy, S. B., & Siebenrock, K. A.
(2008). Hip damage occurs at the zone of femoroacetabular impinge-
ment. Clinical Orthopaedics and Related Research, 466(2), 273-280.
https://doi.org/10.1007/s11999-007-0061-y

Tannast, M., Pfannebecker, P., Schwab, J. M., Albers, C. E,
Siebenrock, K. A., & Buchler, L. (2012). Pelvic morphology differs in
rotation and obliquity between developmental dysplasia of the hip and


https://doi.org/10.1097/OGX.0b013e3181ecdf0c
https://doi.org/10.1097/OGX.0b013e3181ecdf0c
https://doi.org/10.1002/ajpa.1330680104
https://doi.org/10.1002/ajpa.1330680104
https://doi.org/10.1177/00220345630420012701
https://doi.org/10.1177/00220345630420012701
https://doi.org/10.1038/s41559-018-0773-2
https://doi.org/10.1038/s41559-018-0773-2
https://doi.org/10.1080/10635150701648029
https://doi.org/10.1080/10635150701648029
https://doi.org/10.1073/pnas.1607066113
https://doi.org/10.1073/pnas.1607066113
https://doi.org/10.1007/s11692-009-9055-x
https://doi.org/10.1007/s11692-009-9055-x
https://doi.org/10.1073/pnas.1612410113
https://doi.org/10.5301/hip.2013.10729
https://doi.org/10.1002/ajpa.1330610307
https://doi.org/10.1002/ajpa.1330610307
https://doi.org/10.1002/oa.2814
https://doi.org/10.1038/nrg3376
https://doi.org/10.1016/j.ajog.2019.06.043
https://doi.org/10.1002/ajpa.1330450324
https://doi.org/10.1002/ajpa.1330450324
https://doi.org/10.1553/archaeologia102s71
https://doi.org/10.1302/0301-620x.81b2.8291
https://doi.org/10.2217/whe.12.59
https://doi.org/10.2217/whe.12.59
https://doi.org/10.1080/106351500750049806
https://doi.org/10.2307/2992207
https://doi.org/10.1002/ajpa.22087
https://doi.org/10.1007/bf00228925
https://doi.org/10.1007/bf00228925
https://doi.org/10.2106/00004623-200302000-00015
https://doi.org/10.1520/JFS2003027
https://doi.org/10.1007/s11999-007-0061-y

WALTENBERGER ET AL.

WILEY_| *t

retroversion. Clinical Orthopaedics and Related Research, 470(12),
3297-3305. https://doi.org/10.1007/5s11999-012-2473-6

Tannenbaum, E., Kopydlowski, N., Smith, M., Bedi, A., & Sekiya, J. K.
(2014). Gender and racial differences in focal and global acetabular
version. The Journal of Arthroplasty, 29(2), 373-376. https://doi.org/
10.1016/j.arth.2013.05.015

Teschler-Nicola, M. (1992). Untersuchungen zur Bevélkerungsbiologie der
Bronzezeit in Ostésterreich. Phdnetische Analyse kontinuierlicher und
nichtkontinuierlicher Skelettmerkmale. (Habil.), Universitat Wien.

Todd, T. W. (1921). Age changes in the pubic bone. American Journal of
Physical Anthropology, 4(1), 1-76. https://doi.org/10.1002/ajpa.
1330030301

Ullrich, H. (1975). Estimation of fertility by means of pregnancy and childbirth
alterations at the pubis, the ilium and the sacrum. Ossa, 2(1), 23-39.

Vleeming, A., & Schuenke, M. (2019). Form and force closure of the sacro-
iliac joints. Physical Medicine and Rehabilitation, 11(Suppl 1), S24-S31.
https://doi.org/10.1002/pmrj.12205

Vleeming, A., Schuenke, M. D., Masi, A. T., Carreiro, J. E., Danneels, L., &
Willard, F. H. (2012). The sacroiliac joint: An overview of its anatomy,
function and potential clinical implications. Journal of Anatomy, 221,
537-567. https://doi.org/10.1111/j.1469-7580.2012.01564.x

Vsianska, L. (2007). Peripartale Verdnderungen des Beckenringes in der MRT.
(PhD thesis). Ruhr-Universitat Bochum.

Waltenberger, L., Rebay-Salisbury, K., & Mitteroecker, P. (n.d.). Three-
dimensional surface scanning methods in osteology: A topographical
and geometric morphometric comparison. American Journal of Physical
Anthropology Manuscript submitted for publication.

ANTHROPOLO

Weissbach, A. (1866). Die Becken &sterreichischer Vélker. Medizinische
Jahrbiicher, 11, 37-96.

Williams, T. M., & Carroll, S. B. (2009). Genetic and molecular insights into
the development and evolution of sexual dimorphism. Nature Reviews.
Genetics, 10(11), 797-804. https://doi.org/10.1038/nrg2687

Wood, B. A., & Chamberlain, A. T. (1986). The primate pelvis: Allometry or
sexual dimorphism? Journal of Human Evolution, 15, 257-263.

Woodman, P. J., & Graney, D. O. (2002). Anatomy and physiology of the
female perineal body with relevance to obstetrical injury and repair.
Clinical Anatomy, 15(5), 321-324. https://doi.org/10.1002/ca.10034

Zaaijer, T. (1866). Untersuchungen (iber die Form des Beckens Javanischer
Frauen (1st ed.). De Erven Loosjes.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Waltenberger L, Pany-Kucera D,
Rebay-Salisbury K, Mitteroecker P. The association of
parturition scars and pelvic shape: A geometric morphometric
study. Am J Phys Anthropol. 2021;174:519-531. https://doi.
org/10.1002/ajpa.24196



https://doi.org/10.1007/s11999-012-2473-6
https://doi.org/10.1016/j.arth.2013.05.015
https://doi.org/10.1016/j.arth.2013.05.015
https://doi.org/10.1002/ajpa.1330030301
https://doi.org/10.1002/ajpa.1330030301
https://doi.org/10.1002/pmrj.12205
https://doi.org/10.1111/j.1469-7580.2012.01564.x
https://doi.org/10.1038/nrg2687
https://doi.org/10.1002/ca.10034
https://doi.org/10.1002/ajpa.24196
https://doi.org/10.1002/ajpa.24196

	The association of parturition scars and pelvic shape: A geometric morphometric study
	1  INTRODUCTION
	2  AIM OF THE STUDY
	3  METHODS
	4  RESULTS
	5  DISCUSSION
	5.1  Pelvic features as parturition scars
	5.2  Pelvic features and a retroverted acetabulum
	5.3  Limitations of the Weissbach sample

	6  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


