Archaeological and Anthropological Sciences (2026) 18:180
https://doi.org/10.1007/512520-026-02533-2

RESEARCH ——

®

Check for
updates

The invisible evidence of birth: evaluating the relationship between
pelvic shape and parity with a pelvic pattern index

L. Waltenberger'2® . K. Rebay-Salisbury>*® . J. Desideri*® . P. Mitteroecker>®( . M. Spannagl-Steiner’
D. Pany-Kucera’

Received: 9 July 2025 / Accepted: 6 July 2026
© The Author(s) 2026

Abstract

It is well known that parity affects the human skeleton through biomechanical strain during pregnancy and birth, lacta-
tion, and sexual steroid hormone expression. Pelvic features are bony exostoses and lesions found on the pelvis and are
frequently interpreted as parturition scars, although the direct causal factors remain unclear. In this study, we created a
weighted pelvic pattern index (PPI) by combining all pelvic features (preauricular sulcus, dorsal pubic pitting, extended
pubic tubercle, ventral pubic pitting & exostoses, margo auricularis groove, sacral preauricular extension & notch) to sta-
tistically evaluate its association with parity in three samples (one modern, and two from the 19th century). The PPI was
significantly associated with parity and age at death. A pelvis shape analysis revealed an association with an increase in
pelvic width. However, bone modelling in older women weakened the association of the PPI with parity. The PPI showed
differences between the modern and historical samples, suggesting that factors such as lifestyle and obstetrical practices
affect the relationship between the PPI and actual parity. We propose the PPI as a useful tool for assessing parity, but the
predictive accuracy may vary across populations. We present a software tool for an easy application of the PPI in bioar-
cheological and anthropological studies.
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vides crucial data for demographic studies in archaeology
and the forensic sciences. It is well documented that preg-
nancy and parturition exert both direct and indirect effects
on the human skeleton. For example, sexual maturation and
the secretion of steroid hormones during puberty gives rise
to the sexual differences in the bony pelvis (Fischer and
Mitteroecker 2017; Rogol et al. 2002; Wells 2007). During
pregnancy, further hormones, such as relaxin, are secreted.
This hormone softens pelvic ligaments and allows for an
easier birth process (Cunningham et al. 2014; Grunstra et
al. 2019; Jockenhovel 1989; Owens et al. 2002). Addition-
ally, the weight of the gravid uterus alters the mother’s pos-
ture during gait (hyperlordosis of the lumbar spine), which
affects the biomechanics of the human skeleton (Amiel
1981; Hagen 1974; Ritchie 2003; Whitcome et al. 2007) and
increases the risk of pelvic and back pain. The birth process
also has long-term impacts on the female body, including
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higher risks of hemorrhages and cyst formations in pelvic
joints and ligaments resulting from hyperextension (Ash-
worth et al. 1976; Becker et al. 2010; Stewart 1970) as well
as an elevated risk of pelvic floor disorders (Ashton-Miller
and DeLancey 2007; DeLancey et al. 2003; Stansfield et al.
2025; Weidner et al. 2006). Pelvic floor disorders frequently
manifest years or decades after the birth event, although they
can be directly attributed to parity. Breastfeeding impacts
the female skeleton due to an increased calcium and vitamin
D requirement, which directly affects bone metabolism (Bae
and Kratzsch 2018; Dawodu and Tsang 2012; Pearson et al.
2004; Sowers 1996).

Even though “pelvic features” (Pany-Kucera et al.
2019), including parturition scars, are largely unknown in
the clinical fields, they are commonly discussed as indica-
tors of parity in anthropology. These changes are defined
as depressions, pits, grooves, or exostoses at the bony
pelvis, which are commonly attributed to pregnancy and
birth (Angel 1969; Houghton 1975; Pany-Kucera et al.
2019; Putschar 1976; Stewart 1970; Ullrich 1975). Pelvic
features are located in close proximity to the sacroiliac
joint, including the preauricular sulcus, margo auricularis
groove, and sacral preauricular extension or notch. Addi-
tionally, they are situated in the vicinity of the pubic sym-
physis, exhibiting features such as ventral pubic lesions
and exostoses, dorsal pubic pitting, and the extended pubic
tubercle. The most prominent feature, a well-developed
preauricular sulcus, is employed as a diagnostic criterion
for sex estimation based on the bony pelvis in anthropol-
ogy as it can be commonly observed in the female pelvis
(Bruzek et al. 2022; Pérreard-Lopreno et al. 2022). It is a
horizontal sulcus or groove located at the superior margin
of the greater sciatic notch of the ilium, in close proxim-
ity to the sacroiliac joint (Houghton 1974). Cox and Scott
(1992) observed a higher, though not statistically signifi-
cant prevalence of the preauricular sulcus in android pel-
ves. Waltenberger et al. (2021a) identified an association
between the preauricular sulcus and extensive biomechan-
ical strain caused by a retroverted acetabulum. Another
sulcus may be observed on the lateral margins of the facies
pelvina of the sacrum (also known as “sacral scarring”, or
“margo auricularis groove”, as documented by Cox and
Scott 1992; Pany-Kucera et al. 2022b). Yet, this feature
is likely more associated with age or sex than with the
number of births (Cox 2006; Maass and Friedling 2016).
A third feature in close proximity to the sacroiliac joint is
the sacral preauricular extension, a trait that is exclusive to
females (Pany-Kucera et al. 2019, 2022a, b). It is an osse-
ous, ventrally pointing expansion situated at the ventrosu-
perior margin of the sacral ala, at the level of the terminal
line. It is distinguished from the sacral auricular facet by
a slight line of demarcation that sets it apart from other
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alterations in this region. This feature can be accompanied
by a corresponding facet at the ilium. On rare occasions, a
notch (sacral preauricular notch) may be identified at the
same location. On the ventral or dorsal aspect of the pubic
body, lytic pits may occasionally develop (ventral and dor-
sal pubic pitting, Angel 1969). The formation of dorsal
pubic pitting may be attributed to a hypertrophic posterior
transverse ligament, inflammatory processes or traumata
like ligament avulsions, and the deep pits by oedematous
bone necrosis (Angel 1969; Ashworth et al. 1976; Becker
et al. 2010; Kamieth and Reinhardt 1955; Maurer-Gesek
et al. 2022; Pany-Kucera et al. 2022a). Dorsal pubic pit-
ting is associated with parity, sex, age, and a higher BMI
(Gilbert and McKern 1973; McFadden and Oxenham
2018; Snodgrass and Galloway 2003; Waltenberger et
al. 2022) and may provide a method for the prediction
of parity, although it is highly variable across individu-
als (Waltenberger et al. 2022). Another feature is called
the extended pubic tubercle, an exostosis located at the
arcuate line of the superior pubic ramus. This should not
be confused with the anatomical structure known as the
“pubic tubercle” (Angel 1969; Maass and Friedling 2016;
Snodgrass and Galloway 2003). Cox (1989) and Berg-
felder and Herrmann (1980) identified an association with
parity, while other studies have also reported a correlation
with body height, age, sex, and BMI (Maass and Friedling
2016; Snodgrass and Galloway 2003). Naturally, there
are differences in the significance and occurrence of the
mentioned features in relationship with pregnancies and
births. Dorsal pubic pitting, for instance, has been shown
in several clinical studies, to be a more reliable indicator
of pregnancy and birth, as compared to features like sacral
scarring (Pany-Kucera et al. 2022b). Importantly, it is clear
that the presence of one of the features is not sufficient to
securely assess parity.

The etiology of pelvic features remains incompletely
understood, with some parous women never exhibiting such
changes, while others, including some nulliparous women
and men develop some of them (Cox and Scott 1992; Holt
1978). Hence, a number of additional factors beyond those
associated with parity may also give rise to comparable fea-
tures. Moreover, several earlier studies, including those that
initially described pelvic features, were based on skeletal
remains with an uncertain or reconstructed birth history
(Cox and Scott 1992; Ullrich 1975). The interpretation of
the features as pelvic features related to parity in unknown
samples is based on the observation of higher frequencies
in female individuals and is therefore highly speculative.
In recent years, researchers have begun to re-examine this
topic, attempting to identify the causal factors underlying the
development of pelvic features, rather than merely search-
ing for an association with parity in their samples (Maass
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and Friedling 2016; Pany-Kucera et al. 2022a; Waltenberger
et al. 2021a, 2022). The highly variable expressions of pel-
vic features and the differences between populations sug-
gest that multiple factors are involved in their development,
including biomechanical stress and pelvic shape (Maass and
Friedling 2016; Waltenberger et al. 2021a).

Waltenberger et al. (2021b) observed that pelvic features
become more pronounced between puberty and menopause
in females, whereas this trend reverses in postmenopausal
women, who are likely to experience atrophic reorganiza-
tion of pelvic features in advanced age (Bergfelder and Her-
rmann 1980). In a separate publication (Waltenberger et al.
2022), the authors could not detect an association between
age, parity and single pelvic features. These results sug-
gest a weak association between parity and the tendency to
develop pelvic features.

Aim of the study

Despite the weak and inconsistent correlation between
most isolated pelvic features and parity, Waltenberger et
al. (2021b) demonstrate that already a simple compos-
ite score of all pelvic features exhibits a notable associa-
tion with age at death and the number of birth events in
females during their reproductive years. Pany-Kucera et
al. (2022b) proposed a formula for calculating a pelvic pat-
tern index (PPI). This index combines the expression of all
pelvic features as a proxy for parity in archaeological data,
which provides a flexible option for handling missing data.
In the context of osteological analyses, Pany-Kucera and
colleagues frequently observed the occurrence of combina-
tions of expressed pelvic features in females. The PPI was
developed with the objective of summarizing the records
of single pelvic feature expression, thereby enhancing the
comparability and quantification of the resulting data. As
the PPI was developed on prehistoric skeletons and tested
on historical identified skeletal collections containing infor-
mation about baptism and other historical records (Cox and
Scott 1992), this study will test the PPI in a recent sample
with known information about pregnancy and birth. More-
over, although an association between the PPI and parity
was previously identified by Pany-Kucera et al. (2022b),
with multiparae showing combinations of expressed fea-
tures along a higher index on average, the precise nature of
what the PPI measures, remains uncertain. Testing various
causal factors, including a geometric morphometric analysis
of pelvic shape, facilitates the implementation of an acces-
sible and straightforward approach to investigating parity in
archaeological case studies. The presented tool in this study
has been specifically designed for researchers who are not
proficient in programming and data analysis.

Material & methods

The sample comprised three datasets: a 21st century CT
dataset of female individuals with known background
information obtained by autopsy recordings and next-of-
kin-interviews, and two 18th to 20th century historical
collections: the Simon Identified Skeletal Collection, Uni-
versity of Geneva, Switzerland (Abegg and Desideri 2019)
and the Christ Church Spitalfields crypt Collection, Natural
History Museum London, UK (Cox 1989; Cox and Scott
1992). Obstetric histories of the females based on baptism
and other historical records are available for parts of the
collections. The modern dataset contained pseudonymized
forensic CT data of 183 corpses obtained from the New
Mexico Decedent Image Database (NMDID; Edgar et al.
2020). NMDID includes over 15,000 whole-body CT scans
of individuals deceased in New Mexico between 2010 and
2017. CT scans were obtained with a Philips Brilliance Big
Bore 16 CT scanner and the scanning protocol for adults
and thin sectioned bone (Pixel size: 0.5 mm, slice thickness
1 mm) developed by the Office of the Medical Investigator
(OMI). Our sample comprised 45 nulliparae, 45 primiparae,
and 45 multiparae. Each of these groups were composed of
three age subgroups of the same size: 19-29 years, 3049
years, and older than 50 years. Additional 15 juvenile female
individuals were included (12—17 years, all nullipara) to
cover the onset of sexual maturity and the development of
sexual dimorphism in pelvic shape in response to sex ste-
roid hormone secretion during puberty (Fischer and Mitter-
oecker 2017; Huseynov et al. 2016), which probably affects
the development of pelvic features (Waltenberger et al.
2021b). Exclusion criteria were artificial hip or knee joints,
a BMI higher than 35, trauma to the femur or pelvis, heavily
decomposed cadavers, mummification, congenital defects,
neoplastic diseases, and other diseases that influence pelvic
shape. Thirteen female individuals were excluded during the
analysis because of missing pelvic data or pelvic traumata
that have not been mentioned in the metadata. Because pel-
vic shape and pelvic features vary across populations (Kurki
2011, 2013) and the pelvic score was developed based on
the Simon and Spitalfields collection (of British, Swiss and
largely French origin), we limited the sample to individu-
als labeled as “European Ancestry”. CT scans were down-
loaded and semi-automatically segmented in the software
Amira 6.7. following the segmentation protocol of Spoor et
al. (1993). The segmented models were exported as surface
mesh for further analysis. One observer (L.W.) placed 77
anatomical landmarks and 250 semilandmarks on all impor-
tant anatomical structures of the human pelvis (software:
EVAN Toolbox 1.72, Phillips et al. 2017). Anatomical land-
marks are based on the definitions of Reynolds et al. (1982).
The expression of pelvic features (dorsal and ventral pubic
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pitting, extended pubic tubercle, sacral preauricular exten-
sion, preauricular sulcus, Fig. 1) were assessed based on
adapted scoring systems of Stewart (1970), Ullrich (1975),
Steckel et al. (2006), Maass and Friedling (2016), and Pany-
Kucera et al. (2019), Table 1.

Parity was estimated based on a visual grading of pelvic
features as described in Rebay-Salisbury et al. (2018) and
the Pelvic Pattern Index (PPI) developed by Pany-Kucera
et al. (2022b). This index aims to reflect the various factors
that exert strain on the pelvis during pregnancy and birth.
Statistically, it can be considered an estimate of a latent
variable (pregnancy- and birth-related strain) that underlies
pelvic feature expression. To calculate the PPI, the highest
recorded score of each pelvic feature and left or right side
per individual is used. The unweighted PPI is calculated as
an average of the feature scores, expressed as a fraction of
the maximally possible degree of expression (adapted from
Pany-Kucera et al. 2022b):
ppr =10y .

i
a = gmas

where a is the number of assessable pelvic features (the
number of all features rated>0), x;, is the grading of the i
h pelvic features, and 7% is the maximal possible expres-
sion degree of the i feature. The PPI ranges from 0.0 to
1.0.

The unweighted index above rests on the assumption that
pregnancy- and birth-related strain similarly increases the
degree of expression for every pelvic feature, which is not
necessarily realistic. To optimize this score and maximize
its association with the number of birth events (R’ of linear
regression models), we used a machine learning approach
to evaluate all possible combinations of the expression
score of single pelvic features and considered weightings
of 0, 10, 25, 50, 75, and 100 for each expression level.
No weightings were assigned to the scores of the margo
auricularis groove due to its rare occurrence in the sample.
The corresponding facet of the sacral preauricular exten-
sion was excluded because of its high correlation with the
sacral auricular facet, thus avoiding and overproportionate
the weighting of a single anatomical area (the apex of the
sacroiliac joint). As both excluded features were defined as
pelvic features by Pany-Kucera et al. (2022b) and included
in their (unweighted) PPI, we used the two features only for
calculating the unweighted PPI, not for the weighted PPIL.
The weight combinations yielding the highest R? values in
the NMDID sample were selected for the final weighted
PPI (provided in Table 1). This approach was preferred over
multiple regression, which only linearly weights the pre-
dictor variables, whereas we allowed nonlinear monotonic
weightings.

@ Springer

To calculate the weighted PPI, the sum of the weighted
scores w; are divided by the sum of the maximally possible
expression scores, w;"*", of the observable features, mul-
tiplied by 100. The weighted PPI can thus take on numbers
from 0 to 100.

Wy

PPIweighted = 1002{12;1

max
i=1W;

For providing a user-friendly option to calculate the PPI, we
developed an open-access software implementation, which
can be downloaded via GitHub (https://github.com/luwa44/
PPI-calculator/releases/latest).

The morphometric and statistical analyses in this paper
were performed in R 4.4.1 (R Core Team 2013) using the
packages Geomorph 4.0.8 (Adams et al. 2018) and Mor-
pho 2.12 (Schlager 2017). First, the PPI was analyzed using
linear regression to explore its association with parity and
other potential causal factors in the NMDID sample. Using
Geomorph, the semilandmarks were slid using the mini-
mum bending energy criterium (Gunz and Mitteroecker
2013; Gunz et al. 2005), followed by a standardization for
differences in overall location, scale and orientation by Gen-
eralized Procrustes Analysis (Mitteroecker and Gunz 2009;
Rohlfand Slice 1990). The multivariate association between
pelvic shape, PPI, age at death, body weight, height, the
number of birth events (all standardized to the same vari-
ance) was explored by partial least squares (PLS) analysis
(Mitteroecker and Bookstein 2007; Rohlf and Corti 2000).
We estimated the type I error by permutation tests (1,000
random permutations, explained total variance as test statis-
tic). Data were visualized using the package ggplot2 (Wick-
ham 2016). Finally, the observed shape changes depicted
by the PLS were validated by using length measurements
of the AP-diameter, the ML-diameter, pubic length, ischium
length, iliac breadth and height. These distances were re-
assessed based on the landmarks placed for the GM analy-
sis. All p-values were corrected by the Bonferroni—-Holm
method to avoid a cumulation of alpha errors (Holm 1979).

Results

Females in the NMDID sample (n=134) had an average age
of 44.5 years, an average of 1.56 children per woman (rang-
ing from 0 to 10) and an average of 1.82 pregnancies (rang-
ing from 0 to 13), including abortions and miscarriages.
The preauricular sulcus was observed most frequently in
the sample (n=118 [88%]), followed by lesions and exos-
toses at the ventral pubic surface (both: n=38 [28%]). Sin-
gle pelvic features were only weakly correlated with each
other (Table 2). In the Simon collection (n=67) and the
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recorded pelvic features (preauricular
sulcus, dorsal pubic pitting, lesions and
exostoses at the ventral pubic surface,
sacral preauricular extension, exos-
toses at the margin at the margin of

the sacroiliac joint, margo auricularis
groove, extended pubic tubercle) in the
NMDID. The numbers correspond to
the scores described in Table 1

Fig. 1 Observed expressions of the Preauricular Sulcus
2

Lesions at the ventral Exostoses at the ventral

pubic surface pubic surface
= <&

Sacral preauricular Exostoses at the margin

extension of the sacroiliac joint
2

Margo auricularis  Extended pubic
groove tubercle

@ Springer
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Table 1 Pelvic features and Pelvic feature unweighted ~ weighted  Definition
their expression scores used to score score
calculate the PPI. The last two preauricular sulcus stage NA NA trait unobservable
features are 001.1nted to the sum. (after Steckel et al. 2006) 0 0 area is smooth, with no clear evidence of a sulcus
of present pelvic features but will 1 25 a small, weakly developed preauricular sulcus is
not be included in the calculation 5 50 loarl ’ Y pedp
for the PPI as it did not increase 3 100 ceary present .
. .. a preauricular sulcus is moderately developed
the quality of this index .
a large, well-defined sulcus is present
dorsal pubic pitting (after NA NA trait unobservable
Stewart 1970 and Ullrich 0 0 smooth surface, no lesion present
1975) 1 75 small lesion(s) present (<2 mm)
2 100 medium to large lesions present (>2 mm)
extended pubic tubercle ~ NA NA trait unobservable
(after Maass 2012) 0 0 surface of extended pubic tubercle is smooth
1 10 extended pubic tubercle present
exostoses at the margin ~ NA NA trait unobservable
of the sacroiliac joint 0 0 no exostoses present
(after Rebay-Salisbury et 1 10 exostoses present
al. 2018)
exostoses at the ventral ~ NA NA trait unobservable
pubic surface (after 0 0 smooth surface, no exostoses present
Rebay-Salisbury et al. 1 10 exostoses present
2018)
lesions at the ventral NA NA trait unobservable
pubic surface (after 0 0 smooth surface, no lesions present
Rebay-Salisbury et al. 1 10 lesions present
2018)
Sacral preauricular exten- NA NA trait unobservable
sion or preauricular notch 0 0 no sacral preauricular extension or preauricular
(after Pany-Kucera etal. 1 50 notch
2019) 2 100 sacral preauricular extension (smaller than 2 mm)
or preauricular notch present
sacral preauricular extension (larger than 2 mm)
present
Corresponding facet of ~ NA NA trait unobservable
the sacral preauricular 0 0 smooth surface, no corresponding facet visible
extension at the ventral 1 0 corresponding facet visible
apex of the iliac auricular
facet (after Pany-Kucera
etal. 2019)
Margo auricularis groove NA NA trait unobservable
(after Rebay-Salisbury et 0 0 smooth margin of the facies pelvina of the sacrum
al. 2018) 1 0 groove at the margin of the facies pelvina of

the sacrum at the attachment site of the anterior
sacroiliac ligaments

Spitalfields collection (n=27), individuals died on average
in their mid-forties. As expected, the numbers of live births
were much higher in comparison to the modern sample,
with three to four birth events on average and a maximum
of 15 births in both historical collections. Here, the most fre-
quently observed pelvic features were the preauricular sul-
cus (Simon collection: n=41 [61%], Spitalfields collection
n=16 [59%]). More details about the sample composition
can be found in Tables 3 and 4, and SI1.

We tested the PPI in linear regression models using the
modern data of the NMDID sample with detailed back-
ground information about the deceased. The unweighted
PPI was only weakly and non-significantly associated with
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parity (R°=0.0098, p=0.2997, By;.q,= 1.278). The weighted
PPI, by contrast, was slightly stronger and significantly
associated with birth (R?=0.1366, p<0.001, B,;.,=6.489,
Fig. 2). By including age at death as a covariate and stan-
dardizing the data, we could show that in this model, the
effect of age and birth on the PPI is approximately equal
(R’°=0.1772, p<0.001, By;,=0.302, Bage=0.271). Similar
results were obtained for the historical data (R°=0.2025,
Pp<0.001, By;,=0.280, B, =0.266). Body height was only
weakly and non-significantly associated with the PPI in
all samples. In Waltenberger et al. (2021b); Waltenberger
(2021) we could show that pelvic features predominantly
develop during the reproductive time in females, whereas
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Table 2 Correlation matrix showing the associations between single pelvic features (Kendall’s t): no correlation: t<0.1; weak correlation:

0.1 <1<0.3; moderate correlation: 0.3 <t<0.5; strong correlation: 7>0.5

Preauricular sulcus Dorsal Extended Exostoses at Exosto- Lesions at  Sacral Sacral ~ Margo
pubic pubic the margin of  ses at the the ventral  preauricular preau-  auricu-
Pitting tubercle the sacroiliac  ventral pubic pubic extension ricular  laris
joint surface surface notch groove
0.266'  0.065 0.278 0.267 0.089" 0.003 -0.015'  0.015'
Dorsal pubic Pitting 1 0.083 0.212 0.125 0.011! -0.080 0.047"  -0.065"
Extended pubic tubercle 1 0.197 0.183 -0.018 0.074 0.132!  0.051"
Exostoses at the margin of the sacro- 1 0.270 -0.045 0.194 0.034"  0.175!
iliac joint
Exostoses at the ventral pubic surface 1 0.115! 0.042 0.012! 0.047"
Lesions at the ventral pubic surface 1 -0.109! 0.035! 0.150"
Sacral preauricular extension 1 -0.086' -0.110!
Sacral preauricular notch 1 -0.033!
IThe association should be interpreted cautiously, as rank overlap was limited for at least one category combination
Table 3 Descriptive statistics of the three collections
NMDID Simon collection Spitalfields collection
mean sd IQR mean sd IQR mean sd IQR
age at death 44.54 21.55 315 43.25 17.04 24 45.70 16.03 23.5
no. of live births 1.56 1.68 2 291 3.29 45 3.85 3.66 3
no. of pregnancies 1.82 2.13 3 - - - - - -
Table 4 Frequencies of the observed pelvic features and their corresponding scores (degree of expression)
Score Preauricular ~ Dorsal pubic ~ Extended pubic Exostoses at the Exostoses at  Lesions at the Sacral Sacral pre-
sulcus Pitting tubercle margin of the the ventral ventral pubic  preauricular auricular
sacroiliac joint  pubic surface  surface extension notch
NMDID
NA 8 (6.0%) 8 (6.0%) 13 (9.7%) 13 (9.7%) 13 (9.7%) 8 (6.0%) 8 (6.0%) 14 (10.4%)
0 8 (6.0%) 92 (68.7%) 86 (64.2%) 92 (68.7%) 85 (63.4%) 107 (79.9%) 95 (70.9%) 120
(89.6%)
1 50 (37.3%) 13 (9.7%) 35 (26.1%) 29 (21.6%) 36 (26.9%) 19 (14.2%) 31 (23.1%) 0
2 38 (28.4%) 21 (15.7%) - - - - - -
3 30 (22.4%) - - - - - - -
Simon collection
NA 0 11 (16.4%) 27 (40.3%) 0 13 (19.4%) 17 (25.4%) 2 (3.0%) 2 (3.0%)
0 26 (38.8%) 46 (68.7%) 33 (49.3%) 38 (56.7%) 42 (62.7%) 28 (41.8%) 61 (91.0%) 63 (94.0%)
1 19 (28.4%) 1 (1.5%) 7 10.4%) 29 (43.3%) 12 (17.9%) 22 (32.8%) 4 (6.0%) 2 (3.0%)
2 19 (28.4%) 9 (13.4%) - - - - - -
3 3 (4.5%) - - - - - - -
Spitalfields collection
NA 0 2 (7.4%) 3 (11.1%) 0 1 (3.7%) 2 (7.4%) 1(3.7%) 0
0 11 (40.7%) 11 (40.7%) 14 (51.9%) 22 (81.5%) 13 (48.1%) 17 (63.0%) 23 (85.2%) 27 (100%)
1 14 (51.9%) 7 (25.9%) 10 (37.0%) 5(18.5 5%) 13 (48.1%) 8(29.6%) 3 (11.1%) 0
2 2 (7.4%) 7 (25.9%) - - - - - -
3 0 - - - - - - -

after menopause this association is weakened by remodel-
ing effects. Consequently, we calculated another regression
model by just including individuals younger than 45 years
(»=0.01). In all datasets, the association of the weighted
PPI and age vanished, suggesting that the age effect was pre-
dominantly caused by changes in postmenopausal females.

Comparing the distribution of the weighted PPI across
different parous groups in the historical and recent data

confirmed the trend for a higher PPI in multiparous females
(Table 5). However, the PPI in the recent sample differs
from the sample of the historical collections suggesting a
changed pattern in the expression of pelvic features today.
Most nulliparous females exhibited a maximum of two dif-
ferent pelvic features. Only two nulliparous females showed
three pelvic features. In the Spitalfields collection individ-
ual 667, a 30-year-old-female, presumed nulliparous with
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Fig. 2 Scatterplots of the number of birth events against the weighted PPI in (a) NMDID data and (b) the historical data. The grey area represents

the 95% confidence region of the regression line

no further insights into birth history, exhibited dorsal pubic
pitting, lesions at the ventral pubic surface and an extended
pubic tubercle. In the recent sample one nulliparous indi-
vidual exhibited three pelvic features (individual 166116),
one four features (individual 114346). Individual 166,116, a
37-year-old female, exhibited a preauricular sulcus stage 3,
a sacral preauricular extension stage 1 on the right side and
exostoses at the margin of the sacroiliac joint (stage 1). In
individual 114,346, a 43-year-old female, a weak preauricu-
lar sulcus, an extended pubic tubercle, lesions and exostoses
at the ventral pubic surface were observed. However, this
individual further presented possible evidence for a trau-
matic event with a possible healed compression fracture
at L5, osteophytic lipping at L4, L5, and the sacral base,
callus formation at the right acetabular rim and a divided
pubic tubercle which likely affected the observed pelvic
feature expression. No detailed medical history about the
trauma was recorded in the NMDID for this individual.
Next, we checked patterns of pelvic features in individuals
with exactly three and four or more pelvic features. In indi-
viduals with three pelvic features present, most frequently a
deep preauricular sulcus, deep dorsal pubic pitting and the
extended pubic tubercle have been observed. Similarly in
individuals exhibiting at least four features, these three pel-
vic features are also most common. Additionally, exostoses
at the ventral pubic surface were observed in nine out of
eleven cases (SII).

The results of the partial least squares analysis showed
a significant association between pelvic shape and the
weighted PPI, number of birth events and age (p=0.003).
The first PLS dimension accounted for 77% of the total
squared covariance and was positively associated with
the weighted PPI, age at death, and the number of birth
events (Fig. 3).
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Individuals with a high PPI showed a relative increase of
the mediolateral diameter of the pelvic canal, a small decrease
of the anterior-posterior diameter relative to the overall pel-
vic dimensions, and an increase of relative coxal height.
The effect of the pelvic inlet was predominantly caused by a
broader sacrum and a slight decrease in the width of the iliac
blades. (Fig. 4). Age was the strongest factor affecting the pel-
vic shape. The weighted PPI and the number of birth events
were also significantly associated with pelvic shape, although
their loadings were lower than that for age.

-4sd). (b) Pelvic shape corresponding to a high score
for age, the number of birth events, and the weighted PPI
(extrapolation +4sd). A relative increase of the mediolateral
pelvic inlet caused by a wider sacrum, and an increase of the
coxal height are associated with the tested variables.

We repeated the PLS by excluding nullipara or females
who developed less than three pelvic features as they were
suspected to increase the variability in the dataset. The PLS
containing only parous females showed a higher loading for
the weighted PPI and a decrease of the loading of the number
of birth events (p=0.013, details see SI2), whereas the PLS
with only females expressing more than two pelvic features
showed an insignificant association between both blocks of
data (r=0.636, p=0.175, effect-size=0.934), probably related
to the decrease of the sample size from 109 cases to 51. The
corresponding pelvic shape changes showed similar patterns as
in Fig. 3. The results in the shape pattern visible in the PLS can
also be reproduced based on absolute length measurements of
pelvic dimensions (linear regression of length measurements
on the PPI). Here only the ML-diameter of the pelvic canal
was significantly associated with the PPI (R°=0.073, p=0.002,
P =0.6532). Other pelvic dimensions (AP-diameter, pubis
length, ischium length, pelvis height, ilium width) were only
weakly and non-significantly associated with the PPI.
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Table 5 Descriptive statistics for females who died during their reproductive time (before menopause), and further divided into the groups nulliparae, parae (further divided into primi- and mul-

tiparae) for each sample separately

NMDID

Spitalfields collection

Simon collection

min. 4

mean age mean PPl min. 3

n

min. 4

mean age mean PPl min. 3

n

min. 4

mean age mean PPl min. 3

features

features
20

features

features

5

features

features

4

28.42 29.31

60

32.86 22.25

14

15.81

32.41

22

females during

the reproductive

phase

2

18.46
38.42
34.36

42.88

31.24
31.49

30.82

17
43

1

4

13.24
21.15

27.25
NA

4

0
4

11.05
19.77
7.71

29.40
34.92

32.75

10
12
4
8

nulliparae

17
9

32.63
35

10

parae

22
21

primiparae

10

18

32.19

35.11 28.73 4

9

25.81 4

36.00

multiparae

Loadings

Age Births weighted Pl

Fig. 3 Loadings of age, the number of birth events, and the weighted
PPI on the first dimension of the partial least squares (PLS) analy-
sis in the female sample. The loadings are proportional to the covari-
ance between each feature and the corresponding pelvis shape feature
depicted in Fig. 4 (they are no partial coefficients as in the multiple
regression above)

Discussion

The findings of this study indicate that the presence of sev-
eral expressed pelvic features and their combination into a
single weighted score is significantly associated with birth
events in chronologically diverse populations of European
ancestry. However, the expression of pelvic features is
highly variable. Some individuals express pelvic features
without a history of parity, albeit to a small extent, whereas
multiparae may not develop them. Nonetheless, several
studies, including this one, could show a general trend of
more pelvic features in multiparous individuals (Gilbert and
McKern 1973; Pany-Kucera et al. 2022a, b; Stewart 1970;
Waltenberger et al. 2022). Although the PPI was signifi-
cantly associated with parity in both the modern and the his-
torical samples, the average PPI in the NMDID sample was
considerably higher than that in the historical collections.
This appears to be inconsistent with the later onset and
lower frequency of births in the modern sample; however,
several biological and methodological factors may explain
this pattern. Females of the recent sample gave birth, on
average, to 1.6 children, whereas the average number of
birth events was much higher in the 19th century samples
(2.9 and 3.9 children, ), matching the well described gen-
eral decline of fertility during the last century (Roser 2014).
Furthermore, the age at which they had their first child is
usually earlier than it is today (Pany-Kucera et al. 2022a).
In young females with incompletely developed pelves, the
risk of obstructed birth is elevated (World Health Organi-
zation 2004), which may result in an increased prevalence
and stronger expression of pelvic features. The shorter peri-
ods between pregnancies in historical populations affect the
development of pelvic features due to insufficient time for
the full completion of pelvic remodeling and the full for-
mation of pelvic features. Unfortunately, obtaining detailed
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e
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Fig. 4 The pattern of pelvic shape changes along the first dimension of the partial least squares (PLS) analysis (compare Fig. 3). (a) Pelvic shape
corresponding to a low score for age, the number of birth events, and the weighted PPI (extrapolation

birth recordings for historical populations is challenging. To
gain further insights, it would be beneficial to record the
detailed birth dates of children based on the original baptism
records in the historical samples.

Previous studies have suggested that pelvic features,
such as the preauricular sulcus, may be linked to an
increased biomechanical strain, particularly during gait
(McFadden and Oxenham 2018; Ubelaker and De La Paz
2012; Waltenberger et al. 2021a). Additionally, studies have
demonstrated a stronger correlation with biological sex
than with parity (Maass and Friedling 2016; Praxmarer et
al. 2020). Nevertheless, studies with large sample sizes and
known background information have been able to verify a
clear trend indicating that multiparous females exhibit on
average a higher number and more pronounced pelvic fea-
tures (Bergfelder and Herrmann 1980; Gilbert and McKern
1973; Pany-Kucera et al. 2019; Waltenberger et al. 2022).
This suggests that parity may, at the very least, increase the
probability and severity of pelvic features, if not act as the
primary cause (Ives et al. 2024). Average pelvic shape may
have undergone secular changes, influenced by a range of
factors, including socioeconomic conditions, nutritional
stress, disease, and biomechanical strain due to strenuous
labor (Bogin et al. 2002; Narumoto et al. 2015; Wells et al.
2012). This may have an impact on the PPI. Moreover, pel-
vic shape is also speculated to be associated with factors
such as occupation, which have been demonstrated to effect
entheseal changes, and rates of osteoarthritis in the elderly
(Gilbert and McKern 1973; Putschar 1976). The degenera-
tion of the pubic symphysis is known to occur more rapidly
in females than in males, as shown in the studies of Todd
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(1921) and Meindl et al. (1985). The age at death of parous
women tends to be overestimated by up to 14 years when
using the pubic symphysis for the age at death estimation.
This observation suggests that the process is associated not
only with age but also with increased biomechanical strain
related to the female pelvic shape and/or parity. Similarly
in the study of entheseal changes, researchers were able to
identify two distinct causes in different age groups. Enthe-
seal changes may occur in early adulthood, induced by
microtrauma and overuse of the involved muscles. How-
ever, they may also manifest in the elderly associated with
generalized degeneration of the soft and hard tissues (Dut-
our 1986; Villotte et al. 2010). The regression model was
controlled for body height and weight, and it was found that
these variables have a weak and insignificant effect on the
PPI in all samples. Therefore, the observed increase in stat-
ure over the past century is an inadequate explanation for
the observed differences between the populations.

The relative frequencies of individuals exhibiting at least
three pelvic features are similar in both the historical and
recent samples. Additionally, the preauricular sulcus, the
extended pubic tubercle, and sacral preauricular extensions
are more prevalent in the modern sample, whereas exosto-
ses at the margin of the sacroiliac joint and lesions at the
ventral pubic surface are more common in the historical
samples. With regard to other pelvic features, comparable
frequencies were observed across the various samples.

The field of obstetrics has undergone significant devel-
opments over the past century, with the advent of modern
medical techniques. Consequently, the implementation of
modern obstetric care, including antibiotic treatment, and



Archaeological and Anthropological Sciences (2026) 18:180

Page 11 0of 15 180

the utilization of safe cesarean sections, has resulted in a
lower incidence of lethal and prolonged obstructed birth,
particularly in industrialized countries with access to high-
quality medical treatment which may also influence the
development of pelvic features. Further research on addi-
tional modern and historical samples is required to gain a
deeper understanding of the underlying factors associated
with the PPI and its association with parity. In particular,
data regarding the mode of birth must be incorporated into
the analysis to facilitate a more comprehensive understand-
ing of the underlying causes of pelvic features.

Our findings revealed a significant association of the PPI,
age, and parity with a specific pelvic shape, characterized by
a widened pelvic canal in the mediolateral direction. How-
ever, this pelvic shape is most significantly influenced by
age. From an obstetric perspective, a slight increase in the
mediolateral dimensions of the pelvic canal is advantageous,
given that there is no significant decrease in the anteroposte-
rior-diameter observed in our study. This finding challenges
the hypothesis that pelvic features are caused by extensive
strain to the pelvis during birth as proposed by Cox and Scott
(1992), Houghton (1974), and Putschar (1976). The associ-
ated pelvic shape would provide additional space within the
pelvic canal, potentially facilitating the passage of the fetus
through the birth canal as there would be more space for
the shoulder girdle and the rotation of the body during the
birth process (Abitbol 1991). However, the length measure-
ments of the pelvic dimensions could not be used to accu-
rately predict scarring. Stansfield et al. (2025) analyzed the
association of pelvic shape with pelvic floor disorders. Their
results showed that females with pelvic floor disorders have
on average an increased pelvic outlet in mediolateral dimen-
sions, which is similar to the pelvic shape presented in this
study. As the largest risk factor for pelvic floor disorders is
vaginal birth (Lukacz et al. 2006; Memon and Handa 2013),
we suspect a connection between pelvic features and pel-
vic floor disorders as overstrain of the pelvic ligaments and
pelvic floor as the underlying factor. As we did not have
any information about the rates of pelvic floor disorders in
historical and modern data, this theory needs to be tested in
future studies with advanced data sets.

In addition, there are some interesting observations:
Firstly, in the recorded NMDID dataset, no cases of dorsal
pubic pitting were identified in male individuals (Walten-
berger 2021). This finding is also consistent with the exist-
ing literature on the subject (Ashworth et al. 1976; Cox and
Scott 1992).

Second, in Pany-Kucera et al. (2022b), no males or nul-
liparous females were observed to exhibit more than four
distinct pelvic features. Moreover, the occurrence of nul-
liparous individuals with three pelvic features is infrequent
as shown in this study. This may be indicative of elevated

biomechanical stress levels in parous women for a num-
ber of potential reasons. The inclusion of postmenopausal
females in the data set results in an increase in noise and a
weakening of the association between PPI and parity. This
is likely attributable to random factors influencing bone
remodeling, which in turn affects the expression of pelvic
features (Bergfelder and Herrmann 1980; Waltenberger et
al. 2021b). Furthermore, it is probable that some of the vari-
ables recorded for the PPI will also manifest in the elderly.
Nevertheless, in young females, there may be a tenuous
correlation between these variables and parity, thereby
enhancing the overall quality of the PPI. In postmenopausal
females, the frequencies of nulliparous individuals exhibit-
ing three pelvic features increase as a consequence of this
phenomenon. It is recommended that studies analyzing
parity in the past exclude females older than 45 years as
their inclusion would artificially increase the PPI. It can be
observed that females who are in the reproductive phase and
who exhibit at least four pelvic features are likely to have
been multiparous. Similarly, individuals with a high PPI are
likely to have been multiparous, although definitive cut-off
points cannot yet be established. All individuals in the his-
torical collections and 77% of the modern sample exhibited
at least four pelvic features and were multiparous.
However, to move beyond general associations and to
create a quantifiable tool for estimating parity, a formal sta-
tistical approach was required. First, we applied a classi-
cal stepwise multiple regression approach, aiming to derive
factors for a weighted PPI based on the resulting regression
coefficients. However, as the inclusion of additional vari-
ables led to unexpected and unstable effects, we decided to
calculate PPIs with different linear and non-linear weight
scores beforehand to construct multiple PPIs, which were
then tested in regression models against the number of birth
events. Such approaches are frequently used in clinical risk
modeling and supervised machine learning. However, they
may introduce methodological issues, such as data snooping
bias resulting from post-hoc model optimization. Given that
PPIs with various weightings were repeatedly tested against
parity in an exploratory framework, there is a risk of artifi-
cially inflating the observed correlation, potentially resulting
in overly optimistic estimates. Nonetheless, our approach
remains valid, as we did not optimize the original raw data.
Instead, we selected from predefined weighting schemes
the PPI that yielded the strongest correlation with parity.
Moreover, we validated the weighted PPI using separate
training and test samples, which produced consistent results
and suggests that the PPI captures biologically meaningful
variation related to parity. The partial regression coefficient
of the number of birth events in the modern data and histori-
cal sample (0.3 and 0.28, respectively) indicate comparable
magnitudes and directions of associations between parity
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and the PPI. While direct comparisons between populations
are not possible with regard to the PPI, the similar slopes
observed in both regression models indicate that the PPI is
a consistent parity-related component in both datasets. As
shown in Waltenberger et al. (2022), pelvic features show
lots of variability and are unable to predict individual parity,
but may help comparing average parity across groups.

We also want to highlight some observations regarding
the data collection based on CT scans. All pelvic features,
including subtle expressions, can be easily identified on
dry bone material. However, the documentation of pelvic
features on CT scans necessitates a high degree of exper-
tise and training, particularly when working with 2D slides,
which are commonly utilized in radiological assessment
(Catic et al. 2026). In contrast, dorsal pubic pitting and the
preauricular sulcus can be evaluated effectively on the slides
(coronal and sagittal respectively), whereas the extended
pubic tubercle, and sacral preauricular extension and notch
are challenging to recognize on the 2D slides. If researchers
work with CT data, we recommend considering segment-
ing the bones and creating 3D surface meshes, as this will
facilitate more efficient and rapid evaluation. The utiliza-
tion of three-dimensional models facilitates a more accurate
comparison with data obtained from dry bone material as
the evaluation process for both methods is analogous. Clini-
cal CT scanners often lack sufficient resolution, and patients
may move during the scan, potentially blurring the images
and obscuring subtle pelvic features. The NMDID data were
acquired using a maximum resolution of 0.5 x 0.5 mm per
pixel and a slice thickness of 0.6 mm, which was sufficient
for detecting even minor pelvic features. However, these
parameters are rarely employed in clinical practice due to
their increased radiation dose.

Conclusion

This study presents an index which sums up the weighted
expression of pelvic features and demonstrates a significant
association with parity in females. Additionally, we offer an
easy-to-use application for the index calculation based on
an excel spreadsheet and a computer program which can
be used in research projects on parity based on pelvic fea-
tures. The association of the PPI and parity was observed
in diverse populations and across different time periods,
potentially offering insights into reproductive patterns in
unstudied populations. We found that multiparous females
tend to exhibit a greater number and higher frequency of
combinations of pronounced pelvic features. Furthermore,
females exhibiting at least four pelvic features were in 77%
to 100% of our subsamples multiparous. Therefore, the PPI
can be used to at least capture part of the mothers in past
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populations. However, it is not possible to make a quantita-
tive comparison between populations, as the underlying fac-
tors associated with the relationship between pelvic features
and parity remain incompletely understood, particularly
in relation to the differences between modern and histori-
cal populations. The PPI is significantly associated with an
increase in the pelvic inlet in the ML direction, which is
likely associated with a shift in the biomechanical strain to
the pelvic ring and pelvic floor. Additionally, it is important
to note that remodeling effects in postmenopausal females
may dilute the associations with parity and potentially
impact studies on this topic. We advise against the interpre-
tation of pelvic features in elderly as they are less reliable.
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