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AbsTRACT: Humans have been constantly exposed to the environment in their daily activities, which may 
result in some pathological changes. Paleopathology research is rare, particularly on ancient humans who 
lived in Bali, Indonesia. This research is intended to gain more insight into the history of diseases and 
the community in the past to assist future health researchers. This study was conducted to understand 
variation in disease among the ancient populations in Bali, Indonesia. The study examines skeletons from 
the Gilimanuk, Semawang, and Pacung Sembiran sites in Bali, Indonesia, collected from 1964 to 2008. 
A total of 336 individuals were identified, including 63 adult males, 75 adult females, and 56 adults whose 
sex could not be determined. In addition, 142 children were included in the analysis. The examination of 
the individuals revealed the presence of various dental pathological changes, such as caries and enamel 
hypoplasia, as well as periodontitis. Furthermore, several bone-related diseases and abnormalities were 
identified, such as osteophytes, fractures, porotic hyperostosis, and spina bifida occulta. Available evidence 
suggests a similarity in the types of pathological changes among the ancient populations of Gilimanuk, 
Semawang, and Pacung Sembiran. While a comprehensive explanation of the paleopathological variations 
observed in these populations necessitates further investigation, the present findings hold considerable 
value for medical experts and anthropologists seeking to better understand patterns of disease distribution 
among ancient Indonesian populations.
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Introduction

Life in the past is a considerably compelling 
point of discussion. The period before the 
4th century AD was the ancient period, as 
indicated by the discovery of inscriptions 
in Kutai of East Kalimantan (Wiradnyana 
2010), which served as the demarcating 
line of the historical and non-historical pe-
riod in Indonesia. Just as anatomy and fo-
rensic medicine seek to answer questions 
of the present, paleopathology also uses 
human remains as research material to 
reconstruct life in the past to obtain a bet-
ter understanding of the present (Roberts 
and Manchester 2005). This is helped by 
a large number of ancient (before 4th cen-
tury) human bone remains found in In-
donesian regions, such as in Gilimanuk 
(Bali), Semawang (Bali), Plawangan (Java), 
Sumatra (Aceh), Sulawesi (Makasar), Kali-
mantan (Banjarmasin), West Nusa Teng-
gara and East Nusa Tenggara.

Finding out someone’s health status 
in the past can be achieved by examin-
ing skeletons that can be used to recon-
struct ancient human life (Jacob 1972, 
1977; Bosch 2000; Suriyanto 2020). For 
instance, changes in diet can lead to var-
ious diseases because diet is recorded on 
masticatory organs, such as teeth (Steck-
el and Rose 2002; Steckel 2005; Suriyan-
to 2020). Teeth and mouth are organs 
that also served as social organs in the 
past. In the ancient period, human social 
status was indicated by teeth modifica-
tion and the use of dental accessories, 
such as ablation, staining, and the addi-
tion of non-biological materials such as 
rocks are examples of such modifications 
(Suriyanto and Koesbardiati 2010; Koes-
bardiati et  al. 2015, 2018; Koesbardiati 
and Murti 2019).

The disease can also be triggered by 
contact with other populations (Larsen 

et al. 2007; Suriyanto 2020). These dis-
eases spread from local to regional areas 
and can sometimes turn into epidemics, 
such as plague. The practice of coloni-
zation had facilitated outbreaks of many 
diseases and, arguably, gave origin to 
various epidemics, such as avian influ-
enza, swine flu, plague, and smallpox. 
The easier and faster mobility coupled 
with an easy access to transportation, 
the faster and the wider the spread of 
diseases from one area to another. An-
cient people recorded the experienced 
by them life events in various cultural 
artifacts (Buzon et  al. 2005; Suriyanto 
2020). Some notable events related to 
diseases, such as outbreaks, epidemics, 
or pandemics, also attracted their atten-
tion, which is recorded in rock drawings, 
pottery, reliefs, and inscriptions. This 
information can not only provide a bet-
ter understanding of diseases in the past 
but also can help in dealing with similar 
diseases in the future (Bosch 2000; Suri-
yanto 2020).

The Gilimanuk site (2000 BP) is lo-
cated by the side of the beach. Gilima-
nuk used to be once a  coral reef ocean 
area. It was surrounded by water during 
the Pliocene era but now is a part of the 
mainland. The combination of land and 
calm waters calms the east side of Gil-
imanuk, accumulating fine sediment. 
This sediment then serves as a  habitat 
for the development of mangrove forests 
(Soenarto 1993). Mangrove forests pro-
vide a safe habitat for fish and other ani-
mals. There is enough fresh water in the 
surrounding environment to support life. 
People at the time were most likely able 
to make a living as fishermen thanks to 
their easy access to the sea (Aziz 1995). 
This community consumed marine ani-
mals and land animals as evidenced by 
the discovery of the remains of bones 
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and teeth of pigs and chickens (Soejono 
1977). The first study published in 1962 
revealed human skeletons and pottery. 
Based on these findings, further research 
was carried out from 1963 to 1977 with 
a total of 40 sectors and the opening of 
37 excavation boxes (Soejono 1977). The 
human skeletons in Gilimanuk which 
are stored at the Bioanthropology and 
Paleoanthropology Laboratory come from 
excavations from 1964 to 1977.

The Semawang site is located on Sa-
nur Beach, in the South Denpasar Dis-
trict of Badung Regency, Bali Province, 
Indonesia. At the Semawang Site, the 
soil is composed of loose sand, sand-
stone, shells, and coral fragments (Har-
kantiningsih 1990). It was first discov-
ered by a  resident upon whose report 
a research survey was conducted followed 
by three excavation phases in 1986, 
1988, and 1990. Frames I–III were un-
earthed in 1986, frames IV–VIII in 1988, 
and frames IX–XV in 1990. The human 
skeletons were excavated in 1986–1988 
at the Semawang site. Grave goods found 
at the site included animal skeletons, 
kereweng (a  type of Balinese gamelan 
instrument), metal objects, shells, and 
beads (Yuliati 1990). The fauna of the 
area includes monkeys, starlings, pan-
golins, porcupines, pigs, monitor lizards, 
turtles, dogs, and snakes. Meanwhile, 
mangroves, coconuts, ketapang, and 
camplung are common coastal plants, 
and many rice fields are planted with 
rice, secondary crops, and lowland horti-
culture (Gautama 2011).

Nestled on the northern coast of 
Bali, Pacung Sembiran stands as twin 
sentinels of a  rich maritime heritage. 
Situated within the Tejakula District 
of Buleleng Regency, this site occupies 
a strategic position, marked by their pre-
cise coordinates of 8°31’45” East Longi-

tude and 8°7’32” South Latitude. Poised 
at an elevation of 25 meters above sea 
level, Pacung Sembiran unfurls along 
a  700-meter stretch, 250 meters from 
the coastline. The strategic location 
has long captivated traders from dis-
tant lands, making it a bustling hub of 
maritime commerce for over two mil-
lennia. Archaeological investigations at 
the Pacung Sembiran sites commenced 
in 1987 and continued with multiple 
excavation seasons until 2008, with 
a  resumption in 2012. These endeav-
ours yielded a remarkable abundance of 
artifacts, including Indian pottery, pig’s 
teeth, and bronze tools crafted in Pa-
cung Sembiran. This rich archaeological 
record points to the existence of thriv-
ing communities in Pacung Sembiran 
dating back to at least the first century 
AD, corresponding to Bali’s paleometal-
lic or iron-bronze period (Ardika et  al. 
1997; Calo et al. 2015). Fresh water is 
only available in areas near the beach. 
The human skeletons were excavated in 
2004–2005 at the Pacung Sembiran site. 
The drying of the land means that peo-
ple must work as fishermen, traders, or 
gardeners. This location has been occu-
pied by humans for an estimated 2200 
years. Pacung Sembiran has a  calm 
coastline and a deep bay, making it eas-
ier for ships to anchor (Ardika 1991; 
Suastika 2008).

Drawing upon the rich archaeological 
record of Bali’s past, this study seeks to 
elucidate the types and prevalence of dis-
eases that afflicted ancient populations in 
Gilimanuk, Semawang, and Pacung Sem-
biran. By delving into the paleopathologi-
cal landscape of these communities, this 
study can provide a better understanding 
of diseases in the past so that it can be 
useful for dealing with these diseases in 
the future.
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Materials and Methods

Sample
This study examines the morphology of 
the human skeletons derived from three 
locations in Bali, Indonesia: Gilimanuk 
(114°26’–114°56’30”  E and 80°5’20”  S), 
Semawang (111°35’04” E, 6°3’33” S), and 
Pacung Sembiran (8°27’12” E, 8°42’19” S), 
collected between 1964 and 2008 
(Fig.  1). The human skeletons were 
obtained from the Gilimanuk (300 in-
dividuals) site, the Semawang (11 indi-
viduals) site, and the Pacung Sembiran 
(25 individuals) site. To reconstruct 
the health condition of the representa-
tives of the examined past populations 
from these sites, a  paleopathological 
approach (Rühli et  al. 2016) was used 
through macroscopic observations of the 
undamaged remains of the bones and 
teeth. Data were collected in December 

2023. This study has been approved by 
the Medical and Health Research Ethics 
Committee, Faculty of Medicine, Public 
Health, and Nursing Universitas Gad-
jah Mada (No. KE/FK/1913/EC/2023).

Procedure
The first stage of the study included 
making macroscopic observations of 
the skeleton to determine the availa-
bility of the skeleton as a  sample. In 
the next stage, the surface of the bones 
was cleaned from dust and sand to en-
able observations on the surface of the 
bones. The following stage involved 
sex identification by looking at the sex 
markers (nuchal crest, mastoid process, 
supraorbital margin, glabella, mental 
eminence) on the skull bone (Buikstra 
and Ubelaker 1994). If no sex markers 
were found, sex was categorized as un-
identified. 

Fig. 1. Location map of Gilimanuk, Semawang, and Pacung Sembiran sites, Bali Indonesia
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The method used in this study for de-
tecting pathological changes in skeletal 
remains involved meticulously exam-
ining individual bones and teeth. Each 
specimen was scrutinized, and, to mini-
mize the risk of misdiagnosis, the bones 
or teeth were compared to healthy speci-
mens. The next stage consisted of deter-
mining the age at death by assessing the 
auricular surface, pubic symphysis, or 
the sutures of the skull and teeth. Age at 
death was determined by examining the 
closure of the cranial sutures (Buikstra 
and Ubelaker 1994), and severe attrition 
(Lovejoy 1985). Subsequently, disease on 
the surface of bones and teeth was iden-
tified (Aufderheide et  al. 1998; Ortner 
2003; Roberts and Manchester 2005). 
Assessment of the diseases was con-
ducted as follows: caries (Lukacs 1989), 
Enamel hypoplasia (Hillson 1997), per-
iodontitis (Lukacs 1989), severe attri-
tion (Lovejoy 1985), calculus (Brothwell 
1981), osteophytes (Jurmain 1990), 
porotic hyperostosis (Stuart-Macadam 
1985), and spina bifida occulta (Auf-
derheide and Rodríguez-Martín 1998). 
During the final stage of the study an 
analysis of the results of observations to 
determine the type of disease and disor-
der was conducted.

Results

Descriptive statistics on the subjects and 
types of pathological changes at the Gil-
imanuk, Semawang, and Pucang Sembi-
ran sites are listed in Table 1. Figures 2–4 
show dental caries and calculus, and os-
teophytes on lumbar vertebra of the indi-
vidual derived from the Gilimanuk site. 
Figure 5 shows the pangur on the incisor 
teeth from the Pacung Sembiran site.

The Gilimanuk site (2000 BP) used 
to be a community group residing on the 

beach. This study examined 300 Gili-
manuk skeletons consisting of 50 adult 
males, 63 females, 135 children, and 52 
sex-unidentified adults. The age range 
for adults was between 16 and 60 years, 
and for children between 0–15 years. 
Most of the skeletons were in a fragmen-
tary state. The identified pathological 
changes in this population were trau-
ma-related, such as fractures or myositis 
ossificans, degenerative diseases, such as 
osteoarthritis, infections, and congenital 
abnormalities such as closed ear canals. 
Dental diseases, such as caries, periodon-
tal disease (periodontitis), enamel hypo-
plasia, or traces of consumption of areca 
were also common. In addition, severe 
attrition and calculus were found in the 
ancient Gilimanuk community (Tab. 1).

The Semawang population on Bali’s 
Sanur Beach lived in a  similar location 
to the community of Gilimanuk site, 
with relatively the same culture during 
the Paleometallic period around 2000 
BP (Yuliati 1990). The skeleton popu-
lation from Semawang consisted of 11 
individuals (five males, five females, and 
one child aged around 10 years). The age 
range was 25–40 and 20–40 years for 
males and females respectively. There 
was no visible disease in the children. In 
contrast, the adult individuals showed 
caries, enamel hypoplasia, and changes 
caused by periodontitis (Tab. 1), sim-
ilar to the ancient Gilimanuk people. 
The ancient Semawang people were also 
found to have severe attrition and cal-
culus on their teeth. Some individuals 
demonstrated visible teeth modification 
locally known as pangur (teeth filling) 
and traces of betel nut consumption. One 
individual (female) showed an abscess on 
the mandibular first molar, possibly in-
dicating that the periodontal disease has 
reached a severe level (Ortner 2003). 
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Table 1. Paleopathological types of skeletons of ancient populations in Gilimanuk, Semawang, and Pacung 
Sembiran, Bali Indonesia

Population Skeleton Paleopathological 
lesions

Sex
Number of 
individualsM F

UN

A NA

Gilimanuk 
(300)

Teeth Caries – 4 – 1 5

Enamel hypoplasia 5 6 – – 11

Periodontitis 1 1 – – 2

Abscess – 1 – – 1

Severe attrition 6 10 1 5 22

Calculus 13 17 – – 30

Bones Osteophytes 10 10 2 – 22

Fracture 5 3 – 1 9

Porotic hyperostosis 4 1 – – 5

Spina Bifida Occulta 2 2 – – 4

Semawang (11) Teeth Caries 2 1 – – 3

Enamel hypoplasia 1 – – – 1

Periodontitis 2 2 – – 4

Abscess – 1 – – 1

Severe attrition 3 2 – – 5

Calculus 3 2 – – 5

Bones Osteophytes – – – – –

Fracture – – – – –

Porotic hyperostosis 1 – – – 1

Pacung 
Sembiran  
(25)

Teeth Caries 2 – 3 1 6

Enamel hypoplasia 1 1 – 1 3

Periodontitis – – – – –

Severe attrition 2 1 3 – 6

Calculus 2 4 4 1 11

Bones Osteophytes – – – – –

Fracture 1 – 1 – 2

Porotic hyperostosis 2 – – – 2

M: male; F: female; UN: unknown; A: adult; NA: non-adult

Situated on the northern coast of Bali, 
the Pacung Sambiran sites lie 250 meters 
above sea level. The Pacung Sembiran 
people, who inhabited Bali during the 
early first century AD, lived during the 
Paleometallic or iron bronze period (Calo 

et al. 2015). A total of 25 skeletons were 
examined, comprising 8 adult males, 
7 adult females, and 6 children while sex 
of 4 adult individuals could not be deter-
mined. The age range spanned from 16 
to 45 years for adults, and 8 to 10 years 



The ancient people of Balinese 7

for children. Various pathological changes 
were identified among these individuals, 
including enamel hypoplasia, caries, po-
rotic hyperostosis, and fractures (Tab. 1). 
Additionally, a  supratrochlear foramen 
was found on the humerus. There were 
also a  lot of severe attrition and dental 
calculus observed in individuals from the 
three above-mentioned sites which could 
be considered as a degenerative or physi-
ological change rather than a disease. 

Discussion

The majority of pathological changes 
identified in human skeletal remains 
obtained from Indonesian sites typically 
manifest in the teeth. This is primarily 
due to the teeth’s exceptional durability, 
making them the most resilient part of 
the body, capable of preserving evidence 
of pathological changes long after other 
tissues have decomposed (Roberts and 
Manchester 2005). Furthermore, teeth 
serve as the initial point of entry for 
food, increasing their susceptibility to 
the accumulation of various pathogen-
ic agents (Ungar 2014). Among dental 
diseases, caries, enamel hypoplasia, and 
periodontitis are the most prevalent 
findings.

Dental caries, a prevalent disease in 
modern society, serves as a  mirror re-
flecting an individual’s oral health and 
dietary habits. This infectious disease 
of the teeth, caused by the activity of 
bacteria like Streptococcus mutans and 
Lactobacillus acidophilus (Roberts and 
Manchester 2005), typically damages 
the tooth’s structure, crown, or roots, 
potentially disrupting mastication pro-
cesses and diminishing overall quality 
of life (Sheiham 2006). The presence 
of dental caries in all three populations 
examined at this research site, both in 

the maxilla and mandible teeth, can be 
attributed to dietary shifts from hunt-
ing to agriculture, leading to increased 
consumption of carbohydrates and veg-
etable protein, consequently fostering 
the development of caries (Klaus 2017). 
The high frequency of caries alongside 
tooth loss may also indicate underly-
ing health issues, particularly those 
related to dietary habits (Ungar 2014). 
This study found that females have 
a higher prevalence of caries compared 
to males, which is supported by Boon-
lop (2018), who studied 362 prehistoric 
human skeletons (5000 BP) from 13 ar-
chaeological sites in Thailand and dis-
covered that females were more likely 
than males to have dental caries. Den-
tal caries disease was found in 3 out of 
11 individuals from the Semawang site, 
in 5 out of 25 individuals from the Pa-
cung Sembiran site, and in 5 out of 300 
people from the Gilimanuk site (Tab. 1), 
where many female individuals were af-
fected by this disease (Fig. 2).

Fig. 2. Dental caries on maxillary premolar and mo-
lar at the Gilimanuk site (individual IA)



8 Neni Trilusiana Rahmawati, Ashwin Prayudi, Rusyad Adi Suriyanto et al.

Enamel hypoplasia (EH) is a  dental 
condition characterized by defects in the 
enamel, manifested as lines, small holes, 
or indentations (Roberts and Manchester 
2005). It can be associated with various 
diseases, including syphilis, rickets, den-
tal trauma, tuberculosis, and malnutri-
tion (Ortner 2003). Although EH is not 
as prevalent as severe attrition, calculus, 
or caries, it was observed in specimens 
derived from these three sites. In the Pa-
cung Sembiran populations, around 3 out 
of 25 individuals exhibited EH, while in 
the Semawang population, 1 out of 11 in-
dividuals were affected. In contrast, only 
around 11 out of 300 individuals of the 
Gilimanuk people experience this condi-
tion (Tab. 1). Several factors contribute to 
EH, including trauma, metabolic stress, 
genetics, and environmental pressures. 
Research by Koesbardiati et  al. (2018) 
on ancient populations revealed the 
presence of EH in 14% (7 individuals) of 
individuals from the Liang Bua site and 
16% (3 individuals) from the Melolo site 
in East Nusa Tenggara, Indonesia. Noer-
widi (2020) study of the Javanese Binan-
gun and Leran populations, residing on 
Java’s north coast, indicated that 5 out 
of 10 individuals (50%) experienced EH. 
These findings suggest that life on Java’s 
north coast may have been challenging 
in the past, exposing the population to 
many pressures. King et al. (2005) high-
lighted the potential of using EH as an 
indicator of assessing childhood growth 
and patterns of morbidity and mortality 
in past populations. However, only one 
child found in the Pacung Sembiran sites 
exhibited EH. Klaus (2020) proposed that 
the frequency of enamel hypoplasia in 
a population tends to increase with the 
intensification of agricultural prac tices, 
population growth, and rising social 
complexity.

 Concurrent with enamel hypoplasia, 
periodontitis was also observed in the 
studied populations. Periodontitis, also 
known as gum infection, is a  destruc-
tive that affects soft tissues, supporting 
bone structures, and can also affect teeth. 
It arises as a  complication of untreated 
gingivitis, an inflammation of the gums. 
Periodontitis has been documented since 
130 years ago in Neanderthal Kaprina, 
Croatia (Murti et  al. 2023). The inci-
dence of periodontitis in the sample of 
the individuals from the Gilimanuk site 
was lower compared to other dental dis-
eases, found in only two individuals (one 
male and one female) from the Gilima-
nuk site, while there were four individ-
uals (one man and three women) at the 
Semawang site were affected, whereas no 
cases were found at the Pacung Sembi-
ran site (Tab. 1). Research conducted by 
Murti et al. (2023) on a skeletal popula-
tion from Kotabaru, South Kalimantan, 
Indonesia, revealed the presence of peri-
odontitis affecting the maxillary anterior 
teeth, attributed to a  high-carbohydrate 
plant-based diet. 

Betel nuts are commonly consumed 
in Asia and the Pacific. Betel nut leaves 
reddish-brown stains on the teeth (Koes-
bardiati and Murti 2019). Betel nut 
chewing has also been proposed as a po-
tential contributing factor to periodonti-
tis, with its ingredients potentially trig-
gering inflammation in the periodontal 
tissues. In addition, oral health status 
and vitamin C deficiency may play a role 
in the development of this disease (Noer-
widi 2020). According to archaeobotani-
cal reports, areca pulp (Areca catechu L) 
can chew betel (Zumbroich 2007/2008). 
Meanwhile, Rusyad and Koesbardiati 
(2010) discovered tooth coloring in Poly-
nesia and Micronesia, using lime, areca 
nut (Areca catechu), gambier (Uncaria 
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gambir Roxburgh), and betel (Piper be-
tel). Nguyen (1990) described the wide-
spread practice of applying black varnish 
to teeth in Vietnam and its impact on 
the incidence of dental caries, whereas 
Suddhasthira et al. (2006) reported that 
this habit is commonly practiced by Thai 
people and, according to archaeological 
remains, this tradition was carried out 
around 5000–4000 years ago.

Apart from the three diseases de-
scribed above, many individuals from 
the above-mentioned sites were found 
with calculus and severe attrition. Tooth 
attrition involves a gradual loss of tooth 
structure or tissue due to contact be-
tween teeth. This erosion of the tooth 
layer occurs over time as a result of ex-
cessive friction between the upper and 
lower teeth during chewing (Sperber 
et  al. 2017). In ancient societies, se-
vere tooth attrition was often observed 
due to dietary habits and rudimentary 
food processing techniques. Heavy diet 
patterns, such as the consumption of 
abrasive materials mixed with food, 
coupled with limited use of fire to sof-
ten food, contributed to the high preva-
lence of tooth wear in these populations 
(Roberts and Manchester 2005). In the 
Semawang population, 5 out of 11 in-
dividuals showed signs of tooth wear, 
while in the Pacung Sembiran popula-
tion, 6 out of 25 individuals exhibited 
signs of tooth wear. In contrast, the resi-
dents of Gilimanuk showed incidents of 
tooth wear in 22 out of 300 individuals. 
As noted by Sperber et al. (2017), wear 
patterns on teeth can provide valuable 
insight into the properties of food mate-
rials consumed by a population. It might 
be that severe attrition observed in this 
ancient human populations residing in 
coastal habitats was primarily caused by 
the ingestion of sand particles carried by 

soft-bodied organisms, such as shellfish 
or snails, which were likely part of their 
diet. As suggested by Noerwidi (2020), 
ancient people in Binangun and Leran 
sites, North of Central Java consumed 
snails as a part of their diet.

Dental calculus, also known as tar-
tar, is a hardened form of dental plaque, 
a  sticky film of bacteria that adheres 
to the surface of teeth. This calcifica-
tion occurs when minerals from saliva 
and gingival crevicular fluid interact 
with plaque, leading to the formation 
of a hard, crusty deposit. The presence 
of tartar on the teeth of individuals who 
lived millennia ago offers a valuable in-
sight into their dietary habits, types of 
bacteria that inhabited their oral cavi-
ties, and their overall oral health (Rob-
erts and Manchester 2005). Among 
the dental changes identified, calculus 
exhibited the highest prevalence in the 
Pacung Sembiran sites compared to the 
Gilimanuk and Semawang sites. For 
example, 5 out of 11 individuals from 
the Semawang site exhibited calculus, 
while in Pacung and Sembiran 11 out of 
25 individuals showed calculus (Tab. 1). 
In the Gilimanuk population, the inci-
dence of calculus accounted for 30 out 
of 300 individuals. The formation of 
calculus is linked to the accumulation 
of food debris between teeth that remain 
uncleaned (Fig. 3). A  high prevalence 
of calculus is typically associated with 
high consumption of carbohydrates and 
proteins or an environment with acidic 
water (Roberts and Manchester 2005). 
Noerwidi (2020) posited a link between 
calculus formation and the consump-
tion of sugary foods or beverages. Re-
search by Prayudi and Suriyanto (2018) 
revealed the presence of calculus and 
periodontal disease, in individuals from 
the Paleometallic period.
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Fig. 3. Dental calculus on the maxillary premolar 
and molars at the Gilimanuk site (individual IA)

In addition to the periodontal dis-
ease mentioned earlier, other prevalent 
bone pathological changes included os-
teophytes, fractures, porotic hyperosto-
sis, and spina bifida occulta. Osteophyte 
disease manifests itself as a form of the 
body’s reaction to disorders surrounding 
the joints. Variations in age, sex, popu-
lation, and mechanical stress are known 
to influence bone osteophyte changes. 
The incidence of osteophytes in ancient 
populations was not observed at the 
Semawang and Pacung Sembiran sites, 
whereas at the Gilimanuk site approxi-
mately 22 out of 300 individuals exhib-
ited signs of osteophytes (Fig. 4). Our 
data suggest that the incidence of oste-
ophytes at the Gilimanuk site does not 
differ between males (10 individuals) and 
females (10 individuals), while 2 cases of 
osteophytes were detected in children. 
This is not in line with the Kim et  al. 
(2012) study that stated that more severe 
osteophytes occur more often in men be-

cause, compared to women, they tend to 
perform heavier physical activity. In this 
study, osteophytes were frequently found 
on the vertebrae and metatarsals. 

Fig. 4. Osteophytes on a lumbar vertebra at the Gil-
imanuk site (individual VIII)

Fractures, a common bone disease in 
humans that have been present through-
out history, were also observed in the 
Gilimanuk, Pacung, and Sembiran pop-
ulations. Fractures were found in nine 
out of 300 individuals at the Gilimanuk 
site and two out of 25 individuals at the 
Pacung Sembiran site, with a higher fre-
quency in males. This trend is consistent 
with the findings of Domett and Tayles 
(2006), who studied the skeletons of the 
adult Thai population (2000–400 BC) 
and reported that the number of male 
sufferers (12 individuals) was higher than 
that of females (7 individuals). These in-
dividuals’ fractures are most likely the 
result of a  combination of everyday ac-
cidents, such as agriculture and animal 
husbandry, as evidenced by fractures 
in long bones. Moreover, fractures in 
the skull might indicate interpersonal 
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violence. Fractures in the Gilimanuk 
population were primarily found in the 
rib bones, while fractures in the Pacung 
Sembiran sites were more common in 
molar teeth, which are fractures of the 
tooth crown that occur while the indi-
vidual is still alive. Further examination 
revealed that all fractures in the costal 
bones had healed, as evidenced by the 
presence of bones that had reconnected 
but were not evenly connected, which 
suggests a natural healing process.

Porotic hyperostosis is exhibited by 
small, pore-like holes typically found 
on the frontal or parietal bones of the 
skull, with a  few occasionally present 
on the occipital bone. These holes are 
usually symmetrical and, in advanced 
stages, may give the impression of skull 
thickening. According to Aufderheide 
et  al. (1998), these holes are indicative 
of anemia but can also arise from other 
diseases such as leukemia, thalassemia, 
aplastic anemia, or potential malnutri-
tion. Blom et al. (2005) observed a high-
er prevalence of porotic hyperostosis in 
coastal populations compared to those 
residing in highlands. The incidence of 
porotic hyperostosis at the Semawang 
site was 1 out of 11 individuals, at Pa-
cung Sembiran 2 out of 25 individuals, 
while at the Gilimanuk site, 5 out of 300 
individuals exhibited porotic hyperosto-
sis (Tab. 1). Notably, the parietal bones 
were the most commonly affected by po-
rotic hyperostosis. Associated with poro-
tic hyperostosis is cribra orbitalia, which 
was also found in one juvenile at the 
Gilimanuk site. Cribra orbitalia was not 
observed in individuals from (Semawang 
and Pacung Sembiran). Klaus (2020) pos-
its that porotic hyperostosis and cribra 
orbitalia have long been associated with 
metabolic disorders linked to anemia. 
Cribra orbitalia and porotic hyperostosis 

are morphological syndromes that can be 
manifested as downstream consequences 
of various secondary conditions associ-
ated with chronic anemia. Walker et al. 
(2009) also highlight that porotic hyper-
ostosis and cribra orbitalia are among the 
most frequently observed pathological 
lesions in ancient human skeletal assem-
blages. Since the 1950s, chronic iron de-
ficiency anemia has been widely accepted 
as a plausible cause of both conditions.

Spina bifida occulta (SBO) is a  spi-
nal disorder that often associated with 
chronic back pain. According to the Spi-
na Bifida Association (Aufderheide et al. 
1998), approximately 10–20 percent of 
individuals are affected by SBO. What 
makes SBO unique is that many individ-
uals who have this condition are unaware 
of its presence, as symptoms may be ab-
sent. SBO can occur along any part of the 
spine but is most prevalent in the sacral 
region (Aufderheide et  al. 1998; Merbs 
2004), and, in this instance, it is referred 
to as sacral spina bifida occulta (SSBO). 
In this study, SBO was only observed at 
the Gilimanuk site, affecting four adult 
individuals (two males and two females). 
Research by Molto et al. (2019) on a skel-
etal population inhabiting the Dakhleh 
Oasis, Egypt, reported that around 15.6% 
of the sample exhibited SSBO, with 
a  temporal increase in males. In addi-
tion, in both sexes SSBO tended to in-
crease with advancing age. All of the four 
individuals with SBO at the Gilimanuk 
site were found in the sacrum bone. The 
age range for the male individuals was 
between 20 and 40 years, while the fe-
male individuals were between 25 and 30 
years old.

In addition to the above-mentioned 
bone and dentition diseases, evidence 
of dental modifications, such as pangur 
is (tooth-filing) and betel chewing, has 
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been unearthed at these archaeological 
sites. As noted by Noerwidi (2020), the 
examination of cultural practices on hu-
man skeletal remains provides valuable 
insights into living habits and cultural 
identity in the past, often manifested in 
the form of morphological alterations to 
specific body parts, such as teeth. Dental 
modifications in the forms of pangur and 
betel chewing have been observed at the 
Gilimanuk, Semawang, and Pacung Sem-
biran sites. At the Pacung Sembiran site, 
there were around 12 out of 25 individ-
uals exhibiting signs of betel chewing, as 
evidenced by tooth discoloration. At the 
Gilimanuk site, 17 individuals engaged 
in betel chewing practices, while approx-
imately 22 individuals displayed pangur 
tooth modifications. Among the popula-
tion at the Semawang site, six individuals 
exhibited tooth filling, but no evidence of 
betel chewing was found. Pangur typical-
ly involves filing the visible portions of 
the teeth from the outside of the mouth. 
This practice persists in several regions 
of Indonesia, including Bali, and may 
serve as a  marker of gender distinction 
post-puberty (Prayudi et  al. 2020). The 
majority of tooth modifications observed 
at the three aforementioned sites are lo-
cated on the maxillary and mandibular 
incisors. Noerwidi (2020) study on an-
cient populations at the Binangun and 
Leran sites on the North Coast of Java 
reported evidence of betel chewing prac-
tices, with remnants of areca nut and 
chalk observed on the buccal and lingual 
surfaces of several molar teeth.

This study offers valuable insight 
into the types of pathological chang-
es and health conditions that prevailed 
among ancient populations of Gilima-
nuk, Semawang, and Pacung Sembiran, 
situated in coastal regions on the island 
of Bali. Several dental diseases predom-

inated in these populations. This study, 
however, has its limitations and requires 
further refinement. More research, incor-
porating microscopic observations and 
molecular approaches, is needed to gain 
a more comprehensive understanding of 
the specific diseases and infections that 
afflicted the ancient inhabitants of these 
sites. The outcomes of this research will 
contribute to addressing contemporary 
health challenges and inform preventive 
measures.

Fig. 5. Pangur on maxilla teeth at the Semawang 
site (individual XII) 

The results of the identification of 336 
skeletons of ancient populations from the 
Gilimanuk, Semawang, and Pacung Sem-
biran sites on the Indonesian island of Bali 
show the dominance of caries and enamel 
hypoplasia. Bone diseases and abnormal-
ities that can be observed include osteo-
phytes, porotic hyperostosis, fractures, 
and spina bifida occulta. Moreover, there 
are traces of betel nut consumption and 
tooth modification in the form of pangur 
(teeth filing) in some individuals. 

The presence of disease in ancient 
humans at these sites indicates similar 
types of disease with unequal prevalence. 
However, the absence of disease markers 
in certain individuals doesn’t necessar-
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ily imply they were healthy during their 
lifetime. Alternative possibilities include 
diseases that didn’t leave skeletal traces, 
such as skin diseases, or the individual’s 
death before the disease manifested in 
skeletal lesions.
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AbsTRACT: In this article we seek to integrate theories of music origins and dance with hominin fossil ana-
tomy and the paleoecological contexts of hominin evolution. Based on the association between rhythm in 
music, dance and locomotion, we propose that early bipedal hominins may have evolved neurobiological 
substrates different from other great apes due to the rhythmic aspects of bipedal walking and running. 
Combined with the emancipation of the hands resulting from erect posture, we propose that the neuro-
biological changes necessary for technological innovation, cultural practices and human musical abili-
ties may have evolved, at least in incipient form, much earlier than previously thought. The consequent 
ability to synchronize movement and sound production may have also proved beneficial as early bipedal 
hominins ventured out of late Miocene and early Pliocene woodland and forested habitats and into more 
open habitats with increased predation risk. We also postulate that, along with bipedalism, paedomorphic 
morphogenesis of the skull at the base of the hominin clade was a necessary prerequisite for the evolution 
of vocal modulation and singing in later varieties of hominin. To date research into the evolution of music 
and dance has yet to be integrated with the fossil and paleoecological evidence of early hominin evolution. 
This paper seeks to fill this lacuna in the extant literature on human evolution. We also suggest that auto-
catalytic feedback loops evolving synergistically with hominin erect posture, skull and hand morphology, 
neurochemical processes and the self-domestication syndrome, have been operative from early hominins 
some 6 Ma to the present. We document this process by reference to primatological, ethnographic, neuro-
chemical and archaeological data.
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Introduction

In recent decades there has been a  re-
surgence of interest in the evolutionary 
foundations of music and dance (Falk 
2004; Brown et al. 2006; Mithen 2009; 
Brown 2017; Clark and Henneberg 2017; 
Dissanayake 2021; Benítez-Burraco and 
Nikolsky 2023). Various approaches 
have been adopted to elucidate the evo-
lutionary origins and adaptive signifi-
cance of such human behaviours. For 
example, based on evidence from chim-
panzee rhythmic perception, it has been 
argued that the prerequisites for music 
and dance probably existed in the com-
mon ancestor shared by humans and 
chimpanzees (Hattori and Tomonaga 
2020). In a similar vein, based on vocal 
tract anatomy and skull architecture, 
it has been proposed that early homin-
ins evolved an anatomical configuration 
more conducive to musical vocalization 
than that evident in chimpanzees – and 
that consequently research into the evo-
lutionary building blocks of music and 
language should focus on late Miocene 
and early Pliocene fossil anatomy (Clark 
and Henneberg 2017).

There has also been important re-
search looking into the relationship be-
tween locomotion and rhythmic aspects 
of music and dance. This work has illu-
minated the degree to which the rhyth-
mic aspects of walking may share neu-
robiological substrates with the rhythmic 
structuring of music and dance (Friberg 
and Sunberg 1999; Shove and Repp 1995; 
Thaut 2009; Bengtsson et  al. 2009; 
Grahn and Rowe 2009; Thaut 2013). Ad-
ditionally, it has been proposed that the 
evolution of the human bipedal locomo-
tor adaptation gave rise to forms of met-
rically synchronised bodily entrainment 
using the upper and lower limbs, a form 

of entertainment that was to later form 
the basis of rhythmic vocal chorusing 
and music (Brown 2022).

While links have been made between 
the emergence of erect trunk bipedalism 
and the evolution of music and dance 
(Mithen 2009), very little research has 
explored this association in the context of 
emerging fossil and palaeoecological data 
regarding the emergence of erect bipedal-
ism in early hominins. Given facultative 
bipedalism is believed to have emerged in 
early forest and woodland dwelling homi-
nins such as Ar. ramidus, which then de-
veloped into obligate bipedalism among 
Australopiths (Lovejoy and Latimer et al. 
2009; Kimbel et al. 2014), the association 
between music, dance and locomotory 
adaptations warrants further exploration 
in the context of emerging evidence from 
the fossil record. 

The concept of self-domestication 
has been used to explore the origins of 
both language and music, highlighting 
associations with cultural transmis-
sion, pro-sociality and neurochemical 
regulation (Clark and Henneberg 2017; 
Thomas and Kirby 2018; Benítez-Bur-
raco and  Nikolsky 2023). Importantly, 
oxy tocin is thought to be associated with 
in-group cohesion in chimpanzees and 
bonobos (Brooks et  al. 2022) as well as 
the prosocial and affiliative aspects of 
music and dance in humans (Dissanay-
ake 2021; Harvey 2020). While the oxy-
tocin system is thought to be an impor-
tant component of hominization and the 
evolution of cooperative and alloparental 
breeding systems (Hrdy 2009; Lovejoy 
2009), it has yet to be fully explored in 
the context of the evolution of music, 
dance and relevant fossil and palaeoeco-
logical data. For example, while Clark 
and Henneberg (2017) analyse the pos-
sible relevance of the oxytocin system 
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in explicating the evolutionary building 
blocks of music and language in early 
hominins such as Ar. ramidus, to date 
such an approach has not been explored 
in the context of early hominin paleoeco-
logy and the demographic expansion of 
the Australopithecines into non-arboreal 
habitats. 

Archaeological approaches to the evo-
lution of music have been discussed by 
numerous researchers (Blake and Cross 
2008; Morley 2013; Fazenda et al. 2017; 
Turk et al. 2018). However, taphonomic 
issues may problematize such research 
as the earliest evidence for such behav-
iors may not have been preserved in the 
archeological record (Bednarik 1994). 
Despite such problems, putative musi-
cal instruments have been attributed to 
not only Homo sapiens but also Nean-
derthals (Turk et al. 2018). Additionally, 
caves possess acoustic properties that 
have long been exploited by humans 
(Fazenda et  al. 2017). This behavioral 
phenomenon is very suggestive in light 
of emerging evidence of cave occupation 
by other hominin species in addition to 
Homo sapiens (Fuentes et al. 2023; Jau-
bert et al. 2016). For example, is it possi-
ble that occupation of caves by hominins 
may have contributed to an enhance-
ment of auditory perception and sound 
production capabilities? 

There has also been research explor-
ing the previously overlooked sound pro-
ducing properties of stone tools (Blake 
and Cross 2008). Increasing evidence 
pushing back the antiquity of tool manu-
facture to the Australopithecines (Har-
mand et al. 2015) suggests the possibility 
that early hominins were using physical 
objects to produce sound. Given chim-
panzees use objects such as trees in such 
a manner (Eleuteri et al. 2022) it is pos-
sible that Australopiths may have used 

stone tools not only in procuring food but 
also to produce sound. 

Based on their tool manufacturing 
abilities, it has been suggested Australo-
piths had elevated levels of hand motor 
control resulting from reorganization or 
expansion of the brain’s various motor re-
gions (Harmand et al. 2015). Combined 
with enhanced manipulative abilities re-
sulting from bipedalism, which enables 
emancipation of the forelimbs from lo-
comotion (Lemelin and Schmitt 2016), 
it seems possible that Australopiths may 
have possessed sound production abilities 
beyond that evident in other great apes. 
While it has been previously suggested 
that stone tools may have been the first 
musical instruments (Montagu 2004), 
this theory has not been investigated in 
the context of early hominin anatomy, 
archaeology and paleoecology. Given the 
previously overlooked sound producing 
properties of stone tools it has been ar-
gued that existing lithic collections could 
be reanalysed in order to discover possible 
evidence of early human sound produc-
tion (Blake and Cross 2008: 17). 

It has also been argued that the col-
laborative synchronization underpinning 
music and dance may have evolved as 
a  form of coalitionary signaling (Hagen 
and Bryant 2003: 24); additionally it has 
been proposed that such forms of coordi-
nated sound production may have been 
utilized by hominins to deter predators, 
particularly as they moved out of arbo-
real habitats into more open habitats 
with higher predation risk (Jordania 
2014, 2020). Importantly, one of the ma-
jor shifts in hominin phylogeny was the 
demographic expansion of Australopithe-
cines out of forested and woodland areas, 
and into more open and diverse habitats 
as obligate terrestrial bipeds (Meindl, 
Chaney, and Lovejoy 2018).
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In this article we explore possible ev-
idence for early forms of hominin sound 
production. We propose that as early 
hominins became obligate bipeds and 
moved out of arboreal forest and wood-
land habitats, the anatomical configu-
ration associated with the skull, hands 
and body would have become part of 
an adaptive suite facilitating enhanced 
sound production using both the voice 
and objects. We propose that these abili-
ties may have evolved as part of a broad-
er adaptive complex involving enhanced 
levels of in-group cooperation. It was 
these early forms of sound production, 
and the associated changes in motor sys-
tems and neurobiological substrates, that 
formed the phylogenetic building blocks 
of later forms of communication, music, 
dance and ritual behaviors. We also sug-
gest ways in which this hypothesis can 
be tested by increased awareness of other 
forms of sound production that may have 
left traces in the archeological record and 
which to date have been overlooked.  

Canines, predators and 
synchronized sound production 

In this section we outline a model of hu-
man music, language, dance and sound 
production grounded in evolutionary 
percussors that constitute the putative 
phylogenetic building blocks of these 
forms of cultural expression. This will 
involve synthesizing data on paleoecolo-
gy, predation pressure and hominin fossil 
anatomy. Importantly, we will develop 
a  broader conception of sound produc-
tion than that normally conceived of in 
modern cultures. For example, an evolu-
tionary and cross species conception of 
sound production includes song, nonver-
bal vocalization, sound made with the 

body, physical substrates and manufac-
tured objects – which in the case of past 
hominin cultures may include the sound 
producing properties of stone tools or the 
acoustically resonant spaces inside cave 
structures (Blake and Cross 2008, 2015; 
Fazenda et al. 2017). Many of these forms 
of sound production or acoustic signaling 
are embedded in ecological and cultural 
contexts in which auditory forms of so-
ciality would have had survival benefits 
for those individuals or groups that pos-
sessed them (Blake and Cross 2015).

The unique features of hominin sound 
production, whether it be vocal, bodily or 
produced with objects, seem to be related 
to the unique hominin anatomical con-
figuration. These include erect bipedal-
ism, non-locomotory hand morphology, 
a flat face and loss of the canine honing 
complex characteristic of other primates. 
We will argue these traits, while not be-
ing sufficient, are nevertheless neces-
sary preconditions for the evolution of 
the motor systems and neurobiological 
substrates that subserve vocal modula-
tion, tool manufacture and the creation 
and use of musical instruments. We also 
explore evidence that obligate bipedal-
ism led to the evolution of neurobiologi-
cal systems that subserve not only the 
pace and timing of locomotion, but also 
rhythmic perception necessary for the 
temporal structuring of music and dance 
(Thaut 2013). Given these anatomical 
features are very ancient we explore their 
original emergence and their important 
role in hominization.

Researchers have argued that synapo-
morphic traits that differentiate homin-
ins from other great apes include a more 
anteriorly positioned and horizontally 
oriented foramen magnum associated 
with vertical neck posture in orthograde 
bipedal locomotion, as well as dental 
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traits such as reduced canines (Mon-
gle et  al. 2019). Importantly, a  recent 
analysis of 300 fossils spanning 6  mil-
lion years has, according to the authors, 
demonstrated that ‘male canine size re-
duction occurred early in human evolu-
tion, broadly coincident with the adop-
tion of bipedality’ (Suwa et al. 2021: 1). 
Importantly, a  centrally postioned fora-
men magnum characteristic of hominin 
bipedalism, combined with reduced facial 
projection and lack of aggressive canine 
armory, gives rise to the unique hominin 
skull and vocal tract configuration that is 
a necessary prerequisite for the evolution 
of spoken language and singing (Clark 
and Henneberg 2017).

The majority of Miocene hominoids 
are believed to have been arboreal or 
semi-arboreal (Rose 1993). Additional-
ly, there is evidence that early hominins 
were arboreal facultative bipeds (Lovejoy 
and Simpson et  al. 2009). It therefore 
seems likely that early hominins sought 
refuge from predators in trees – as is the 
case in other primates (Baldwin et  al. 
1981: 482; Hamilton 1982: Boesch 
1991: 228; Iwamoto et al. 1996: 393). In 
addition to such ecological factors, there 
is also a  vocal component to primate 
predator defence involving loud vocalisa-
tions and alarm calls (Tutin et al. 1981; 
Tsukahara 1993; Boesch 2009: 22–23 
and 52–53). There may also be predation 
induced selection on social structure as-
sociated with non-arboreal habitats; for 
example, savanna-living chimpanzees 
travel in large numbers when moving be-
tween patches of trees, which may be an 
anti-predator response (Tsukahara 1993) 
while baboons who evolved in open sa-
vanna or semidesert habitats jointly drive 
predators from the group (Kummer 1967: 
154–155). Additionally, geladas who also 
inhabit more open habitats, utter alarm 

calls and form multilevel fission‐fusion 
social structures in response to predation 
– which has been proposed as a possible 
model for early hominin occupation of 
non-arboreal habitats (Lin et al. 2020).

What are the implications of the above 
observations for the evolution of homi-
nin sociality and sound production? We 
suggest that when erect bipedal hominins 
moved out of woodland and forested eco-
logies into more open habitats, they may 
have also used vocalisation, alarm calls 
and various forms of non-vocal sound 
production to deter predators. Important-
ly, it has been argued that hominins may 
have been subject to predation, from Ar-
dipithecus ramidus to modern humans, 
and that consequently social cooperation 
and associated neuroendocrine systems 
may have evolved as a  response to ear-
ly hominins being initially a prey species 
– a  theory that finds support from evi-
dence that cooperation can reduce lethal 
outcomes resulting from predator attacks 
(Hart and Sussman 2011, 2019). We 
would add to this observation the possi-
ble role synchronised sound production 
and movement may have played in this 
putative adaptive suite. 

Many of the features we analyze in 
early arboreal facultative bipeds such as 
Ar. ramidus seem to be associated with 
forested and woodland ecologies. Evi-
dence for this view is based on paleohab-
itat and dentition (White et al. 2009). 
While this position has been questioned 
based on the existence of contemporane-
ous ‘tree or bush savanna’ in the region 
(Cerling et  al. 2010), White and col-
leagues assert that Ar. ramidus did not 
occupy such an ecological niche, with 
the species' primary habitat consisting 
of closed forest and woodland (White 
et al. 2010). It has also been argued that 
Ar. ramidus may not be a  hominin but 
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a  fossil relative of chimpanzees – and 
that additionally there is little evidence 
of bipedalism in the species (Senut 2015: 
2053–2054). This perspective, however, 
seems at odds with a more recent anal-
ysis of character sampling that suggests 
Ar. ramidus was in fact a basal hominin 
(Mongle et al. 2019). This position is fur-
ther supported by evidence of facultative 
bipedality in the Ar. ramidus cranial base, 
which is believed to show extensive af-
finities with Australopithecus and Homo 
(Kimbel et  al. 2014). Further, the cra-
nial base angle, as well as facial, jaw and 
canine morphology in Ar. ramidus are 
distinctly different from chimpanzees, 
showing pronounced affinities with 
hominins (Clark and Henneberg 2015, 
2017). Importantly, erect bipedalism 
also means hominins do not have hands 
specialized for locomotion as in quad-
rupedal apes. It is this lack of speciali-
zation in the forelimbs that ultimately 
underpins human technological and cul-
tural evolution as well as coevolutionary 
processes between the hands and the 
brain (Lundborg 2013). 

The absence of large aggressive ca-
nines and canine sexual dimorphism in 
hominins has long puzzled evolutionary 
theorists and numerous explanations 
have been put froward to account for this 
unusual phenomenon. For example, in 
The Descent of Man Darwin argued that 
with the invention of clubs and other 
weapons, canines were no longer neces-
sary in male on male conflict (Darwin 
2004:73). However, this does not seem 
to be a complete solution for it does not 
postulate a  selective mechanism for ca-
nine reduction; it merely suggests weap-
ons could have taken the place of canines 
without explaining what potential selec-
tive pressures may have been involved in 
canine reduction. 

It has been suggested that selection 
for the diminution of aggression and 
changes in hormonal regulation may 
have been a possible evolutionary mech-
anism resulting in canine reduction 
(Holloway 1967). Others have proposed 
similar solutions to the dilemma of ca-
nine reduction with a shift in social and 
mating behavior and associated neuro-
chemical regulation being considered 
a  possible explanation (Lovejoy 2009; 
Clark and Henneberg 2017, 2015). Some 
researchers have suggested that this may 
have involved a  socio-behavioural shift 
that minimized male–male aggression 
possibly mediated by female mate choice 
(Suwa et al. 2021). What is significant is 
that early hominins such as Ar. ramidus 
seem to have lost the aggressive canine 
armory characteristic of many other pri-
mate species prior to becoming terrestri-
al obligate bipeds. It is important to note 
that Ar. ramidus still possessed a grasp-
ing big toe and that the species most like-
ly climbed and walked bipedally among 
the large trees of late Miocene and early 
Pliocene Africa (Lovejoy and Simpson 
et  al. 2009; Lovejoy and Latimer et  al. 
2009).

Importantly, some species such as ba-
boons evolved extreme forms of canine 
sexual dimorphism, which are in part 
related to the need for predator defense 
in what are essentially hostile savanna 
habitats with high predation risk (Plav-
can and van Schaik 1992). Having lost 
aggressive canine armory in forested and 
woodland habitats, the question arises as 
to how early hominins would have sur-
vived when they ventured into habitats 
lacking trees that could serve as places of 
refuge from predators? Is it possible that 
coordinated sound production and body 
movement were part of an antipredator 
adaptive suite? 
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Based on the above observations, we 
hypothesize that early hominins such as 
Ar. ramidus may have already possessed 
social adaptations that enabled signifi-
cant levels of prosocial coordination and 
cooperation. While such adaptations no 
doubt would have evolved for many rea-
sons, they would have been useful when 
encountering predators, and such encoun-
ters may have been one component in 
a complex selective regime favoring their 
enhancement. Consequently such cooper-
ation, combined with synchronized vocal-
ization and sound production may have 
manifested itself in a  form of “territorial 
chorus” that provided some of the build-
ing blocks for the evolution of music and 
language (Brown 2017). Our argument is 
premised on the notion that pro-sociality 
and cooperative breeding correlate across 
primate taxa with reduced canine size and 
reduced canine sexual dimorphism – so-
cial adaptations that may explain such re-
duction in early hominins (Lovejoy 2009; 
Clark and Henneberg 2015). Importantly, 
co-operatively breeding primates show 
elevated levels of generalized pro-social 
behavior (Burkart et al. 2007) as well as 
coordinated and synchronized vocaliza-
tion abilities akin to human conversation 
(Choi et al. 2015). This has led to spec-
ulation that co-operative breeding in Ar. 
ramidus may have been accompanied by 
increased vocal synchrony and ability to 
modulate vocalizations – an assertion that 
finds additional support from the species 
skull architecture and vocal tract anatomy 
which is more human-like when com-
pared with chimpanzees (Clark and Hen-
neberg 2017). 

Significantly, as noted by Schruth and 
colleagues among anthropoids only the 
monogamous and swinging lesser apes 
seem to share the human aptitude for 
spectral musicality (Schruth et al. 2023). 

Consequently, given the association be-
tween such aptitudes and forest dwelling 
arboreal primates, they propose musical 
ability as a  primitive trait characteristic 
of Miocene apes that was consequently 
lost, or which became atrophied as pri-
mate species ventured into more terrestri-
al habitats. Humans are unusual among 
terrestrial primates in that we retain such 
musical albitites, which are much more 
common in arboreal species. As the au-
thors suggest in ‘strictly terrestrial pri-
mates, previously evolved associations 
between musical calling and [arboreal] 
locomotion appear to have atrophied’ 
(Schruth et al. 2023: 9). This may be due 
to the fact that singing in open terrestrial 
habitats many attract predators, whereas 
this may not be an issue in forest canopies 
which serve as refugia (Jordania 2020). 
From such a  perspective, as opposed to 
losing such albitites when they ventured 
into more terrestrial habitats, homin-
ins retained them, which then served as 
the phylogenetic building blocks for later 
forms of musicality. The question that 
needs addressing is why did terrestrial 
hominins retain musical calling?

The association between arboreal forest 
ecologies, monogamy and protomusical 
calling noted by Schruth and colleagues, 
is also very suggestive in the context of 
early hominin social and mating behav-
iour. It suggests that early hominins such 
as Ar. ramidus may have not only been an-
atomically similar to arboreal lesser apes 
(Lovejoy 2009) but may also have shared 
with such species aspects of mating, so-
cial and musical behavior (Schruth et al. 
2023: 9; Clark and Henneberg 2017). 
This may have involved pair-ponding and 
forms of cooperative or alloparental care 
of offspring (Lovejoy 2009 ) possibly medi-
ated by forms of prosocial vocal synchrony 
(Clark and Henneberg 2017).



24 Gary Clark, Arthur Saniotis, Robert Bednarik, Malin Lindahl, Maciej Henneberg

While there is extensive evidence of 
cooperative breeding and allomaternal 
care in Homo sapiens (Hrdy 2009) it 
is unclear when this breeding strategy 
evolved. Consequently, it is very diffi-
cult to infer social and mating systems 
from fossil anatomy with any certainty. 
However, reduced canine size and di-
morphism does correlate across primate 
taxa with reduced male on male aggres-
sion and Ar. ramidus canine size and 
dimorphism is nearly human-like; con-
sequently, it has been argued this evolu-
tionary pattern in Ar. ramidus indicates 
a ‘profound behavioural shift associated 
with comparatively weak levels of male 
aggression early in human evolution, 
a pattern that was subsequently shared 
by Australopithecus and Homo (Suwa 
et al. 2021: 1). Such an adaptive complex 
in Ar. ramidus may have involved coop-
erative breeding and male investment 
in the maternal metabolic budget as an 
alternative reproductive strategy to male  
on male tournament behaviour (Clark 
and Henneberg 2015). This may mean 
that the system of cooperative breeding 
that is believed to have facilitated the 
increase in brain size in the Homo lin-
eage (Isler and Schaik 2012a) may have 
evolved much earlier at the base of the 
hominin clade (Lovejoy 2009; Clark and 
Henneberg 2015). This position finds 
support in the fact that cooperatively 
breeding primates such as marmosets, 
who engage in forms of vocal commu-
nication similar to humans, have a low 
encephalisation quotient (Ghazanfar and 
Takahashi 2014) and that human co-oper-
ation is not dependent on advanced cog-
nitive abilities, nor on large brain size, 
and that therefore human pro-sociality 
may have evolved before the emergence 
of large brained hominins (Isler and Van 
Schaik, 2012a). 

Additionally, it has been suggested 
that increases in body and brain size in ex-
cess of earlier Australopithecines, would 
have required contribution to the infant 
metabolic budget by individuals other 
than the mother – and that consequently 
cooperative or alloparental care provides 
a  plausible explanation for the increase 
in brain size in the Homo lineage (Hrdy 
2009; Isler and Van Schaik 2012b). From 
this perspective, “emotional modernity” 
including cooperative breeding, unique-
ly human forms of mind reading and 
intersubjectivity, may have evolved long 
before increases in brain and body size – 
in fact such adaptations may have been 
necessary for such evolutionary trends, 
which require increased metabolic allo-
cation to infant and childhood growth 
from other individuals in addition to the 
mother (Hrdy 2009). 

One of the important issues related to 
the adoption of obligate erect bipedalism 
in the Homo genus, is that it may have 
facilitated increased metabolic allocation 
to infant growth and a  slower pace of 
development for infants resulting from 
the need to learn more complex tool use 
and foraging technologies (Potts 2011). 
Significantly, based on correlations be-
tween brain size and life history trajec-
tories (Smith and Tompkins 1995) it has 
been argued that Ar. ramidus life history 
was similar to chimpanzees (Clark and 
Henneberg 2015). As brain and body size 
increased in Homo erectus, it has been 
proposed that life history was slowed 
down to include extended childhood and 
adolescent phases of development during 
which so cial learning could occur, thus 
enabling the acquisition of language skills 
(Locke and Bogin 2006) as well as cul-
tural competencies such as increasingly 
complex tool manufacture (Bogin 2003; 
Sterelny 2012). Such changes in life his-
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tory may have underpinned the socio-be-
havioural adaptations contributing to the 
demographic expansion of Homo erec-
tus (Hawkes and Coxworth 2013; Hrdy 
2009; O’Connell et al. 1999). We would 
add to this adaptive complex the impor-
tant role of music and dance in the social 
transmission of cultural knowledge relat-
ing to hunting and kinship systems; for 
example, in extant gathering and hunt-
ing cultures music and dance are the 
primary means of transmitting knowl-
edge regarding waterholes and hunting 
grounds from one generation to the next 
– transmission that is particularly im-
portant during adolescent initiation rites 
(Strehlow 1971; Stanner 2014).

We suggest that the building blocks 
of this adaptive suite, at least in incipi-
ent form, may have been in place at the 
base of the hominin clade – an inference 
based on the above mentioned reduc-
tion in both canine size and dimorphism 
(Lovejoy 2009). Significantly, it has been 
argued that reduced canine and body size 
sexual dimorphism in hominins suggests 
that co-operative breeding and allo-pa-
rental care may have provided the social 
contexts for language evolution to dev-
elop – and particularly the acquisition of 
language abilities by infants and juveniles 
due to intensified interaction with numer-
ous carers (Fitch 2007). We seek to extend 
this observation in our analysis of the 
evolution of coordinated sound produc-
tion and bodily movement. For example, 
if cooperative breeding did evolve in ear-
ly small brained hominins, is it possible 
that vocal cooperation of the kind we find 
in other cooperatively breeding primates 
was part of this adaptive complex? And 
could such cooperation and synchronised 
sound production have formed the early 
phylogenetic building blocks upon which 
later forms of music and dance were built? 

The thesis outlined above is obviously 
a tentative hypothesis and other scenari-
os are possible. For example, others have 
argued, based on measures of bodily size 
sexual dimorphism, that early hominins 
evolved a  gorilla-like polygynous mat-
ing system, and that this consequently 
evolved into human social and mat-
ing systems (Geary, Bailey, and Oxford 
2011). This approach, while convincing 
on some grounds, does not account for 
why early hominins lost the large aggres-
sive canine complex – additionally it has 
been argued that sexual dimorphism in 
early hominins falls within the range 
of modern humans (Reno and Lovejoy 
2015). This debate is still ongoing and 
inferences from fossil anatomy to social 
and mating systems remain highly con-
tested. In this paper we adopt, as a work-
ing hypothesis, the theory that reduced 
male on male aggression as evidenced by 
loss of large aggressive canines signals 
an important behavioural shift involving 
elevated levels of pro-sociality and possi-
bly forms of alloparental care of offspring 
– including male investment in the 
maternal metabolic budget (Clark and 
Henneberg 2015). We also suggest that 
adaptations such as increased levels of 
pro-sociality in Ar. ramidus would have 
benefited later hominin species such as 
the Australopithecines when they ven-
tured out into more open nonarboreal 
habitats with increased predation risk.

More specifically, we suggest that co-
ordinated group behavior involving syn-
chronized vocalization, synchronized 
sound production using physical objects 
or substrates, in addition to synchro-
nized body movements, could have de-
terred predators (Jordania 2009, 2020). 
Because hominins had already devel-
oped cooperative social structures in for-
ested and wooded ecologies they could 
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consequently cope with high predation 
risk in more open nonarboreal habitats. 
These adaptations, we suggest, were 
exapted as the climate changed and the 
shrinkage of the great forest ecosystems 
of the Miocene meant that great apes 
and hominins needed to rely more and 
more on forms of terrestrial locomotion 
– with great apes adopting quadrupedal 
knuckle walking and hominins obligate 
erect bipedalism. In this sense both erect 
bipedality and pro-sociality in Ar. rami-
dus were necessary pre-requisites of the 
Australopith demographic expansion as 
obligate terrestrial bipeds. 

The phylogenetic depth of 
the hominin adaptive suite: 

bipedality, vocal tracts 
and hand morphology

In this section we propose that erect 
trunk orientation and the associated skull 
and hand morphology have much greater 
phylogenetic depth than traditional-
ly supposed. There are two important 
consequences of erect trunk orientation 
that relate directly to the origins of vocal 

abilities such as language and singing, 
as well the motor control necessary for 
using objects to create sequentially struc-
tured rhythm. Firstly bipedalism, due to 
where the spinal cord enters the skull 
and connects with the brain, contributes 
to the shortening of the horizontal vocal 
tract, with such shortening being a nec-
essary precondition for the evolution of 
human language and singing (Figs 1 and 
2). Secondly, obligate bipedal locomotion 
emancipates the forelimbs from locomo-
tion (Lemelin and Schmitt 2016). This 
is the crucial factor underpinning the 
evolution of hominin hand morphology 
that enables the development of preci-
sion grasping and the consequent co-evo-
lution between the brain and the hands 
that underpins human technological and 
cultural accomplishments – from the 
earliest stone tool industries to classical 
piano playing (Lundborg 2013; Wilson 
1999). We also speculate that the crea-
tion of such physical objects out of stones 
or other materials would have provided 
hominins with additional means of cre-
ating sound that could potentially deter 
predators – that is an evolutionary pre-
cursor of “drumming” (Jordania 2009). 

Fig. 1. Length of the face, palate and horizontal vocal tract. This figure graphically illustrates the differ-
ences between chimpanzee and Ar. ramidus skull architecture. Note the more posterior position of the 
foramen magnum and basion (black dot) in the adult chimpanzee and the greater resemblance of both 
humans and Ar. ramidus to the infant chimpanzees. From left: infant chimpanzee, adult human, Ar. 
ramidus and adult chimpanzee. From Clark and Henneberg (2017)
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Fig. 2. Skull shape and facial projection. Note the spinal cord (black bar) enters from the bottom of the skull in 
Ar. ramidus and the infant chimpanzee and from the rear in the adult chimpanzee. This feature, in addi-
tion to reduced facial projection, suggests the evolution of paedomorphic skull morphogenesis in Ar. rami-
dus. From left: adult chimpanzee, Ar. ramidus and infant chimpanzee. From Clark and Henneberg (2017)

A  crucial perspective we explore in 
this article is that the skull anatomy of 
non-human great apes, and particularly 
that associated with quadrupedal knuckle  
walking, represents an obstacle that pre-
vents the evolution of human-like vocal 
ability – and that the absence of this ob-
stacle in early hominins opened the way 
for language and vocal ability to evolve 
(Clark and Henneberg 2017). As already 
noted, many researchers have suggest-
ed that bipedalism evolved much earlier 
than traditionally supposed, with some 
arguing unique features of the hominin 
lineage may have their origin in Mio-
cene and Pliocene ecological contexts. 
For example, there seems to be evidence 
of bipedal locomotor morphology in the 
European Miocene, which has been pos-
tulated as the ancestral form from which 
both humans and great apes evolved 
(Böhme et  al. 2019). Other researchers 
have argued that hominin bipedalism 
and forelimb morphology may be prim-
itive, with chimpanzee anatomy associ-
ated with quadrupedal knuckle walking 
being derived (Lovejoy et al. 2009; White 
et al. 2015). This view is consistent with 
evidence that humans did not evolve 
from a knuckle walking ancestor as pre-
viously assumed and that human biped-

alism originally evolved as an adaptation 
to arboreal habitats (Kivell and Schmitt 
2009). Others, on the other hand, have 
questioned the above interpretation, ar-
guing that the last common ancestor 
humans share with great apes was in 
fact similar to chimpanzees in terms of 
possessing knuckle walking quadruped-
al locomotor morphology (Chaney et al. 
2022; Prang 2019; Prang 2021; Williams 
et al. 2023).

Whatever the case regarding the last 
common ancestor hominins share with 
chimpanzees and bonobos, there seems 
to be a  consensus regarding the com-
mon ancestor of hominins. For example, 
mounting evidence from the Miocene 
and early Pliocene, suggests that the com-
mon ancestor of early hominins such as 
Ardipithecus, Orrorin, and Sahelanthro-
pus was likely adapted to vertical climb-
ing and perhaps suspension – and that 
the common ancestor of hominins was 
orthograde and not a  knuckle walking 
terrestrial quadruped (Ward 2013).

Importantly, the grasping toe in 
Ar. ramidus was ‘retained for several mil-
lion years on a foot otherwise adapted for 
terrestrial bipedalism’ (Williams et  al. 
2022: 71). This suggests, that in hom-
inins at least, an early form of bipedal 
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posture existed in conjunction with ar-
boreal, climbing adaptations in the foot. 
The occurrence of erect facultative bipe-
dality in forest and woodland dwelling 
hominins capable of tree climbing, is 
further supported by the cranial base and 
position of the foramen magnum in Ar. 
ramidus, which is similar to other biped-
al hominins and distinct from other great 
apes (Kimbel et al. 2014).

It has been argued that bodily based 
metric entertainment amongst members 
of a social group may have evolved in the 
hominin lineage before the metrical ele-
ments of vocal musicality (Brown 2022). 
This theory is based on the observation 
that bodily and haptic based coupling 
in chimpanzees occurs more frequently 
when locomoting in an upright bipedal 
posture (Lameira, Eerola and Ravignani 
2019). The implication of these findings 
is that early erect bipedal hominins such 
as Ar. ramidus may have had increased 
capacity for bodily based coupling and 
entrainment than other great apes. If 
so this would mean the building blocks 
of synchronized bodily movement (that 
is the phylogenetic precursors of dance) 
may have existed at least in an incipient 
form in early bipedal hominins. Conse-
quent to this stage, such ability to met-
rically synchronize bodily movements 
would have formed the basis of metrical 
entrainment of vocalizations and the 
consequent evolution of synchronized 
and rhythmically structured group sing-
ing (Brown 2022). 

If the above scenario is correct, it 
would mean the ability to synchronise 
body movements may have conferred evo-
lutionary benefits on erect bipedal homi-
nins as they ventured out of forested and 
woodland ecologies and into more open 
habitats. Consequently, when thinking 
about the emergence of obligate bipedal-

ism the question that perhaps should be 
asked is “why did early hominins remain 
orthograde when they began exploiting 
terrestrial niches?” (Ward 2013: 1379). 
We could also add to this observation and 
ask what were the socio-behavioural and 
neurochemical factors associated with re-
maining orthograde and exploring terres-
trial niches as erect trunk obligate bipeds? 
And what is the relevance of this anatom-
ical configuration in subserving the neu-
robiological substrates of communicative 
capacities such as music and dance? 

As already mentioned, the impor-
tant point to emphasize when consid-
ering hominin brain evolution is that 
bipedalism emancipates the forelimbs 
and hands from locomotion. The con-
sequences of this are that early bipedal 
hominins lacked the specialized wrist 
and hand morphology evident in chim-
panzees, which prevents these apes from 
evolving complex manipulative abilities. 
It has been argued that retaining a more 
generalized configuration more condu-
cive to precision grasping is what facili-
tated the coevolution between the brain 
and the hands characteristic of the hom-
inin lineage (Lemelin and Schmitt 2016; 
Lundborg 2013; Napier 1993, 1962). Ad-
ditionally, it has been suggested that neu-
ral reorganization and expansion of mo-
tor regions associated with hand motor 
control may have emerged with the Aus-
tralopithecines (Harmand et  al. 2015). 
It is these developments associated with 
bipedal locomotion and hand morpholo-
gy that may have signaled the beginning 
of a unique form of neurochemical reg-
ulation involved in motor control – that 
is upregulation of the dopaminergic sys-
tem. We explore this issue further later 
in this article.

The relationship between vocal abili-
ties, motor control and movement have 
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been extensively explored (Fitch 2011; 
Feenders et  al. 2008; Lieberman 2009). 
For example, it has been argued erect bi-
pedal locomotion provided the initial se-
lective force for the enhancement of the 
subcortical sequencing ability involved in 
both motor control and cognition (Lieber-
man, 2009). Consequently, it has been 
asserted that the selective pressures that 
resulted in the evolution of the sequen-
tial processing necessary for tool manu-
facture, as well as human speech ‘may 
ultimately derive from upright bipedal lo-
comotion, the initial hominid adaptation’ 
(Lieberman, 2009: 143 and 151). There is 
also significant evidence of analogies be-
tween motion and music, with research-
ers finding links between music and the 
force patterns associated with walking 
as well as relationships between physical 
motion and musical tempo (Friberg and 
Sunberg 1999; Shove and Repp 1995). 
Additionally, the ‘felt pulse’ patterns in-
volved in locomotion and rhythmic per-
ception are both believed to be based on 
the entrainment of oscillator circuits in 
the brain (Thaut 2013: 7 and 9). 

Importantly, areas involved in rhyth-
mic perception are related to those that 
regulate movement; for example corti-
co-cerebellar circuits that subserve con-
scious and subconscious responses to 
temporal structure are involved in rhyth-
mic synchronization and rhythmic mo-
tor control (Thaut 2009), while music 
has been found to activate motor and 
premotor cortices that are not part of the 
classical auditory system of the temporal 
lobe (Bengtsson et  al. 2009). Addition-
ally, the basal ganglia shows a  specific 
response to beats during rhythm percep-
tion, with a  cortico-subcortical network 
and coupling of motor and auditory areas 
being associated with musicality (Grahn 
and Rowe 2009). This association is also 

supported by evidence that listeners of-
ten experience music as a type of virtual 
movement analogous to physical mo-
tion, and that during ontogeny master-
ing melodic leaps and steps accompanies 
learning to walk, and that during child-
hood play, musical patterns are often as-
sociated with the affective characteristics 
of the accompanying locomotion (Nikol-
sky 2023). 

Significantly, in animals that have 
high levels of vocal learning, sponta-
neous rhythmic movement to auditory 
rhythms seems to be more common than 
in species that lack such learning. Addi-
tionally in high vocal learners, motor 
planning regions are in tight reciprocal 
communication with forebrain auditory 
regions throughout life, suggesting that 
vocal learning may have been a preadap-
tation for the evolution of human beat 
perception and synchronisation (Patel 
2021). This perspective seems to differ 
from Brown’s thesis discussed above that 
bipedal bodily based synchronisation and 
metric entrainment were evolutionary 
precursors to the metrical and melodical 
aspects of music (Brown 2022). While 
postulating vocal learning as a preadap-
tation for spontaneous rhythmic move-
ment to auditory rhythm is different in 
emphasis from seeing bodily synchroni-
zation as an evolutionary precursor to 
synchronised metrical singing, both the-
ories do link the evolution of rhythmic 
perception with vocalisation and melodic 
vocal synchrony. The difference between 
the two approaches is which has evolu-
tionary priority – vocal learning or bodily 
based synchronized entrainment? 

In terms of the model outlined in this 
paper the question that arises from the 
above discussion is: did vocal learning in 
early hominins such Ar. ramidus and the 
Australopithecines evolve prior to the 
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evolution of beat perception? Related to 
this question is the evolutionary priori-
ty of the hominin vocal tract facilitating 
vocalization and language relative to ob-
ligate erect bipedalism. In terms of the 
issues discussed above it is important to 
emphasize that we see a  shift to a  hu-
man-like vocal tract in Ar. ramidus long 
before we see the emergence of obligate 
terrestrial bipedalism in the Australo-
pithecines. Does this imply that vocal 
learning, may have preceded the kind 
of bodily based rhythmic entrainment 
associated with bipedalism? Or did, as 
intimated by Brown’s model, the emer-
gence of obligate bipedalism in Australo-
pithecines form the evolutionary basis of 
later forms of vocally based metical syn-
chronization – forms of synchronization 
that were absent in Ar. ramidus? 

Resolving these issues with any cer-
tainty is far beyond the purview of this 
essay. However, what our model of sound 
production informed by ecological and 
fossil data provides is a  framework for 
thinking about which aspects of the 
modern adaptive suite may have had evo-
lutionary priority. What is clear is rhyth-
mic perception associated both with lo-
comotion and music seem to be linked. 
The question is which components of 
this aspect of the modern human adap-
tive suite have the greatest phylogenetic 
depth? That is, did vocal learning give 
rise to beat perception or are the metri-
cal aspects of musical rhythm products 
of locomotor adaptations? As we spec-
ulate below, given early hominins may 
have been forest and woodland dwelling 
singers before becoming obligate bipeds, 
could this mean that vocal learning had 
priority in the evolution of beat percep-
tion and synchronization?

The link between musical perception 
and locomotion is also suggested by re-

search findings that patients with Par-
kinson’s disease, or who have suffered 
strokes or traumatic brain injury, bene-
fit from rhythmic auditory stimulation 
(Thaut et  al. 1997; Hurt et  al. 1998; 
Thaut et al. 2001; Thaut 2013). Signif-
icantly, Parkinson’s disease is a  neuro-
logical disorder involving the progressive 
degeneration of the dopaminergic sys-
tem (Raglio 2015), a system which is be-
lieved to be central to the emergence of 
obligate terrestrial bipedalism in the ge-
nus Homo (Previc 2009). Based on such 
findings, it has been suggested that the 
ability to maintain an internal rhythm 
associated with bipedal locomotion and 
fluid walking, would have spread over 
into a capability for maintaining rhyth-
mic sound – and the associated freeing 
of the arms, the hands, and the upper 
torso, in addition to enhanced muscular 
control may have underpinned the evo-
lution of dance within the Homo genus 
(Mithen 2009). 

What the above discussion suggests 
is that hominins have unique neurobi-
ological adaptations associated with en-
trainment to an external pulse, and that 
this ability to rhythmically structure 
sound and movement is related to biped-
al locomotion. Given obligate bipedalism 
seems to be very ancient it is reasonable 
to suppose that early hominins such as 
the Australopithecines possessed a form 
of rhythmic sound production and per-
ception that may have been more ad-
vanced than in other great apes. We sug-
gest such capacity for rhythmic sound 
and movement associated with bipedal 
locomotion may have been crucial to the 
collaborative synchronization underpin-
ning music and dance based coalitionary 
signaling (Hagen and Bryant 2003: 24). 
Further, such an adaptation may have 
been important not only in signaling be-
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tween groups of hominins, but also dur-
ing interactions with predators. In what 
follows we flesh out these ideas in more 
detail and how they relate to the demo-
graphic expansion of Australopithecines.

Canine reduction and 
synchronized sound 

production: reconsidering 
the Australopithecus 

demographic expansion 

In the following we assume Ar. rami-
dus to be ancestral to Australopithecus. 
(White et  al. 2015; White et  al. 2009; 
Kimbel et al. 2014). More specifically, we 
suggest as a working hypothesis that ele-
vated levels of pro-sociality, and possibly 
cooperative breeding or alloparental care 
of offspring, were adaptations already 
in place in Ar. ramidus and that these 
adaptations were necessary for the suc-
cessful demographic expansion of Aus-
tralopithecus. As already noted Austra-
lopithecus shares with earlier hominins 
such as Ar. ramidus a centrally positioned 
foramen magnum as well as loss of the 
aggressive canine armory characteris-
tic of other primates (Suwa et al. 2009; 
Kimbel et  al. 2014; White et  al. 2015). 
However, they possess adaptations sug-
gestive of a  greater degree of terrestrial 
bipedalism than earlier forest and wood-
land dwelling hominins. It is this adapta-
tion that is believed to be associated with 
their demographic expansion into more 
diverse habitats than those occupied by 
earlier hominins (Meindl, Chaney, and 
Lovejoy 2018). 

Significantly, early hominins such as 
O. tugenesis and Ar. ramidus may have 
avoided predators through cryptic hab-
itation in forests (Treves and Palmqvist 
2007). However, having expanded into 

nonarboreal habitats, it is likely that Aus-
tralopithecus became subject to increased 
predation pressure – an observation sup-
ported by extensive analysis of the fossil 
remains of this genus (Brain 1983). Signif-
icantly, as a result of predation pressure, 
it has been argued that hominins inhabit-
ing Pliocene African savanna-woodlands 
might have engaged in more visual, and 
possibly auditory vigilance, than those 
living in closed forested habitats (Treves 
and Palmqvist 2007: 367).

The evolution of African carnivores 
coincided with a  decrease in woodland 
relative to grassland with the conse-
quence that the type and number of car-
nivores changed throughout the course 
of hominin evolution. For example, be-
tween 6 and 3.6 Ma there were five gen-
era of large carnivores without extant 
analogues, and from the mid-Pliocene 
(3.6 Ma) these groups were joined by 
an additional eight new genera of carni-
vores (Treves and Palmqvist 2007: 357). 
Additionally, from 1.8 Ma onward ar-
chaic carnivores went extinct in Africa, 
partly as a  result of a  global carnivore 
guild turnover and species replacement. 
The important issue here for the adop-
tion of obligate erect trunk bipedality 
are the significant number of predators 
that existed between 3.6 and 1.8 Ma 
– a period which coincided with the Aus-
tralopithecus demographic expansion 
into nonarboreal habitats. As Terves and 
Plamqvist write:

Given the existence of numerous am-
bush predators between 3.6–1.8 Ma, 
hominins would have experienced 
strong selection for efficient vigilance. 
Large parties of apes organized like 
those of chimpanzees are conspicu-
ous and costly in terms of individual 
vigilance, competition for food and 
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agonistic social interactions, hence 
we propose early hominin foraging 
parties would have adopted more 
cohesive and calmer social organiza-
tion to maintain efficient vigilance 
and reduce conspicuousness to carni-
vores during diurnal foraging. Groups 
formed of trusted and familiar individ-
uals often forage and travel with high 
levels of interindividual proximity, 
experience minimal conflict, and co-
ordinate vigilance more easily. 

(Treves and Palmqvist 2007: 370)

One of the reasons postulated for the ab-
sence of singing in the majority of terres-
trial primates is that singing will attract 
the attention of ground dwelling pred-
ators (Jordania 2020). Humans are an 
exception to this trend being one of the 
few singing terrestrial primates (Schruth 
et al. 2024). Is it possible that early hom-
inins retained singing from their arboreal 
ancestors with one of its uses being an 
anti-predator adaptation? In this sense, 
far from singing attracting predators it 
may have been, along with high levels 
of interindividual proximity and coordi-
nated vigilance, an effective means of de-
terring them and consequently reducing 
mortality risk.

It has been argued that the demo-
graphic shift of Australopiths into non-
arboreal habitats necessitated a  change 
in social structure to one unlike that 
evident in any other extant non-human 
great apes (Meindl, Chaney, and Love-
joy 2018). For example, such expansion 
into nonarboreal habitats would have 
exposed young and adult females to high 
levels of extrinsic mortality due to preda-
tion. However, if the early hominin so-
cial structure was one based on allo-pa-
rental care, reduced intragroup conflict, 
group level cooperation, and male forms 

of group protection and investment, then 
female survivorship could be enhanced 
both before and after sexual maturity, 
leading to population increase and demo-
graphic expansion (Meindl, Chaney, and 
Lovejoy 2018).

Importantly, large groups of animals 
are more likely to encounter a  predator, 
but less likely to be attacked by it, which 
may result from inherent benefits of group 
living and cooperative breeding systems 
(Sorato et al. 2012). Further, given coop-
erative defence and shelter construction 
are some of the primary benefits of social-
ity, it has been argued that predation risk 
may be fundamental for the transition to-
ward complex social organization (Groe-
newoud et al. 2016). Additionally, numer-
ous animals engage in coalitionary vocal  
signaling; for example female lions roar-
ing in chorus deters alien and potentially 
infanticidal males, gibbons use commu-
nal screaming to defend group boundaries 
and repel predators (Hagen and Bryant 
2003: 26–27) while chimpanzees employ 
group level co-operation mediated by vo-
cal calls as a means of predator defense 
(Boesch 2009:  22–23 and 52–53). Addi-
tionally, baboons jointly drive predators 
from the group (Kummer 1967: 154–155) 
while geladas utter alarm calls and seem 
to form multilevel fission‐fusion social 
structures in response to predation (Lin 
et al. 2020).

Support for possible predation on ear-
ly hominins comes from the Swartkrans 
deposits, which suggest Australopiths 
may have been attacked while in the 
caves, a  distinct possibility given that 
carnivores also use such caves as dens 
(Brain 1994; Treves and Palmqvist 2007: 
363). Given the likelihood of predation 
pressure on Australopiths, then what 
role would have synchronized vocaliza-
tion and sound production played as they 
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expanded out of forest and woodland 
ecologies and out into diverse non-arbo-
real habitats? In the absence of aggres-
sive canine armory, is it conceivable that 
early hominins used synchronized sound 
production and body movement to deter 
predators?

When dealing with this issue it is im-
portant to acknowledge that early forms 
of sound production may not have only 
been vocal but may also have been pro-
duced by the body, such as stomping on 
the ground or clapping, or by hitting phys-
ical objects together. Similar to humans, 
many other animals produce both vocal 
and somatic sounds. For example many 
mammals communicate non-verbally by 
drumming on their body or a substrate in 
order to attract mates, signal to predators 
or to establish territorial ownership – sig-
nals which may be a ritualization of phy-
logenetically older behaviors associated 
with running or digging (Randall 2015). 

In gorilla’s such non-vocal sound pro-
duction is evident in chest beating which 
is believed to convey information about 
size and competitive ability (Wright et al. 
2021). Chimpanzees produce resonant 
sound using their body by moving one 
external object against another such as 
throwing rocks at tree trunks (Kalan et al. 
2019). They also drum on trees which 
enables them to communicate long dis-
tances (Eleuteri et al. 2022) and at times 
such drumming may be integrated with 
vocalization such as the pan hoot (Arcadi, 
Robert, and Boesch 1998). Chimpanzees 
have also been observed performing so-
called “rain dances” (Whiten et al. 1999), 
they show evidence of rhythmic swaying 
induced by sound (Hattori and Tomonaga 
2020) they are able to synchronise their 
movements to an auditory rhythm (Hat-
tori, Tomonaga, and Matsuzawa 2013) in 
addition to exhibiting spontaneous whole-

body entrainment between two peers, 
suggesting possible empirical evidence for 
the phylogeny of human dance (Lamei-
ra, Eerola, and Ravignani 2019). Based 
on these findings it has been suggested 
the prerequisites for music and dance are 
deeply rooted in hominoid phylogeny and 
probably existed in the common ancestor 
shared by humans and chimpanzees ap-
proximately 6 million years ago (Hattori 
and Tomonaga 2020).

Elaborating on these observations 
it has been argued that such bodily 
and ‘haptic coupling may have been 
the earliest means for producing rhyth-
mic entrainment between two agents 
in non-human primates.’ Additionally, 
given such behaviour is restricted to the 
bipedal manner of locomotion in chim-
panzees, such studies ‘might have impli-
cations for the evolution of both bipedal-
ism and dance’ (Brown 2022: 9). Given 
that Ar. ramidus was a facultative biped 
we can speculate that such haptic based 
locomotor coupling may have been more 
common than in chimpanzees who are 
infrequent bipedalists, with a  locomo-
tor anatomy designed for quadrupedal 
knuckle walking. This is even more so 
with the emergence of obligate bipedal-
ism in the Australopithecines. 

Given the ubiquity of sound produc-
tion using the body and objects in mam-
mals and primates, we can assume with 
some justification that a variation on such 
forms of communication existed in Ar. 
ramidus and Australopithecus. However, 
the unique anatomy of these early hom-
inins would suggest that such abilities 
may have been much more complex than 
in other primates. For example, Australo-
pithecus hand proportions are human-like 
primarily because of the unique locomotor 
adaptation of hominins (Almécija, Moyà- 
-Solà, and Alba 2010). Importantly, greater 
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manipulative capacity of Australopithecus 
relative to other great apes is suggested by 
Lomekwi stone technologies, which in-
clude hammers, anvils and sharp-edged 
flakes, which have been dated to 3.3 Ma 
(Harmand et  al. 2015). Additionally 
there is evidence of stone-tool-assisted 
consumption of ungulates by Austra-
lopithecus afarensis (McPherron et  al. 
2010). Lomekwi technologies suggest that 
their makers had elevated levels of hand 
motor control resulting from reorganiza-
tion or expansion of the brain’s various 
motor regions – and that such reorgani-
zation could have occurred before 3.3 Ma 
(Harmand et al. 2015). It is also possible 
that these adaptations provided the social 
niche in which selection for upregulation 
of neurochemicals associated with com-
plex sequential processing and motor con-
trol may have occurred – as we explore in 
more detail below. 

If the co-evolution of the brain, hands 
and motor systems had developed in 
Australopithecus to the point where 
these small-brained hominins were able 
to create hammers and anvils and use 
stone tools to butcher ungulates, then 
the question arises as to what other uses 
such objects and abilities were put? It 
has been proposed that the rhythmic per-
cussive pattern produced by hitting two 
stones together to make tools may have 
been the world’s first musical instru-
ment; for example ‘two flint knappers, 
chipping in ear-shot of each other, could 
have been the first musicians to produce 
rhythmic counter point as they inter-
locked their rhythms’ (Montagu 2004: 
171). It has also been argued that homin-
ins would have been aware of the acous-
tic properties of flint knapping and it is 
possible that they would have exploited 
such properties for communicative and 
social purposes (Blake and Cross 2008).

Concurring with the above authors 
we propose that the long sequence of 
strikes required to make such tools, the 
hitting of stones together, and the use 
of anvils, have acoustic properties that 
would most likely have appealed to early 
hominins. Would they have taken pleas-
ure in the rhythmic structure of repeated 
blows to an object? Would they have used 
such objects to create sound in a similar 
manner to chimpanzees throwing rocks 
at or drumming on trees? Important-
ly, hard rocks, such as basalt, flint or 
chert, suitable, and actually used in the  
Lower Paleolithic for production of weap-
ons and tools with sharp cutting edges 
and fine points, due to their crystalline 
nature, produce distinct clear sounds 
when struck with a hard object (a “ham-
mer”). These sounds are unlike those 
occurring in nature. Consequently, they 
may have attracted the attention of tool-
makers leading them to experiment with 
their production and acoustic properties. 

When moving out of forested ecologies 
caves may have provided hominins with 
shelter and protection from predators – 
as they do for baboons where degree of 
inaccessibility to predators seems to be 
one of the factors involved in the choice 
of sleeping sites such as caves (Hamil-
ton 1982). However, this may have been 
a double-edged sword as caves may have 
been dangerous for hominins as they may 
also serve as dens for predators (Treves 
and Palmqvist 2007: 359). Importantly, 
deposits in the Swartkrans caves contain 
fossilised remains of Australopiths, ba-
boons as well as the extinct carnivorous 
cat Dinofelis. While there is some uncer-
tainty in interpreting the remains, it has 
been suggested that early hominins may 
have been attacked while in the caves, 
a  distinct possibility given that carni-
vores also use such caves as dens (Brain 
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1994; Treves and Palmqvist 2007: 363). 
Given increasing hominin occupation 
of caves as they ventured out of arboreal 
habitats, it is worth considering the de-
gree to which sound production within 
such spaces may have effectively deterred 
predator attacks. Importantly for the evo-
lution of sound production and auditory 
perception, there are resonant spaces in-
side cave structures that produce echoes 
(Fazenda et al. 2017). Additionally, rever-
berations in caves, particularly when oc-
cupied by a concentrated group of people, 
are thought to convert melodic intervals 
into harmonic intervals by prolonging 
the “tails” of preceding melodic tones 
(Nikolsky and Benítez-Burraco 2022). It 
is also worth speculating if early homin-
ins may have explored the acoustic prop-
erties of caves, not only using their voices 
to produce sound, but also objects such 
as stone tools and perishable items that 
may not have survived in the archaeolog-
ical record. 

Given the above-mentioned evidence 
of chimpanzees swaying rhythmically to 
sound, synchronizing their movements 
to an auditory rhythm, as well as sponta-
neous whole-body entrainment between 
two peers, it does seem plausible that 
the hand morphology and tool making 
ability of Australopithecus would suggest 
increased capacity to produce sound and 
entrain to a felt pulse in ways more com-
plex than that evident in chimpanzees. 
Significantly, entrainment seems to be 
associated with rhythmic knapping and 
collective manufacturing of stone tools 
(Zubrow and Blake 2006). Given Aus-
tralopithecines were bipedal, which may 
have increased general rhythmic capabil-
ities, as well as improving manipulative 
capacities due to the associated hand 
morphology, it seems possible that such 
forms of entrainment between numerous 

individuals may have been enhanced rel-
ative to other great apes. This perspective 
is consistent with the view that neural 
reorganization and expansion of motor 
regions associated with hand motor con-
trol may have emerged with the Australo-
pithecines (Harmand et al. 2015). 

It is important to reiterate the point 
that chimpanzees are limited in the ex-
tent to which they can develop the abil-
ities outlined above due to the hand 
morphology associated with their loco-
motor adaptations. Additionally they 
would also lack the neurobiological 
substrates  associated with both bipedal 
walking and associated forms of rhyth-
mic perception – although the above ex-
amples of entrainment to a beat suggest 
chimpanzees may possess such abilities 
in an incipient form. However, we sug-
gest that Australopiths may have evolved 
a more refined sense of rhythm due to be-
ing obligate bipeds – and this process of 
refinement would have continued in later 
species of hominin through autocatalytic 
feedback loops (Henneberg and Eckhardt 
2022). Significantly, there is evidence in 
Australopithecus africanus of an exter-
nal auditory meatus more conducive to 
the perception of high frequencies than 
that evident in chimpanzees, a  derived 
hominin trait that is thought to facili-
tate short-range intragroup communica-
tion in open habitats (Quam et al. 2015). 
Combined with the increased ability to 
manufacture and use hammers and an-
vils, which may have produced loud 
rhythmically sequenced sound, there 
seems to be a plausible case for Australo-
pithecus using synchronized sound pro-
duction and body movement as an ad-
aptation to non-arboreal ecologies with 
elevated predation risk. 

It has been argued that our ancestors 
were vulnerable hominins living in open 
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habitats with limited weaponry, and that 
they may have survived by increasing the 
range and diversity of their vocal calls. 
For example, ‘…lions prowling in the 
dark may have been more wary of ap-
proaching a noisy bunch of females and 
infants if unexpected pitch variations 
made it difficult to estimate group size 
and risk’ (Knight and Lewis 2017:437). 
Group rhythmic singing and dancing has 
also been called an effective intimida-
tion tool that may have been a survival 
strategy of ancestral hominins when they 
moved out of forested habitats (Jordania 
2020). Such synchronized vocalization 
and body movement may have been com-
bined with hitting stones (hammers on 
anvils) resulting in vigorous ‘drumming 
sessions’ during scavenging confronta-
tions with large African predators such 
as lions (Jordania 2014: 94).

As already noted many primate spe-
cies use vocalisation in their attempt to 
deter predators. Some primate species 
may use alarm calls to deter predators 
that depend on surprise attacks – that is 
such calls communicate to the predator 
that they have been seen and that con-
sequently it is unprofitable to con tinue 
the attack (Zuberbühler et  al. 1999). 
They may also combine vocalisations 
with physical attack in mobbing behav-
iour, which involves two or more prey 
animals distracting or repelling a preda-
tor by making repeated advances usually 
while vocalizing and displaying in a con-
spicuous fashion (Treves and Palmqvist 
2007: 368). 

Chimpanzees have been observed ut-
tering despaired calls while climbing up 
into a big tree (Boesch 1991: 228); effec-
tively chasing leopards away using loud 
synchronized barking and branches to 
fight them off, with group level co-oper-
ation mediated by vocal calls being one 

of the most effective means of predator 
defense (Boesch 2009:22–23 and 52–53); 
responding to lions by climbing in to trees 
and eliciting alarm calls and whimpers 
(Tsukahara: 1993); as well as climbing 
high into trees where they remained utter-
ing frequent loud vocalizations until po-
tential predators left the area (Tutin et al. 
1981: 139). In geladas, vocalisations may 
serve to alert other members of the group 
that a predator is nearby or to alert a leop-
ard that it had been seen; additionally 
male geladas have been observed emitting 
loud barks and bluff‐charging to within 
three metres of a  leopard while females 
and smaller juveniles sheltered in near-
by trees and bushes (Lin et al. 2020: 11). 
Significantly, hunter-gatherer peoples use 
rhythmic clapping, drumming, chanting, 
and choral singing explicitly to keep wild 
animals away (Lewis 2009; Thin 1991).

In addition to vocalisation there seems 
to be a  relationship between predation 
and social structure, with increased group 
cohesion reducing predation risk. For ex-
ample, chimpanzee group level co-opera-
tion mediated by vocal calls may be one 
of the most effective means of predator 
defense in this species (Boesch 2009: 22–
23 and 52–53). As Boesch notes, preda-
tion pressure in chimpanzees results in 
individuals of both sexes spending more 
time together, which means they are less 
likely to ‘be singled out in a  leopard at-
tack’ (Boesch 2009: 2). It is important 
to note that there also seems to be an 
ecological component in the relationship 
between social structure and predation. 
For example, savanna-living chimpan-
zees travel in large numbers when mov-
ing between patches of trees, which may 
be an anti-predator response (Tsukahara 
1993), suggesting that as the number 
of trees decrease in a  habitat group co-
hesion may become more important. 
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Concurring with this observation, in ba-
boons who adapted to open savanna or 
semidesert habitats where trees are rare 
as a source of protection from predators, 
resulted in the evolution of large aggres-
sive males who can jointly drive preda-
tors away from the group (Kummer 1967: 
154–155). Significantly, baboons have 
evolved extreme degrees of canine sexu-
al dimorphism, which are in part related 
to the need for predator defense in what 
are essentially hostile savanna habitats 
with high predation risk (Plavcan and van 
Schaik 1992).  

It has been argued that several mil-
lion years ago, both hominins and the 
theropith ancestors of modern gela-
das transitioned from living in wood-
land-dominated habitats to more open‐
country environments. The consequent 
reduction in the availability of refugia 
may have resulted in similar adaptations 
in both groups such as a  fission‐fusion 
way of life and formation of multilevel 
societies (Lin et  al. 2020). Significantly, 
geladas are thought to engage in vocal 
synchrony akin to human choral singing, 
both species using rhythm and melody 
to resolve emotional conflicts (Richman 
1987). Therefore it seems possible that 
such socioecological adaptations may 
have been similar in geladas and Aus-
tralopiths. In our model we hypothesize 
that elements of a  prosocial adaptive 
suite, and possible cooperative breeding, 
were already in place in Ar. ramidus and 
that these adaptations were enhanced as 
Australopiths evolved social adaptations 
to cope with expansion into more diverse 
and challenging habitats. 

Our analysis provides both fossil and 
palaeoecological support for the notion 
that elements of both music and lan-
guage may have evolved from an evo-

lutionary precursor form of “territorial 
chorus” (Brown 2017) – although, as we 
suggest below, such an adaptive complex 
may have been built upon preexisting 
mammalian neurochemistry. The “ter-
ritorial chorus” thesis is based on the 
assumption that music and language 
evolved in the context of egalitarian so-
cial dynamics that promoted group-level 
communication, cohesion and co-opera-
tion (Brown 2007:16). In later periods of 
evolution, this primitive form of sound 
production may have bifurcated into se-
quentially structured language and har-
monic musical forms, with such musical 
forms using isometric rhythms and pitch 
blends and language using words and 
propositional syntax (Brown 2001). In 
our model we propose that such a precur-
sor may have already been evident in ear-
ly hominins such as Ar. ramidus and that 
it was amplified through autocatalytic 
feedback loops (Henneberg and Eckhardt 
2022) as Australopithecines moved into 
nonarboreal habitats and relied more and 
more upon group level sound production. 
This socio-behavioral shift may repre-
sent the very ancient building blocks of 
affect based sound communication in the 
hominin lineage – that is primordial he-
donistic stimulation, which is believed to 
be a universal feature of music associated 
with affective bonding (Benítez-Burraco 
and Nikolsky 2023). 

Self-domestication and the 
evolution of music and language 

The concept of self-domestication has 
been proposed as a  central component 
in human evolution (Hare 2017; Clarke 
and Henneberg 2015 and 2017). Based 
on analogies with domesticated animal 
breeds, this thesis seeks to explain cer-
tain observable trends in the hominin 
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fossil record and features of modern 
human behavior and psychology; these 
include reduced cranial robusticity, 
shortened facial region, reduced levels 
of aggression, social tolerance, elevated 
levels of pro-sociality, reduced sexual 
dimorphism, increased disease risk and 
the retention of juvenile or paedomor-
phic features into adulthood (Hare 2017; 
Clark and Henneberg 2015; Leach 2003; 
Bednarik 2020). While the process has 
been postulated to explain the transi-
tion from more robust to more gracile 
and “feminized” morphology within the 
Homo genus (Cieri et al. 2014; Bed narik, 
Saniotis, and Henneberg 2022), it is 
also believed to have produced the more 
paedomorphic morphology and psychol-
ogy of bonobos relative to chimpanzees 
(Hare, Wobber, and Wrangham 2012) as 
well as the paedomorphic skull architec-
ture of Ar. ramidus, suggesting that the 
process of self-domestication began at 
the base of the hominin clade (Clark and 
Henneberg 2017, 2015). 

Self-domestication is also believed to 
have been crucial to the evolution of music 
(Clark and Henneberg 2017; Benítez-Bur-
raco and Nikolsky 2023) as well as being 
a precondition for the emergence of lan-
guage (Thomas and Kirby 2018). This 
thesis is based on the assumption that 
language presupposes a  system of so-
cial transmission and learning, and that 
such a system could have evolved through 
self-domestication. As the authors write, 
rather than ‘accounting for language 
structure itself, the key task for biolog-
ical evolution lies in accounting for the 
foundational traits that make a process of 
structure-creating cultural evolution pos-
sible.’ Consequently, they argue that ‘the 
cultural evolution of language structure is 
rooted in an earlier process of self-domes-
tication’ (Thomas and Kirby 2018:23). 

Importantly, the skull morphology of 
Ar. ramidus shows greater similarity to 
infant chimpanzees than it does to adult 
chimpanzees (Fig. 1 and 2). These sim-
ilarities include position of the foramen 
magnum, short relative length of the 
face and horizontal vocal tract in rela-
tion to the length of the skull, as well as 
the degree of cranial base flexion. Con-
sequently, it has been argued that these 
paedomorphic features provide evidence 
for self-domestication at the base of the 
hominin clade (Clark and Henneberg 
2017). It has also been argued that ele-
vated levels of prosocial neurochemicals 
such as oxytocin may have evolved in 
Ar.  ramidus (Lovejoy 2009; Clark and 
Henneberg 2017). It is important to note 
that elevated levels of oxytocin and ser-
otonin are characteristic of species that 
have been domesticated by humans 
–  further these neurochemicals seem to 
be part of the self-domestication complex 
of hominins (Hare 2017). 

The important point to note here is 
that the changes in the Ar. ramidus skull 
that correlate with elevated levels of 
pro-sociality and evidence for self-domes-
tication, are the same that are required to 
evolve skull morphology and a vocal tract 
necessary for vocal modulation – that is 
a centrally positioned foramen magnum 
(itself a product of erect bipedalism), loss 
of canine armory and reduced facial prog-
nathism (Clark and Henneberg 2017). 
This observation provides detailed an-
atomical evidence for the contention 
that ‘the cultural evolution of language 
structure is rooted in an earlier process 
of self-domestication’ (Thomas and Kirby 
2018: 23). As noted by Clark and Hen-
neberg (2017), these deep interconnec-
tions between the anatomical basis of 
both vocal tract anatomy and social evo-
lution evident in early hominins, have 
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yet to be adequately explored by paleo-
anthropologists and scholars researching 
the origins of music and language. We 
hope this paper goes some way to recti-
fying this lacuna in the extant literature. 
In what follows we elaborate on this 
perspective in more detail, highlighting 
how neurochemical regulation and the 
process of self-domestication may have 
facilitated the growth of technology and 
musical ability throughout the course of 
hominin evolution. 

Neurochemical regulation 
in the hominin lineage

It has been argued that the evolution of 
human mental capacities was not particu-
larly dependent on changes in brain size 
and structure, but rather on alteration of 
its neurotransmitter and neurophysiolog-
ical regulation involved in information 
processing and emotional states (Previc 
2009; Saniotis et  al. 2019; Henneberg 
and Saniotis 2016; Previc 1999; Saniotis 
and Henneberg 2012). However, current 
knowledge of neurobiological processes 
underlying cognitive abilities in ancestral 
hominins is still scant since neuro-bio-
chemical effects do not fossilise (Sanio-
tis and Henneberg 2011). That said, in 
the above discussion we have made some 
tentative suggestions in which we have 
sought to infer changes in neurochemi-
cal profiles that may have accompanied 
changes in skeletal anatomy – which do 
fossilize. This was based on comparison 
with other species and evidence of neuro-
chemical regulation associated with the 
self-domestication syndrome. 

In what follows we discuss the role 
of oxytocin, serotonin, and dopamine 
and how these neurochemicals may be 
related to the fossil and paleo-ecological 
evidence discussed above. Importantly, 

it has been argued that the process of 
enculturation was largely influenced by 
neuro-hormonal regulation, especial-
ly from the Paleolithic period onwards 
where sophisticated social behaviors, 
technology and art developed (Bednarik 
et al. 2022) and that the social transmis-
sion of linguistic structures was depend-
ent on self-domestication (Thomas and 
Kirby 2018) which involves altered neu-
rochemical regulation (Hare 2017). 

Oxytocin is a deeply conserved neu-
rochemical primarily associated with 
female mammalian nurturant behavior 
(Panksepp 2004). Importantly, in both 
bonobos and chimpanzees the oxytocin 
system is involved in group cohesion 
–  but it functions in species specif-
ic ways. For example, in chimpanzees 
the oxytocin system seems to be associ-
ated with in-group bonding particularly 
in the context of intergroup aggression, 
while in bonobos it seems to facilitate 
both in-group cohesion as well as affili-
ative behaviour between groups (Brooks 
et al. 2022). Given chimpanzee in-group 
cohesion is believed to be related to pre-
dation pressure and intergroup conflict 
(Boesch 2009), it seems the oxytocin 
system can facilitate sociality in the face 
of external threat or competition. How-
ever, it is unlikely that these are the rea-
sons for the oxytocin system evolving in 
chimpanzees – that is it is more likely 
the oxytocin system, originally evolv-
ing in the context of female mammali-
an nurturant behavior, was exapted in 
adulthood group bonding. That the oxy-
tocin system can be exapted in species 
specific ways, is evidenced by the fact 
that in bonobos it is not associated with 
intergroup conflict but forms the phys-
iological basis for increased motivation 
to cooperate as well as intergroup affilia-
tion (Moscovice et al. 2019). 
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In humans oxytocin is involved in sex-
ual bonding (Light, Grewen, and Amico 
2005; Panksepp and Biven 2012:  241) 
parental psychology (Gordon et al. 2010) 
as well as generalised co-operation (Rill-
ing et  al. 2012). It is also involved in 
the social dimensions of music, such as 
trust and cooperation within groups of 
culturally compatible but not necessarily 
genetically related individuals – aspects 
of sociality that are believed to stimu-
late reward and motivation due to mu-
sic’s impact on the limbic system (Har-
vey 2020). Importantly, dance has been 
shown to induce pleasurable arousal and 
positive prosocial mood via the release of 
endorphins and neurohormones such as 
oxytocin (Laland, Wilkins, and Clayton 
2016). The oxytocin system may also 
be associated with a  form of primordi-
al hedonistic stimulation, a  putatively 
universal feature of music associated 
with affective bonding that underpins di-
verse cultural forms of music expression 
(Benítez-Burraco and Nikolsky 2023).

While the oxytocin system, and its 
role in the evolution of early hominin 
musical behavior, may have been impor-
tant for group cohesion in the face of ex-
ternal threat or intergroup conflict – as 
it is in chimpanzees – it may not have 
originally evolved for such purposes. For 
example, it has been argued that the oxy-
tocin system and the coevolved ritualized 
facial, bodily, and vocal signals of affili-
ative intent by ancestral mother–infant 
pairs, formed the original adaptation that 
was then exapted in music, dance, group 
ritual and other social bonding behav-
iours (Dissanayake 2021). 

This perspective has been developed 
in the context of the Australopithecine 
demographic expansion, suggesting that 
“motherese” or infant-mother vocal-
isations were able to establish a  form 

of nontactile contact comfort, which 
then provided the neurobiological basis 
of adulthood music and social bonding 
(Falk 2004). This theory is related to 
the vertical vector of bipedalism, which 
makes it difficult for hominin infants 
to ride on their mother’s back in the 
manner of quadrupedal apes such as 
chimpanzees. Additionally, a  putative 
decrease in infant grasping abilities, and 
specifically the lack of a grasping big toe 
associated with bipedalism, would have 
required mothers to place their infants 
on the ground while they foraged, with 
reciprocal vocalisation maintaining non-
tactile contact (Falk 2004). 

While the notion of such infant-di-
rected speech has been found to exist in 
various forms cross-culturally suggesting 
an evolved universal communicative sys-
tem (Hilton et al. 2022), the motherese 
thesis has been called into question due 
to a  lack of anthropological support for 
the theory (Rosenberg, Golinkoff and 
Zosh 2004). While accepting aspects 
of the motherese thesis, and the possi-
bility that mother infant vocalisations 
may have formed the neurobiological 
substrates of prosocial melodic vocalisa-
tion, we see this form of social bonding 
in a broader social context, and that in-
fant vocalisations may also serve to elicit 
responses from not just the mother but 
also alloparents – a  position that does 
seem to find support from cross cul tural 
data (Hrdy 2009: 123). In this sense vo-
cally mediated bonding between infants, 
the mother and other members of a coop-
eratively breeding social unit, may have 
been exapted in adult social bonding, 
providing the neurobiological foundation 
and ontogenetic precursors for such soci-
oemotional traits – as has been claimed 
for cooperation, empathy and altruism 
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more generally (Preston 2013). Given ox-
ytocin functions in species specific ways 
in bonobos and chimpanzees, it likely 
would have also done so in early hom-
inins – and as is the case with modern 
humans it may have subserved early forms 
of coordinated movement and sound pro-
duction.

Various authors have suggested that 
serotonergic regulation became increas-
ingly employed in the hominin clade 
where it functioned in impulse control 
and delayed gratification (Raghanti et al. 
2008; Azmitia 1999; Saniotis et al. 2021; 
Soubrié 1986). Furthermore, it has also 
been found that increasing serotonin lev-
els in the striatal areas of the brain fur-
ther reinforced limbic inhibition which 
was crucial in the development of tool 
production, language and affiliative be-
haviors (Raghanti et al. 2018). It has also 
been suggested that the serotonin recep-
tor 5-HT2AR may have had a significant 
role in human evolution by improving 
neuroplasticity and adaptive behaviors 
in adverse environments (Ettrup et  al. 
2014). This has obvious implications 
for hominin expansion into nonarboreal 
habitats with increased predation risk. 

Significantly, serotonin and BDNF 
(brain derived neurotropic factor) work to 
reinforce each other. For instance, BDNF 
enhances serotonergic expression of ra-
phe neurons, as well as upregulating sero-
tonergic uptake and modifying serotoner-
gic neuron firing rates (Goggi et al. 2002; 
Martinowich and Lu 2008; Zhou, Sari, 
and Zhang 2000). It has also been argued 
that BDNF underwent positive selection 
due to increasing physical activity levels 
(i.e. persistent hunting) from H. ergaster 
onwards, which produced more BDNF 
which in turn enhanced its synergistic 
neurotrophic and cognitive roles with 
the serotonergic system (Saniotis and 

Henneberg 2013). Further, alteration in 
BDNF expression may have been exapted 
in early hominin social activities which 
entrained affective states via rhythmic 
motor sequences – for example those in-
volved in dance (Brown, Martinez, and 
Parsons 2006). Importantly, dance has 
been shown to increase neurotrophins 
such as BDNF which assist in neuro-
plasticity and cognitive function (Brown, 
Martinez, and Parsons 2006) while mu-
sic, dance and ritual are believed to result 
in forms of prosocial synchronization 
and merging between self and other facil-
itated by endorphin release (Tarr, Launay 
and Dunbar 2014). While it is unclear 
when these neurochemicals were upregu-
lated in the hominin lineage, we suggest 
that such a process may have begun with 
early hominins such as Ar. ramidus, and 
particularly the Australopithecines when 
coordinated movement, sound produc-
tion and vocalisation increased social 
cohesion and predator defence in nonar-
boreal habitats.

 It is important to note the lifestyle 
and dietary changes that occurred as 
hominins ventured into nonarboreal 
habitats and developed a  broader diet. 
It has been suggested that the climat-
ic changes occurring over the last sev-
eral million years in sub-Saharan Africa 
contributed to increased meat consump-
tion and elevated thyroid and dopamine 
production as hominins expanded their 
locomotor range, engaged in chase hunt-
ing, and adapted to ecologies inducing 
increased thermoregulatory stress (Prev-
ic 2009, 1999). Additionally, the con-
sequent increasing dietary levels of the 
omega-3 DHA in ancestral hominins 
probably increased thyroxine (T4) which 
is involved in creativity, language fluency 
and memory (Previc 2002). Thyroxine is 
implicated in converting tyrosine to the 
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dopamine precursor L-Dopa. Significant-
ly, it has been shown that T4 levels in 
humans are approximately 30% higher 
than in chimpanzees (Previc 2002). 

Dopamine is a  significant neuro-
transmitter which is involved in planned 
movement, neuromodulation, spatial 
memory, motivational behaviour and 
cognitive function (Klein et al. 2019; Ber-
ridge and Kringelbach 2008; Salamone 
and Correa 2012). The medial caudate 
nucleus which forms the striatum with 
the putamen in basal nuclei has increased 
dopaminergic activity compared to 
non-human primates, supporting more 
flexible cognitive abilities and behaviours 
(Raghanti et al. 2016). Importantly, dopa-
mine is believed to be an important fac-
tor in sequential learning and planning 
of motor tasks (Badgaiyan, Fischman, 
and Alpert 2007). Additionally, the mo-
tor system is thought to play a  central 
role in musical and rhythmic perception, 
suggesting that motor planning is not 
only involved in movement but is also 
recruited for music perception even in 
the absence of actual physical movement 
(Gordon, Cobb, and Balasubramanian 
2018). We suggest that the regulation 
of oxytocin, serotonin and dopamine 
would have been under significant se-
lective pressure as hominins adapted to 
changed ecological conditions, resulting 
in enhanced prosocial behaviors, motor 
control and synchronized sound produc-
tion and bodily movements. 

The model outlined in this article fo-
cusing on anatomy, social structure and 
neurochemical regulation may prove use-
ful given the discovery of small brained 
hominins such as Homo naledi. For ex-
ample, Homo naledi possesses many 
human-like anatomical traits associated 
with the hand, foot, lower limb, denti-
tion and cranium – yet significantly it has 

a brain size equal to that of australopiths 
(Berger et al. 2017). What this suggests 
is that posture, hand morphology, al-
tered neural architecture and associated 
neurochemical regulation may give rise 
to what were once considered uniquely 
human social behaviors – behaviors that, 
based on the Homo naledi evidence, do 
not seem to require large brain size. For 
example, recent excavations have led to 
claims that Homo naledi seems to pos-
sess cultural traits characteristic of mod-
ern humans, including engraving, fire 
and using forms of collaborative plan-
ning and coordination to bury their dead 
in caves (Fuentes et al. 2023). Given the 
occupation of caves by this species, is it 
possible that Homo naledi took pleas-
ure in, and experimented with, the res-
onant spaces and reverberatory potential 
of caves? To our knowledge there is no 
evidence as yet that they did so – how-
ever absence of evidence is not evidence 
of absence. While the findings of the 
Homo naledi excavations are promising, 
and potentially revolutionary for our un-
derstating of hominin evolution, more 
research is required to establish the ve-
racity of the claims mentioned above; 
for a critical analysis of these claims and 
possible avenues for further research 
see reviewers’ comments in Berger et al. 
(2023). One possible avenue of future re-
search may be to ascertain any previously 
unnoticed evidence of musical behaviors 
among Homo naledi artefacts.

Our model may also help illuminate 
the neurobiological substrates of social 
cognition among the Dmanisi hominins, 
which have cranial capacity ranging from 
545 to  760 ml (Lordkipanidze 2017, 
p. 49). Importantly, the lower limit of the 
Dmanisi fossils of 545ml is only slightly 
larger than the upper limit of chimpan-
zees, which is 500ml (Tobias 1971). It is 
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unlikely that such a  small difference in 
brain size can account for the differences 
in ecological niche, subsistence patterns 
and socio-behavioral adaptations be-
tween these two species. 

Significantly, the Dmanisi hominins 
are believed to have used an Oldowan 
Mode 1 tool kit, to have been cooperative 
hunters who had access to large game, 
who had a  diet broader than H. habi-
lis (Lordkipanidze et  al. 2013; Pontzer, 
Antón, and Lordkipanidze 2014) and 
who were highly social in terms of care 
for conspecifics (Lordkipanidze et  al. 
2005). Given that geographic dispersal is 
believed to be dependent on high levels of 
sociality, combined with the small body 
and brain size of the Dmanisi fossils, 
it has been suggested that the earliest 
hominin presence in Eurasia predated in-
creases in body size and brain size (Lord-
kipanidze et  al. 2013). Given the small 
brain size of these hominins, combined 
with evidence of many aspects of the 
human adaptive suite, it seems reason-
able to propose that their psychosocial 
adaptations result from altered brain ar-
chitecture and neurochemical regulation 
associated with hominin bipedalism. Sig-
nificantly, there is evidence of antemor-
tem damage to the fossils that has been 
attributed to predation (Margvelashvili 
2022; Lordkipanidze et al. 2023). It is in-
teresting to speculate the possible forms 
of sound production employed by these 
small brained hominins – given they 
could make stone tools and given evi-
dence of possible predation would they 
have used coordinated sound production 
to deter predators? That is given their 
ability to engage in complex forms of 
sequential motor control in the making 
of weapons and tools, we also suggest 
that these hominins may have employed 
these abilities in forms of synchronized 

sound production and bodily movement 
– to either enhance group cohesion or as 
a form of predator defense. 

Archeological evidence of sound 
production and sequential 

processing

In this article we have argued that the 
sequential processing and neurochemical 
regulation resulting from erect bipedalism 
may have evolved through autocatalytic 
feedback loops that can be traced back to 
early hominins such as Ar. ramidus and 
the Australopithecines (Henneberg and 
Eckhardt 2022). We also suggested that 
increased capacity for such processing 
and enhanced motor control, in the con-
text of a prosocial egalitarian social sys-
tem, is essential for human technological 
evolution and the structural properties 
of human communicative capacities. As 
opposed to seeing modern linguistic and 
behavioral capacities evolving with the 
emergence of larger brained and more 
gracile members of the Homo genus (Di-
niz-Filho et  al. 2019; Benítez-Burraco 
and Kempe 2018; Neubauer, Hublin, and 
Gunz 2018) we suggest that many of the 
adaptations associated with behavioral 
modernity were already in place among 
Homo erectus (Bednarik 2013; Webb 
2006; Sterelny 2012; Bednarik 2015) 
and that they originally evolved through 
a  social niche involving self-domestica-
tion processes, cooperative breeding and 
intergenerational knowledge transfer 
that may reach back to Ar. ramidus and 
the Australopiths (Clark and Henneberg 
2021a; Clark and Henneberg 2021b). In 
the following we explore this perspec-
tive in greater detail as a  means of in-
terpretating the archeological evidence 
for music – from ancient lithophones to 
purported flutes found by archaeologists 
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from the Aurignacian, a  technocomplex 
of hominins transitional between robust 
and gracile Homo sapiens, i.e., Neander-
thaloid humans (Bednarik 2020).

It has been argued that self-domesti-
cation led to increased skull gracility and 
globularity within the Homo genus, which 
was accompanied by changes in neural ar-
chitecture that gave rise to modern forms 
of cognition and language use within an-
atomically modern humans (Benítez-Bur-
raco and Kempe 2018). However, this 
position has been questioned based on 
evidence that other factors such as mas-
tication may contribute to differences 
between robust and gracile members of 
the Homo genus – and that consequently 
robust varieties going back as far as 600k 
may have been behaviourally modern 
(Clark and Henneberg 2021). If this posi-
tion turns out to have any merit then the 
question arises: to what degree did music 
form part of behavioural modernity in ear-
lier varieties of the Homo genus? 

One of the problems in establishing 
the evolutionary origins of music is most 
types of musical instrument would have 
been made of perishable materials usually 
lost from the archaeological record due to 
taphonomic processes (Bednarik 1994). 
This also means that the absence of such 
artifacts does not necessarily mean that 
earlier hominins lacked the socio-cog-
nitive ability to produce and use them. 
As opposed to inferring the emergence of 
musical abilities by reference to archae-
ological finds of musical instruments, 
we interpret such evidence as some of 
the most recent examples of hominin se-
quential processing, rhythmic perception 
and musical abilities that occurred as re-
sult of architectural and neurochemical 
alterations of the hominin brain. 

Significantly, in palaeoart, we have 
a  number of finds that are attributable 

to robust rather than gracile hominins 
(Bednarik 2017), and there is a tantalis-
ingly small number of apparent musical 
instruments from Middle Palaeolithic 
contexts. About thirty presumed flutes 
or pipes have been reported from Upper 
Palaeolithic settings, but as mentioned, 
they need not necessarily be attributed to 
gracile H. sapiens. The best-known ex-
amples are those from the Aurignacian of 
Hohle Fels, Vogelherd and Geiβenklöster-
le in Germany (Hahn and Münzel 1995; 
Conard, Malina, and Münzel 2009), Spy 
in Belgium (Otte 1979), and Isturitz, 
Abri Blanchard and Mas d’Azil in France 
(Passemard 1944; Harrold 1988). 

As already noted, caves are an impor-
tant competent in hominin evolution go-
ing back to at least Homo naledi if not the 
Australopithecines. Caves may have pro-
vided shelter and protection from preda-
tors in the absence of arboreal forms of 
refuge as well as being places of symbolic 
or ritual behaviour (Jaubert et al. 2016). 
Importantly, many of the paintings of 
the Upper Paleolithic are situated in the 
most resonant areas of the caves, which 
includes stalactites which are reported to 
have been used as natural tone producing 
‘lithophones’ (Morley 2013: 115–117). 
Significantly, it has been argued that the 
acoustic properties of such spaces amplify 
pitch value directing the attention of sing-
ers to fundamental frequencies and har-
monicity (Benítez-Burraco and Nikolsky 
2023). Additionally, the acoustic proper-
ties of caves have led to the suggestion 
that early forms of music and visual art 
may have developed as part of cave based 
ritual practices (Morley 2013).

Some researchers have argued that 
Neanderthals exhibit evidence of cave 
based behaviours traditionally associat-
ed with Homo sapiens. For example, the 
Middle Palaeolithic Bruniquel Cave de-
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posits in France contain evidence of an-
thropogenic geometric structures made 
of stalagmites, suggesting forms of social 
organization among Neanderthals more 
complex than previously thought (Jau-
bert et al. 2016). However, it is unclear 
how ancient forms of ritual and associat-
ed musical behaviors are. We suggest it is 
likely they emerged prior to the evolution 
of anatomically modern humans, having 
developed among robust hominins such 
as Neanderthals. It may even be the case 
that very early versions of ritual behavior, 
at least in incipient form, were present 
among small brained hominins as sug-
gested by the Homo naledi finds. It will 
be interesting to see how future research 
illuminates this issue further.  

Importantly, predation on hominins 
appears to have been common during the 
Pleistocene among early anatomically 
modern humans as well as Neanderthals 
(Camarós et al. 2016). For example Ne-
anderthal fossils from The Cova Negra 
in Spain have cranial punctures similar 
to those evident in the Australopithecus 
cranial fragment SK-54 from Swartkrans 
in South Africa, which are believed to 
have resulted from a leopard attack (Ca-
marós et  al. 2016). It is unclear if cave 
occupation during this period was a  re-
sponse to predation pressure or other 
factors. What seems to be clear is caves 
were a place conducive to the production 
and amplification of sound, that early 
members of the Homo genus ocupied 
them, and that they most likely did so 
for shelter and possible cultural reasons. 
Predation may have been one factor en-
gendering this practice although it seems 
diffcult at present to ascertain its realtive 
role with any certainty.  

There have been occasional reports 
of flute-like objects from Middle Palae-
olithic contexts, of which one example 

deserves closer attention (Fig. 3). It is 
the Mousterian bone flute from Divje 
babe I, Slovenia, from layer 8, the low-
est of five Mousterian strata (Turk 1997; 
Turk, Dirjec, and Kavur 1995). Since it 
was first reported, it has led to intensive 
debates (d’Errico et al. 2003; Chase and 
Nowell 1998; d’Errico and Stringer 2011; 
d’Errico and Villa 1997). The tubular 
fragment of a  juvenile cave bear femur 
bearing a series of holes is dated to about 
50 ka. Advocates of the replacement of 
replacement of robust members of the 
Homo genus by more gracile forms, argue 
that the four regularly spaced holes result 
from carnivore activity, yet they lack in-
dications of compression or crushing 
and any counter-traces on the underside. 
Moreover, experimentation has demon-
strated that the object has a  two-and-a- 
-half-octave compass that extends to over 
three octaves by over-blowing, and per-
fectly melodious tunes can be played on 
it (Turk et al. 2018). It would be readily 
accepted as a flute if it were from an Au-
rignacian context because replacement 
scholars attribute that musical tradition 
to gracile H. sapiens. 

Fig. 3. Presumed flute of the Mousterian of Divje 
babe I, Slovenia, made of a cave bear bone

Flutes or pipes are not the only mu-
sical instruments described from Palaeo-
lithic contexts. Skiffles, rasps or scrapers 
have been reported from several Upper 
Palaeolithic occupation layers (Geiringer 
1982:  13–14; Kuhn and Stiner 1998; 
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Huyge 1991; Maringer 1982; Vincent 
1988; Dauvois 1989, 1999). One such 
possible scraped idiophone is attributa-
ble to the Middle Palaeolithic. It is the 
fragment of a mammoth long bone (prob-
ably a femur or tibia) found with a cold 
fauna and Mousterian flint implements 
at Schulen, Belgium (Huyge 1990). The 
oblique fracture to create a pointed end 
was achieved by a cut scored with a stone 
tool, along which the bone was then 
snapped off. The deeply cut subparallel 
grooves extending from the point down-
wards (Fig. 4) have been so intensively 
worn by transverse rubbing, especially 
near the point, that their original num-
ber is difficult to establish. There seem 
to have been twelve grooves initially, and 
their separating ribs, as well as the edge’s 
underside, are covered by an intense tri-
bological gloss featuring micro-striations 
parallel to the tool’s edge. The gloss is ab-
sent in the groove floors, which have re-
tained the longitudinal striae of the lithic 
tools used to create them. 

Fig. 4. Presumed skiffle on a mammoth bone frag-
ment from Schulen, Belgium

Free aerophones, usually known as 
bullroarers, have also been attributed 
to the Palaeolithic, as have osseophones 
(struck bones), albeit with less persua-
sive examples. The evidence is much 
clearer for another form of idiophone, 
the lithophones. These are rocks struck 
to vibrate, producing clear sounds au-
dible over great distances (Boivin et  al. 
2007; Boivin 2004). Lithophones can 
be identified and may provide the earli-
est evidence available of music-making 
– although we suggest this ability may 
in fact be an extension of the hominin 
sound producing capability that can be 
traced back to Lomekwi artefacts. The 
quality and tone of the sound they yield 
depend on the shape and material prop-
erties of the stone and the amount of 
contact it has with other rocks: minimal 
contact facilitates more effective vibra-
tion. Therefore, stalactites in limestone 
caves are acoustically suitable candi-
dates. Several cave sites have been pro-
posed to have furnished such evidence 
in the form of marked or struck spele-
othem formations (Glory 1964, 1965; 
Vaultier, Santos, and Glory 1965), such 
as the ‘organ sanctuary’ in Nerja Cave, 
Spain (Dams 1984, 1985). However, 
these are Upper Palaeolithic, although 
the Escoural Cave examples could con-
ceivably be Middle Palaeolithic as Upper 
Palaeolithic occupation evidence is lack-
ing at that site.

Most known lithophones (Quere-
jazu Lewis and Bednarik 2010) or ‘rock 
gongs’ are large slabs of rock featuring 
cupules, a type of cup-shaped indenta-
tion that is the most common petro-
glyph on the planet (Bednarik 2008). 
These may occur singly on the litho-
phone’s spot most conducive to emit-
ting good sound, but different parts of 
a  lithophone may yield different notes 
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(Bednarik 2010a). Therefore, most 
specimens bear several cupules, even 
hundreds (Fig. 5). Cupules were made 
by percussion and can occur on any 
rock type, and most of them are not 
found on rocks suitable as lithophones. 
They have been made from the Lower 
Palaeolithic to the 20th century (Fig. 6). 
Replication studies have determined 
that those made on the hardest rocks, 
such as granite, quartzite and in rare 
cases, even massive quartz, can require 
up to hundreds of thousands of blows 
with stone hammers (Kumar and Kr-
ishna 2014). Most of the earliest known 
cupules occur on rocks that may not be 
good lithophones, such as those at Dar-
aki-Chattan (India), Nchwaneng and 
Potholes Hoek (both South Africa) or 
Sai Island (Sudan) (Bednarik 2017: 43–
44, 115–118). A  notable exception is 
the upright quartzite slab in Audito-
rium Cave (India; op. cit. Fig. 38), lo-
cated in a space of distinctive acoustic 
properties. The cupules of these five 
sites have been attributed to the Lower 
Palaeolithic, although dating these phe-
nomena remains notoriously difficult 
(Bednarik 2010b). 

Fig. 5. Granite lithophone covered by cupules; Serra 
do Papagaio III, Santana do Matos, Rio Grande 
do Norte, Brazil

Fig. 6. Some of the 550 cupules on the walls of the 
quartzite cave Daraki-Chattan, Bhanpura, cen-
tral India, 28 of which have been excavated in 
Lower Palaeolithic strata

Of particular interest here are the 
sensory effects of the rhythmic sound of 
cupule production sessions, combined 
with the tremendous physical exertion 
demonstrated by the replication experi-
ments that revealed the involvement of 
immense ‘commitment, stamina and 
patience’ (Kumar and Krishna 2014). 
Cupules on tough rock, especially those 
on lithophones, could have been either 
produced by countless short sittings over 
many generations; or they may be the re-
sult of many monotonous sessions last-
ing hours at a time, introducing a trance-
like state in the operative. The timing 
of striking the rock favours intervals 
reflecting the rebound characteristics of 
the stone hammers, i.e., strikes are very 
precisely spaced in time. The kinetic 
mechanics of the process manifest the 
tribological properties of the elements 
involved, establishing a specific rhythm, 
and it can seem to the operator that the 
rock determines the rate of striking. This 
establishment and governing of rhythm 
over a  lengthy period, combined with 
distinctive pitches of sound produced, 
is a  prime candidate for embedding the 
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rudiments of music production. Al-
though it does not fix the timing of the 
advent of music production any more 
than the archaeological data listed above, 
any form of natural patterning would 
have helped hone hominin cognition. 
Further, such evidence for cognitive hon-
ing may be an extension of processes that 
can be traced back to the earliest stone 
tool technologies. 

In conclusion, our analysis offers 
a  model of human music origins and 
dance grounded in the palaeoecological 
contexts of early hominin evolution. We 
propose that changes in skull architec-
ture, locomotion, hand morphology, neu-
robiology and ecology, may have favored 
the uses of coordinated sound production 
and movement as part of a more gener-
alized adaptive suite. We further argue 
that this very primitive form of move-
ment and sound production provided the 
phylogenetic building blocks that were 
consequently amplified though autocat-
alytic feedback loops during subsequent 
periods of hominin evolution. 

It is also a model that opens up poten-
tially new avenues of research. For exam-
ple, some stone tools have been shown 
to have traces of use as sound producing 
objects. The veracity of our model may be 
able to be tested by re-analyzing Pleisto-
cene artefact assemblages for any hints 
of their use as “sound tools”. As Blake 
and Cross argue, the realisation of the 
potential – and often overlooked – sound 
producing properties of stone tools may 
necessitate the ‘seemingly monumental 
task of re-analysing or re-considering ex-
cavated lithic collections’ a research pro-
ject that ‘should target sites where other 
forms of musical or quasi-musical behav-
iours have survived’ (Blake and Cross 
2008: 17). The presence of such evidence 

among early hominin archaeological de-
posits could be used to test our model. If 
such evidence was forthcoming it would 
push back music origins into much earli-
er periods of paleohistory than previously 
thought. We predict such an archaic origin 
for musical abilities based on the unique 
anatomical configuration, and associated 
neurobiology, of hominin bipedalism, ca-
nine anatomy and hand morphology. The 
challenge for future researchers is to dis-
cover clues for such an ancient origin de-
spite the taphonomic processes that make 
finding such evidence in older archaeolog-
ical layers less likely.
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AbsTRACT: Morphological analysis of the frontal sinuses (FS) is one of the methods used to assess the sex 
of human remains. Depending on the methods, the results indicate the effectiveness of using the FS in the 
assessment of sex at the level of 60–85.9%. Our goal was to determine whether the morphological and mor-
phometric methods of sex assessment based on the FS can be used for examining historical populations in 
anthropological studies. We assessed FS both morphologically and morphometrically on a sample of 76 dry 
skulls (41 females and 35 males) from 17th–18th century form Poland to evaluate the potential of applying 
this method for sex estimation in human remains. A total of 76 X–rays were taken in both frontal and lat-
eral views. The morphology and morphometry of the FS were assessed with ImageJ software. There were no 
significant differences between the sexes in assessing the outline of the upper border of the FS, as well as the 
number of partial septa. There was a statistically significant difference between the sexes in the width of the 
right FS, the height of the right and left FS, and the right and left area of the FS. The lateral view indicated 
a statistically significant difference between the sexes regarding the depth and area of the FS. The accuracy 
rate in classifying males and females using FS morphometry ranged from 59.09% to 69.57%. The FS in the 
lateral view (69.57%) and the height of the left FS in the frontal view (68.18%) are the most appropriate 
regressors for sex determination. Statistically significant differences in some FS measurements between the 
sexes do not appear to be a sufficient indicator of sex. Morphological and morphometrical characteristics of 
the FS should not be used as a guideline for sex assessment in the historical Polish population.

KEy WORds: frontal sinuses, sex dimorphism, morphology, morphometry.
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Introduction

Frontal sinuses (FS) are paired struc-
tures situated within the anterior cra nial 
vault, posteriorly to the superciliary arch-
es (Yoshino et  al. 1987; Moideen et  al. 
2017). These sinuses are pneu matic 
cavities lined with mucosa, located be-
tween the internal and external laminae 
of the frontal bone. FSs are almost always 
asymmetric and separated by a septum. 
Each sinus extends superiorly to the me-
dial end of the eyebrow ridge and back 
into the orbital portion of the frontal 
bone (Falguera et al. 2012). Their inferior 
margin represents the superior margin of 
the orbital rim and their medial margin 
is shared with the contralateral sinuses 
(Yoshino et al. 1987). 

At birth, FS are small, closed pouches 
(Patil et al. 2012). FS pneumatization be-
gins about two years of age, becomes sig-
nificant in early adolescence, and is com-
pleted in the late teens (Hopkins 2016). 
The two FSs develop independently from 
the anterosuperior pneumatization of the 
frontal recess into the frontal bone and 
show considerable anatomical variation 
in size and shape. There are four basic 
morphological types of FS in terms of 
size: aplasia, hypoplasia, medium size, 
and hyperplasia (Guerram et  al. 2014). 
One or both FS may be hypoplastic or 
absent, although bilateral aplasia is rare 
(McLaughlin et  al. 2001). FS can also 
be unilateral or bilateral. The prevalent 
asymmetry of FS can be attributable to 
the fact that they develop from two inde-
pendent structures (Hopkins 2016).

Research on the uniqueness of FS 
structures began in the early twentieth 
century. Schuller (1921), who examined 
the frontal sinuses for the first time in 
1921, provided information about their 
unique shape, complexity, and individ-

uality, with relevance for human identi-
fication in post-mortem cases. The spe-
cial characteristics of frontal sinuses in 
terms of their size, shape, and position 
made them unique personal identifica-
tion tools, especially due to their irreg-
ular shape and inter-individual unique-
ness (Camargo et  al. 2007; Cox et  al. 
2009; Tang et  al. 2009; Uthman et  al. 
2010; Xavier et  al. 2015). Most studies 
indicate that FS can potentially be used 
in sex differentiation during anatomical 
and anthropological studies, as differ-
ences in size and configuration have been 
observed in males and females (Patil and 
Mody 2005; Uthman et  al. 2010; Kim 
et al. 2013; Hamed et al. 2014; Sai Kiran 
et al. 2014; Michel et al. 2015; Thottun-
gal et al. 2024).

However, the biological significance 
of the frontal sinuses is not yet clear al-
though it has been hypothesized to have 
olfactory, respiratory, phonetic, static, 
thermal, and/or mechanical functions 
(Patil et  al. 2012; Nikolova et  al. 2017; 
Godinho and O’Higgins 2018). Accord-
ing to the prevalent theory, its presence 
decreases skull weight and mechanically 
fixes the bones of the splanchnocrani-
um (McLaughlin et al. 2001; Teul et al. 
2005; Guerram et  al. 2014; Nikolova 
et al. 2017).

Estimation of the sex is a  funda-
mental step in performing anthropolog-
ical examinations of skeletal material 
(Phenice 1969; Lovell 1989; Bruce and 
MacLaughlin 1990; Buikstra and Ube-
laker 1994; Hsiao et  al. 1996; Ubelak-
er and Volk 2002; Spradley and Jantz 
2011; Inskip et  al. 2018). As the skull 
is one of the best-preserved body parts 
after death, it is considered a good ma-
terial for assessing sex (Rogers 2005). 
The frontal bone is one of the most sex-
ually dimorphic elements of the human 
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skull, due to features such as glabellar 
prominence, frontal eminences, and the 
massiveness of the supraorbital ridges 
(Williams and Rogers 2006). However, 
these features may not be applicable for 
sex identification when skulls are frac-
tured and deformed. Material from ar-
chaeological sites or ossuaries is often 
fragmentary and thus sex assessment 
is often performed based on single bone 
fragments, which requires extracting as 
much information as possible from such 
material (Ubelaker and Wu 2020). Frag-
mentation of the skull prevents the use 
of most conventional markers for sex 
estimation. When bone fragmentation 
does not allow the use of standard meth-
ods of sex assessment, anthropologists 
may consider alternative methods, such 
as X–ray, CBCT, or histological analysis.

The present study aimed to evaluate 
the morphological structure of FS using 
posteroanterior and lateral radiographs of 
crania of the 17–18th century crania from 
Poland and to compare the findings for 
males and females. Metric analysis was 
performed and the morphological diver-
sity was estimated in terms of FS type, 
the number of scallops, and septa. We 
estimated the height and width range for 
medium-sized (normal) and hyperplastic 
FS types for the entire sample and both 
sexes separately.

This study also aimed to evaluate the 
accuracy rate of sex identification based 
on frontal sinus index and area measure-
ments and determine the dimorphic po-
tential of the frontal sinuses. In addition, 
we aimed to assess the accuracy of sex 
estimates based on a  logistic regression 
model, and to test a hypothesis regarding 
the usefulness of frontal sinus morpholo-
gy as a tool for anthropologists when de-
termining the sex of skeletal material in 
historical samples.

Materials and methods

The research material consisted of a se-
ries of skulls from Krakow cemeteries 
used by people of different socio-eco-
nomic status, dating back to the 17th and 
18th centuries: 1. The cemetery next 
to St. Mary’s Basilica used by wealthy 
burghers (Bieniarzówna and Małecki 
1984; Żukow-Karczewski 1989); 2. The 
cemetery next to St. Mark’s Church, 
where a  group of Krakow craftsmen of 
relatively low social status were buried 
(Zaremska 1974; Myszka 1996); 3. The 
cemetery next to St. Peter the Little in 
the hamlet of Garbary, which was lo-
cated outside the city walls, on the out-
skirts of what was then Krakow. This 
cemetery used to be a burial place of the 
poorest Krakow residents and the in-
habitants of nearby villages (Pieradzka 
1931; Kracik 1989; Wyżga 2014). Figure 
1 illustrates the location of all of these 
sites in Poland.

Figure 1. Map of Poland showing the geographic 
locations of the sites included in this research
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A total of 76 skeletons that exhibited 
a  complete epiphyseal fusion were ana-
lyzed (35 males and 41 females). The 
skeletons included in this study met two 
primary criteria. The first criterion was 
the completeness of the material allow-
ing the estimation of sex and age at death, 
which were estimated using anthropo-
logical methods. All individuals were 
analyzed using the long bones, cranium, 
and pelvis (Phenice 1969; Lovell 1989; 
Bruce and MacLaughlin 1990; Buikstra 
and Ubelaker 1994; Ubelaker and Volk 
2002; Spradley and Jantz 2011; Inskip 
et al. 2018). An overall sex estimate was 
made for each skeleton based on all the 
traits assessed. When general skull and 
pelvic estimates provided conflicting re-
sults, more weight was placed on pelvic 
traits which have been shown to be more 
reliable in sex identification compared to 
solely using skull features (Inskip et  al. 
2018). Skeletons that were ambiguous 
in estimating sex or those whose pres-
ervation state made it impossible to 
determine sex were excluded from the 
analysis. The estimation of age at death 
included evaluations of pubic symphysis 
(Meindl et al. 1985; Brooks and Suchey 
1990), which has been shown to provide 
reasonable age estimates for individuals 
<40 years of age (Hens et al. 2008), and 
the eight-phase Lovejoy auricular sur-
face method (Lovejoy et al. 1985), which 
provides reasonable estimates for indi-
viduals >40 years of age because the au-
ricular surface more frequently survives 
taphonomic insult and its morphologi-
cal changes continue well into the sixth  
decade of life (Hens et al. 2008). The low-
er limit of the age range was set at 25, as 
it exhibits a complete epiphyseal closure 
of the sternal end of the clavicle (Scheuer 
and Black, 2000). The second inclusion 
criterion was good condition of the skele-

ton, and especially a well-preserved facial 
part of the skull with the frontal bone.

All X–ray images were acquired by 
a  radiologist at the Department of De-
scriptive Anatomy, Pomeranian Medical 
University to eliminate technical bias. 
The skulls were placed on a special plat-
form that allowed repeatable radiograph-
ic positioning. To visualize the frontal 
view of the sinuses, we used the PA Axial 
Caldwell Method, which is a caudally an-
gled radiograph, with its postero-anterior 
projection. In the Caldwell position, the 
FS outlines are the clearest, minimizing 
the risk of interpretation errors. According 
to Caldwell’s method, the skull forehead 
was placed against the image detector so 
that the orbitomeatal line was running 
perpendicular to the detector. The petrous 
ridge was below orbits. The skulls angled 
caudally at 15°, the orbitomeatal line was 
parallel to the floor so that the central 
ray exited the nasion. The mid-sagittal 
plane was perpendicular to the midline 
of the image receptor. For the lateral view, 
we used a common routine method. The 
skull lay flat, raised on a thin radiolucent 
foam rubber pad. The infraorbitomeatal 
line from the inferior orbital margin to the 
upper border of the external auditory mea-
tus was set perpendicularly to the table.

Only images with visible FS margins 
were selected for analysis. X–ray im ages 
were acquired according to the common-
ly accepted methodology at a  focus dis-
tance of 1 m, an exposure time of 1 s, 
a  voltage of 90–95 kV, and a  current of 
125 mA.  The applied linear image en-
largement was estimated at 1.13. In the 
calibration measurements, photographic 
film was scanned, calibrated, and saved 
in .jpg format. The morphological types 
of FS were estimated according to Guer-
ram et al. (2014) (see Fig.  2), where apla-
sia indicates the absence of frontal pneu-
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matization, hypoplasia indicates that FS 
is limited to the area under the supraor-
bital line, medium size indicates that FS 
is limited to the area medial to the mi-

dorbital line, while hyperplasia indicates 
that FS extends in the area lateral to the 
midorbital line. Some variations of FS 
pneumatization are shown in Figure 3.

Figure 2. Morphological types of the frontal sinuses after Guerram et al. (2014): a) aplasia, b) hypoplasia, 
c) medium, d) hyperplasia. Where: MOL – midorbital line; SOL – supraorbital line; MSL – midsagittal 
line; mol – medial orbital line (vertical line passing through the most medial orbital point); lol – lateral 
orbital line (vertical line passing through the most lateral orbital point)

Figure 3. Variations of the frontal sinus pneumatization: A – bilateral aplasia; B – bilateral hypoplasia;  
C – bilateral hyperplasia; d – visible asymmetry in FS size
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Based on Caldwell’s diagrams (Fig. 4), 
the following measurements of the fron-
tal sinuses were taken: right height, left 
height, right width, left width, left area, 
right area, and total area obtained only for 
the portion of the FS projected above the 
baseline (A). The separation between the 
left and right sides of the sinus was based 
on the frontal sinus septum to ensure 
that only one width was measured on 
each side. The highest height of each side 
(measurements B and C) was estimated 
from the maximum distance between the 
base and upper lines of the FS, while the 
largest width (measurements F and G) 
was estimated from the maximum dis-
tance between the medial and lateral lines 
of the right and left sides of the FS. The 
linear measurements obtained from each 

radiograph were expressed in millimeters 
(mm), while the areas were expressed 
in square millimeters (mm2). Figure 5 
shows a diagram of the FS measurement 
on lateral cephalograms. The highest (H) 
and lowest (L) points were observed. The 
maximum height (A) of the FS was ob-
tained by connecting these points. The 
maximum depth (B) was measured by 
drawing a  perpendicular line to A  con-
necting the anterior wall of the frontal si-
nus in its deepest part. All measurements 
were obtained using the program ImageJ 
for Windows, and the obtained values are 
the arithmetic mean of three subsequent 
measurements. Next, the range of meas-
urement variability was estimated sep-
arately for the normal and hyperplastic 
types of the FS.

Figure 4. Diagram of Caldwell with the demarcation of the borders of the frontal sinus and identification 
of the measurements collected with the aid of a reference baseline: A – supraorbital line corresponding 
to the superior margin of the orbits; B – the height of the right FS; C – the height of the left FS; D and 
E – lateral lines of the FS right and left side; F – width of the right FS; G – width of the left FS

Figure 5. Frontal sinus measurements on the lateral cephalogram. H – the highest point of the FS; L – the 
lowest point of the FS; A – maximum height, B – maximum depth of the FS
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The frontal cephalograms were divided 
into two main parts. The first step of the 
analysis involved the evaluation of the FS 
morphological type of FS, the variability 
of the upper border of FS and the classi-
fication of the number of partial septa. 
The second step consisted of estimating 
the range of variability, mean value, and 
standard deviation for the sinus measure-
ments analyzed, as well as estimating the 
significance of sex differences. That step 
also included analysis of the estimated 
values of asymmetry indices (AI), which 
were calculated according to Szilvassy 
(1974, 1982) and Tang et al. (2009): 

AI =

The value of the smaller frontal sinus  
measurement

The value of a larger frontal sinus measurement

If both frontal sinuses are of the same 
size, the index in this case is 100 (no 
asymmetry). The closer the index is to 
100, the smaller the asymmetry. Then, 
based on the features that differentiated 
male and female skulls, a simple logistic 
regression model was built.

The analysis of the lateral cephalograms 
included estimation of the descriptive sta-
tistics and assessment of the significance 
of the differences between male and female 
skulls. Similar to the frontal cephalograms, 
a logistic regression model was constructed 
for features that show differentiation.

Sex differences in the sinuses were also 
evaluated in terms of the number of scal-
lops on the superior border (right, left and 
total), the number of partial septa (right, 
left and total), and the unilateral/bilateral 
presence or absence of partial septa. If the 
outline of the anterior margin was scal-
loped or lobulated, these structures were 
counted. A  similar procedure was fol-
lowed for number of partial septa. Figure 
6 shows the applied method for evaluat-

ing the number of scallops and septa (after 
Yoshino et al. 1987), while Figure 7 shows 
an example of FS with scallops and septa. 
The outline of the upper border of the FS 
on each side was divided into the follow-
ing categories: absent; smooth/scalloped 
with 1 arcade; scalloped with 2 arcades; 
scalloped with 3 arcades; scalloped with 
4 arcades; scalloped with 5 arcades; and 
scalloped with 6 arcades.

Figure 6. The upper FS border is scalloped with 3 
arcades on the left and smooth on the right 
side. One partial septum (marked by black ar-
row) is present in the left sinus

To assess the inter-rater reliability 
study, a subset of 30 cephalometric radi-
ographs (15 males and 15 females) were 
randomly chosen to be reviewed by the dif-
ferent observers. Observers independently 
drew measuring lines and made the same 
measurements. The intraclass correlation 
coefficient (ICC) was then determined in 
SPSS statistical package version 23 (SPSS 
Inc, Chicago, IL). We used ICC2 (accord-
ing to McGraw and Wong’s (1996) termi-
nology) or ICC (2,k) (in Shrout and Fleiss’s 
(1979) convention), which is a  Multi-
ple-Rating, Absolute-Agreement, 2-Way 
Random-Effects Model. ICC estimates 
indicate good reliability: ICC = 0.793 for 
male samples, with 95% confidence inter-
val = 0.750– 0.836, and ICC = 0.821 for 
female samples, with 95% confidence in-
terval = 0.759 and 0.854.
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Figure 7. The upper FS border is scalloped with a few arcades (black arrows), both on the left and right sides. 
Red arrows indicate the septa, respectively a partial septa on the left and a complete septum on the right

Results

First, the frequency of the various FS 
morphological types was calculated 
(Tab. 1). A comparison of their estimated 
frequency in males and females using the 
Chi-squared test showed no significant 
differences (p = 0.3954 for the right side 
and p = 0.3122 for the left). In two cases, 
bilateral aplasia of the FS was observed. 
Both of those cases were male skulls with 
a metopic suture.

Second, the morphology of the superi-
or border of the FS was observed and the 
number of scallops was noted (Tab. 2 and 
Tab.  3). Skulls with bilateral sinus aplasia 
were not included in the analysis. How-
ever, skulls with unilateral sinus aplasia 
were included, denoted by the column 
named “Absent” (Tab.  2). Data were ana-
lyzed using the Chi-squared test for com-
parison of the frequency of morphological 
type for the two sexes. No statistically 
significant differences between skull sides 
and sexes were observed (p > 0.05).

Table 1. Distribution of frontal sinus types in the analyzed skulls

Sex Side

Frontal sinus type

Aplasia Hypoplasia Medium size Hyperplasia

n (%) n (%) n (%) n (%)

Female
N = 41

Right 0 (0.00) 6 (14.63) 33 (80.49) 2 (4.88)

Left 0 (0.00) 5 (12.20) 31 (75.61) 5 (12.20)

Male
N = 35

Right 2 (5.71) 4 (11.43) 26 (74.29) 3 (8.57)

Left 2 (5.71) 3 (8.57) 23 (65.71) 7 (20.00)

Total
N = 76

Right 2 (2.63) 10 (13.16) 59 (77.63) 5 (6.58)

Left 2 (2.63) 8 (10.53) 54 (71.05) 12 (15.79)
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Table 2. The classification of the outline of the upper border of the frontal sinus

Sex Side

Outline of upper border

Absent

Smooth / 
Scalloped 

with 1 
arcade

Scalloped 
with 2 
arcades

Scalloped 
with 3 
arcades

Scalloped 
with 4 
arcades

Scalloped 
with 5 
arcades

Scalloped 
with 6 
arcades

n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Female
N = 38

Right 3 (7.90) 12 (31.58) 13 (34.21) 7 (18.42) 2 (5.26) 0 (0.00) 1 (2.63)

Left 2 (5.26) 12 (31.58) 11 (28.95) 7 (18.42) 5 (13.16) 1 (2.63) 0 (0.00)

Chi-squared test R vs L p = 0.6326

Male
N = 31

Right 2 (6.46) 6 (19.35) 9 (29.04) 6 (19.35) 5 (16.13) 2 (6.45) 1 (3.22)

Left 1 (3.22) 5 (16.13) 11 (35.49) 4 (12.91) 6 (19.35) 3 (9.68) 1 (3.22)

Chi-squared test R vs L p = 0.9664

Total
N = 69

Right 5 (7.25) 18 (26.09) 22 (31.88) 13 (18.84) 7 (10.14) 2 (2.90) 2 (2.90)

Left 3 (4.35) 17 (24.64) 22 (31.88) 11 (15.94) 11 (15.94) 4 (5.80) 1 (1.45)

Chi-squared test R vs L p = 0.7499

Chi-squared test – sex differences p = 0.1877

Table 3. The classification of the number of the partial septa

Sex Side N

Number of partial septa

Absent 1 partial septum 2 partial septa 3 partial septa

n (%) n (%) n (%) n (%)

Female 
N = 36

Right 35 28 (80.00) 4 (11.43) 3 (8.57) 0 (0.00)

Left 36 29 (80.55) 6 (16.67) 1 (2.78) 0 (0.00)

Total 71 57 (80.28) 10 (14.09) 4 (5.63) 0 (0.00)

Chi-squared test R vs L p = 0.4957

Male
N = 31

Right 30 23 (76.67) 5 (16.67) 1 (3.33) 1 (3.33)

Left 31 20 (64.52) 7 (22.58) 2 (6.45) 2 (6.45)

Total 61 43 (70.49) 12 (19.67) 3 (4.92) 3 (4.92)

Chi-squared test R vs L p = 0.7567

Total
N = 67

Right 65 51 (78.46) 9 (13.85) 4 (6.15) 1 (1.54)

Left 67 49 (73.13) 13 (19.40) 3 (4.48) 2 (2.99)

Total 132 100 (75.76) 22 (16.67) 7 (5.30) 3 (2.27)

Chi-squared test R vs L p = 0.8408

Chi-squared test – sex differences p = 0.2333
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The lack of significant sex differences 
suggests that the morphological features 
of the frontal sinuses are not a good pre-
dictor of sex assessment, at least in the 
Polish historical population.

Table 4 summarizes the descriptive 
statistics for sinus measurements and 
p–values for Student’s t-tests, which was 
used to compare the significance of differ-

ences between the sides and sexes. Prior 
to the test, the normality of distribution 
was established. The results indicate the 
absence of any statistically significant dif-
ferences between the body sides in terms 
of height, width, and area. In turn, statisti-
cally significant differences were observed 
between sexes, among all measurements 
except for the width of the left FS.

Table 4. Range of variability and mean values of the FS frontal view for females, males, and both sexes 
combined

Measurements

Sex
Student’s 

t-test – sex 
differences

Female Male Total

n Range Mean 
(SD) n Range Mean 

(SD) n Range Mean 
(SD) 

WFS_R [mm] 35 6.64–
33.85

21.13 
(7.63) 29 5.67–

41.31
26.94 
(7.52) 64 5.67–

41.31
23.86 
(8.03) p = 0.004

WFS_L [mm] 36 5.84–
42.78

23.15 
(8.45) 30 8.87–

51.18
26.57 

(10.36) 66 5.84–
51.18

24.71 
(9.45) p = 0.145

Student’s t-test 
– WFS R vs L p = 0.3385 p = 0.8751 p = 0.5849

HFS_R [mm] 35 0.87–
25.58

11.45 
(5.81) 29 1.43–

30.15
14.87 
(5.49) 64 0.87–

30.15
13.00 
(5.88) p = 0.019

HFS_L [mm] 36 2.12–
21.55

12.41 
(4.92) 30 2.94–

35.26
16.15 
(7.73) 66 2.12–

35.26
14.11 
(6.57) p = 0.020

Student’s t-test 
– HFS R vs L p = 0.3133 p = 0.4688 p = 0.3138

AFS_R [mm2] 35 0.70-
49.72

19.95 
(13.76) 29 0.59–

66.84
30.28 

(14.90) 64 0.59–
66.84

24.72 
(15.10) p = 0.005

AFS_L [mm2] 36 0.86–
56.88

23.29 
(14.01) 30 1.95–

94.10
34.76 

(23.44) 66 0.86–
94.10

28.41 
(19.51) p = 0.017

Student’s t-test 
– AFS R vs L p = 0.4559 p = 0.3833 p = 0.2298

WFS_R – width of the right frontal sinus; WFS_L – width of the left frontal sinus; HFS_R – height of the 
right frontal sinus; HFS_L – height of the left frontal sinus; AFS_R – area of the right frontal sinus; 
AFS_L – the area of the left frontal sinus; WFS – width of the frontal sinus; HFS – the height of the 
frontal sinus; AFS – the area of the left frontal sinus
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The asymmetry index (AI) was calcu-
lated according to Szilvassy (1974, 1982) 
and Tang et al. (2009). Descriptive statis-
tics and the evaluation of differences in 
the mean AI value between the sexes are 
summarized in Table 5. The average values 
of height-width indices are very similar for 
both sexes and indicate the lack of asym-
metry in both the female sample (72.19 
WFS AI and 37.01 HFS.AI) and the male 
sample (77.33 WFS AI and 69.33 HFS AI). 
Slightly lower average values were obtained 
for the area index (60.13 AFS AI in women 
and 58.68 AFS AI in men). No statistically 
significant differences between males and 
females were found in mean AI values for 
all the measurements analyzed.

Table 6 summarizes the descriptive 
statistics for sinus measurements along 
with p–values for Student’s t-tests, which 
was used to determine whether there 
were significant sex differences. Prior to 
the test, the normality of distribution 
and the ratio of FS height and depth 
(Frontal Sinus Index – FSI) was calculat-

ed. The results indicated no significant 
sex differences in FS height and frontal 
sinus index (FSI). In contrast, significant 
differences were found for FS depth (DFS) 
and FS area (AFS) measurements.

In the next part of the study, a  sim-
ple logistic regression model was built 
based on different variables presented in 
Table 7. In the case of osteological ma-
terials, damage to the squamous part of 
a  frontal bone is often observed, which 
may result in the inability to perform all 
required measurements. When consid-
ering the potential fragmentation of the 
frontal bone in the supraorbital region, 
we decided to present the results for sin-
gle variables, which may be more useful 
in the daily work of anthropologists.

The accuracy rate for classifying fe-
males and males ranged from 59.09% to 
69.57%. The model shows that the fron-
tal sinus area in the lateral view (69.57%) 
and the height of the left frontal sinus in 
the frontal view (68.18%) are the most 
suitable regressors for sex determination. 

Table 5. Asymmetry index (AI)

AI

Sex

Female Male Total

n Range Mean 
(SD) n Range Mean 

(SD) n Range Mean 
(SD) 

WFS AI 33 24.06–
98.95

72.19 
(18.63) 28 25.15–

99.03
77.33 

(18.06) 61 24.06–
99.03

74.55 
(18.40)

Student’s t-test – 
WFS AI p = 0.534

HFS AI 33 7.84–
99.24

73.01 
(25.54) 28 18.03–

99.31
69.33 

(19.25) 61 7.84–
99.31

71.32 
(22.76)

Student’s t-test – 
HFS AI p = 0.280

AFS AI 33 3.10–
99.67

60.13 
(27.81) 28 4.68–

92.97
58.68 

(23.44) 61 3.10–
99.67

59.47 
(25.70)

Student’s t-test – 
AFS AI p = 0.829

WFS AI – asymmetry index of the frontal sinus width; HFS AI – asymmetry index of the frontal sinus 
height; AFS AI – asymmetry index of the frontal sinus area
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Table 6. Range of variability and mean values of the FS lateral view for females, males, and both sexes 
combined

Measurements

Sex

Female Male Total

n Range Mean 
(SD) n Range Mean 

(SD) n Range Mean 
(SD) 

DFS 37 3.26–
12.72

7.39 
(2.03) 32 3.35–

16.83
9.04 

(3.35) 69 3.26–
16.83

8.15 
(2.83)

Student’s t-test WFS –  
sex differences p = 0.015

HFS 37 9.86–
35.79

23.21 
(6.45) 32 4.09–

48.25
26.00 
(8.65) 69 4.09–

48.25
24.51 
(7.62)

Student’s t-test HFS –  
sex differences p = 0.131

AFS 37 2.33–
30.65

14.65 
(6.43) 32 1.92–

48.28
19.61 

(11.75) 69 1.92–
48.28

16.95 
(9.54)

Student’s t-test AFS –  
sex differences p = 0.030

FSI 37 1.29–
6.58

3.29 
(1.09) 32 0.73–

5.81
3.05 

(1.06) 69 0.73–
6.58

3.18 
(1.08)

Student’s t-test FSI –  
sex differences p = 0.367

DFS – depth of the frontal sinus; HFS – height of the frontal sinus; AFS – area of the frontal sinus; FSI – 
Frontal Sinus Index – the ratio of height and depth of the frontal sinus

Table 7. Simple logistic regression analysis of sex by different variables

Variables Coeffi-
cient SE Wald p  

value

-2 Log 
likeli-
hood

χ2 for 
model 

fit

p  
value

% of over-
all correct-
ed classifi-

cation

Frontal view

HFS_R 1.1202 0.5028 4.9052 0.0267 41.2021 5.7552 0.0164 67.19

Constant -1.6601 0.7197 5.3202 0.0211

HFS_L 0.9658 0.4376 4.8701 0.0273 41.6604 5.6283 0.0177 68.18

Constant -1.5524 0.6723 5.3322 0.0209

WFS_R 1.0242 0.3879 6.9703 0.0082 39.8270 8.5055 0.0035 65.63

Constant -2.6713 0.9929 7.2387 0.0071

WFS_L 0.3984 0.2750 2.0987 0.1474 44.3781 2.1930 0.1386 59.09

Constant -1.1717 0.7301 2.5752 0.1085

AFS_R 0.5124 0.1954 6.8715 0.0088 40.8203 8.0836 0.0045 63.08

Constant -1.4294 0.5537 6.6638 0.0098
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Variables Coeffi-
cient SE Wald p  

value

-2 Log 
likeli-
hood

χ2 for 
model 

fit

p  
value

% of over-
all correct-
ed classifi-

cation

AFS_L 0.3319 0.1470 5.0991 0.0239 41.7589 5.8361 0.0157 67.69

Constant -1.1634 0.4909 5.6176 0.0178

Total area 0.4091 0.1386 8.7157 0.0032 41.3680 10.5980 0.0011 67.65

Constant -2.2191 0.7300 9.2397 0.0024

Sinus Index -0.2117 0.2333 0.8233 0.3642 47.2218 0.8481 0.3571 59.42

Constant 0.5258 0.7750 0.4603 0.4975

Lateral view

HFS 0.5069 0.3391 2.2341 0.1350 46.4587 2.3742 0.1234 63.77

Constant -1.3920 0.8721 2.5477 0.1105

DFS 2.2836 0.9939 5.2790 0.0216 44.5877 6.1163 0.0134 65.22

Constant -2.0051 0.8416 5.6760 0.0172

AFS 0.5986 0.2889 4.3010 0.0381 45.2047 4.8823 0.0214 69.57

Constant -1.1572 0.5428 4.5456 0.0330

HFS_R – height of the right frontal sinus; HFS_L – height of the left frontal sinus; WFS_R – width of the 
right frontal sinus; WFS_L – width of the left frontal sinus; AFS_R – area of the right frontal sinus; 
AFS_L – the area of the left frontal sinus; HFS – the height of the frontal sinus; DFS – depth of the 
frontal sinus; AFS – the area of the left frontal sinus; SE – standard error of the mean

After applying a multivariate logistic 
regression model for all measurements 
of the frontal projection (including meas-
urements from both sides), the mean 
correctness of the sex evaluation was 
73.77% (χ2 for model fit was 21.0510 at 
p = 0.00703). Regarding measurements 
performed in the lateral view, the mean 
correctness of the sex evaluation was 
68.11% (χ2 for model fit was 6.1494 at 
p = 0.1046).

Therefore, including all measure-
ments in the frontal sinus morphom-
etry-based sex assessment regression 
model generally increases its reliability 
by slightly more than 5.5% to less than 
15%. However, the use of all possible 
measurements in the model does not 
allow us to conclude whether the relia-
bility of the method itself increases sig-
nificantly.

Contrary to expectations and despite 
obtaining statistically significant results, 
the morphometry of the frontal sinuses 
does not constitute a reliable sex discri-
minant in the skeletal series we exam-
ined.

Discussion

Numerous attempts have been made to 
assess the usefulness of the upper border 
morphology of the FS. In order to deter-
mine the dimorphic potential of the FS, 
many researchers have evaluated the 
accuracy rate of the frontal sinus index 
(FSI) and area measurements in sex es-
timation (Yoshino et  al. 1987; Riepert 
et al. 2001; Christensem 2005; Camargo 
et al. 2007; Goyal et al. 2013; Sai Kiran 
et al. 2014; Luo et al. 2018; Almeida Pra-
do et al. 2021; Thottungal et al. 2024). 
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In this study, we aimed to compare the 
morphology of the sinuses in males and fe-
males and to determine whether morpho-
metric differences can be used as an addi-
tional anthropological tool in determining 
the skeletal sex of historical populations.

The frontal sinus may be absent or 
even extend beyond the frontal region. In 
the skeletal series analyzed, we observed 
two male skulls with bilateral FS aplasia. 
The typical configuration of FS features 
two sinus cavities separated by a  bony 
septum, but variations in the number of 
sinus cavities have been reported.

The typical FS configuration features 
two sinus cavities separated by a  bony 
septum, but variations have been report-
ed regarding the number of sinus cavities 
present. The FS may be absent or even 
extend beyond the frontal region. The 
presence of three or more sinus lobes 
is considered to be quite rare (Phrabha-
karan et  al. 1999), while some studies 
suggest that double and triple (Schaeffer 
1916; Açar et al. 2020), or even quadru-
ple and quintuple cavities (Cryer 1907) 
are quite common.

In the present study, FSs were classi-
fied into four types of pneumatization. 
The medium-sized FS type was the most 
prevalent on both sides, both in males 
and females (77.63% and 71.05% on the 
right and left sides, respectively), which 
is consistent with the results reported 
by Guerram et al. (2014). In turn, Yazu-
ci (2019) reported that hyperplasia was 
the most widespread type of FS in males, 
while aplasia and hypoplasia were pre-
dominant in females. The predominance 
of hyperplastic FS in males may be due to 
their overall relative size.

In the analyzed skeletal series, we 
observed two male skulls with bilateral 
aplasia of the FS (2.63%). Studies indi-
cate that complete absence of FS oc-

curs in approximately 0–15% of adults 
(Yoshino et al. 1987; Çakur et al. 2011; 
Guerram et  al. 2014; Belaldavar et  al. 
2014; Yüksel Aslier et  al. 2016; Duzer 
et al. 2017; Pajic et al. 2017; Luo et al. 
2018; Butaric et  al. 2020) and the rate 
may vary between different geographic 
groups, climate, extent of supraorbital 
ridges, ancestry, cranial indices, or pres-
ence of a metopic suture (see, e.g., Ikeda 
1980; Gulisano et al. 1987; Harris et al. 
1987; Donald et  al. 1994; Christensen 
and Hatch 2018). An interesting case of 
high percentages of aplasia was observed 
in the Alaskan Inuit population: 36% of 
females and 25% of males (Duzer et al. 
2017) and the Canadian Inuit popula-
tion: 40% of females and 43% of males 
(Hanson and Owsley 1980).

In the present study, the upper bor-
der of the frontal sinuses scalloped with 
two arcades was the most frequent type 
of morphology, both in females and males 
(31.88% total), while Yoshino et al. (1987) 
reported FS smooth or scalloped FS with 
one arcade as the most frequent in the 
Japanese population. In turn, in Tang 
et al. (2009) the most frequently record-
ed FS type was scalloped with two arcades 
on the left side (26.7%) and scalloped with 
three arcades on the right side (27.3%). 
These discrepancies are probably due to 
population or geographical differences.

The study by Yoshino et  al. (1987) 
and Luo et  al. (2018) and our findings 
suggest the absence of a partial septum as 
the most common morphological feature 
in the populations studied or skeletal se-
ries. The authors also obtained similar 
values for the FSI for women and men in 
the lateral view.

Some researchers have attempted to 
use morphometric diversity of the fron-
tal sinuses and frontal sinus indices to 
assess sex (Goyal et al. 2013; Belaldavar 
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et al. 2014; Sai Kiran et al. 2014; Michel 
et al. 2015; Luo et al. 2018). Some stud-
ies showed a  strong indication of a  dif-
ference between groups of men and 
women for most of the variables studied 
(Belaldavar et al. 2014, our data). Some 
studies indicated that single indicators, 
such as width of frontal sine (Sai Kiran 
et al. 2014), height and depth of frontal 
sine (Hamed et  al. 2014; Shamlou and 
Tallman 2022), or total FS volume/area, 
are the most discriminant (Michel et al. 
2015). However, in most cases, the fron-
tal sinus index revealed statistically sig-
nificant sexual dimorphism (p > 0.05) 
and was thought to be a  comparatively 
better indicator of sex determination. 
According to Grummons et  al. (1987), 
ratios are more reliable compared to indi-
vidual absolute measurements because of 
the inherent shortcomings of cephalome-
try, such as magnification. 

According to a  study by Tang et  al. 
(2009), the height and width asymme-
try index of bilateral frontal sinuses in 
the Chinese Han population was slight-
ly higher (both height and width were in 
the range of 80–100) compared to those 
reported in this study (average 71.32 for 
height and 74.55 for width). In our study 
the height and width ratio was not sta-
tistically significant compared to individ-
ual measurements. This might be due 
to vari ation between skeletal series, and 
differences in the literature data in this 
respect could be linked to the variability 
of sexual dimorphism in different popula-
tions. However, some researchers argued 
that although the FSI method was superi-
or to others, it had little potential because 
it consistently produced a low percentage 
of correct classifications, only slightly bet-
ter than individual measurements (Buck-
land-Wright 1970; Cameriere et al. 2005; 
Goyal et al. 2013; Belaldavar et al. 2014).

All skulls in the present study had 
asymmetric FS, which is attributable to 
independent pneumatization process-
es of the right and left FS. According to 
the literature, 85.7% of individuals ex-
hibit asymmetry of FS height and width: 
50.1% have left-sided dominance and 
35.6% have right-sided dominance while 
the remaining 14.3% reveal symmetric 
sinuses (Basic et  al. 2004; Kanat et  al. 
2015). Larger left FSs in both sexes were 
also recorded by Spaeth et al. (1997) and 
Pondé et al. (2003) and was observed in 
the present study for all three types of 
pneumatization separately and for all 
types combined.

Previous studies reported variation in 
FS size depending on the individual’s sex 
(Ruiz et  al. 2004). Our results indicate 
that all absolute means measurements 
were higher/wider for male skulls, includ-
ing the FS area (both in frontal and lateral 
view), but not all reached statistical signif-
icance. Buckland-Wright (1970) was one of 
the first authors to report sex differences, 
stating that the FSs in males were approx-
imately twice as large as in females. The 
morphological differences in the crani-
um between the two sexes are considered 
to be mainly caused by genetic factors, 
more so than by nutritional, hormonal, 
or muscular factors (Quatrehomme et al. 
1996; Patil and Mody 2005), which can 
explain why the FSs of men are on average  
larger compared to those observed in 
women (Szilvassy 1981). 

In our study, statistically significant 
differences were obtained for most mea-
surements in the frontal view (except for 
the width of the left side) and for the depth 
and the area of the frontal sine in the lat-
eral view. Similarly significant differences 
between men and women in a variety of 
metric (e.g., total volume, width, height, 
depth, angle) and non-metric traits 



78 Kamil Mrożek, Justyna Marchewka, Beata Borowska, Alicja Budnik et al.

(bilateral asymmetry, sinus shape) were 
obtained in several other studies (Kim 
et  al. 2013; Hamed et  al. 2014; Michel 
et al. 2015; Wanzeler et al. (2019).

In contrast, Yoshino et al. (1987) and 
Cox et al. (2009), who also evaluated an-
teroposterior radiographs, found no sig-
nificant sexual dimorphism. Both studies 
indicated a  sceptical view regarding the 
value of FS in sex assessment, suggesting 
too high interindividual variability of the 
sinuses.

Our results of the correct discrimi-
nation rate are within the range report-
ed by other researchers, i.e., 60.0–85.9% 
(Camargo et  al. 2007; Uthman et  al. 
2010; Goyal et al. 2013; Belaldavar et al. 
2014; Hamed et al. 2014; Sai Kiran et al. 
2014; Michel et al. 2015; Luo et al. 2018; 
Almeida Prado et al. 2021). 

Discriminant analysis reported by 
Uthman et al. (2010) indicated the high-
est empirical values. The authors cor-
rectly predicted sex from FS in 76.9% of 
the cases (in conjunction with skull mea-
surements, the overall accuracy rate was 
85.9%). In the model reported by Uthman 
et al. (2010), the height of the left sinus 
was the best discriminating variable, fol-
lowed by the width of the right sinus.

It should be emphasized that the lower 
average correct discrimination rate was ob-
tained based on morphological characteris-
tics such as the number of scallops on the 
superior border of the sinuses, the number 
of partial septa, and the unilateral/bilater-
al presence or absence of partial septa or 
supraorbital cells. Higher values were ob-
tained based on metric measurements of 
the height, width, and area of the FS.

In summary, FS provides an average 
accuracy for estimating sex across dif-
ferent populations. This may be due to 
their substantial morphological varia-
bility. Some researchers have suggested 

that different populations express sexual 
dimorphism by different patterns and to 
different degrees, depending on variation 
among proximate and ultimate mecha-
nisms, such as sexual selection, mating 
patterns, variation in body size, eco-
nomic patterns, and non-economic role 
patterns (Bastir et al. 2011). Populations 
may show greater or lesser sexual dimor-
phism, translating into average male and 
female morphology (Walker 2008). Thus, 
some groups may reveal significant dif-
ferences, while in others those differenc-
es may not reach statistical significance.

A significant limitation of the present 
study is the small sample size that might 
be not enough to capture the complete 
range of variation, as well as the fact that 
the exact anatomy of the frontal sinus 
may not be captured on radiographs due 
to shot angle and distance, thus reducing 
the reliability of research results using 
cephalograms (Cameriere et al. 2005). In 
general, the use of FSs for anthropological 
purposes requires a certain degree of cau-
tion. Certain environmental factors, such 
as hyperpneumatization caused by sport 
activities, disease, trauma, post-mortem 
changes, and differences in techniques 
and radiographs such as distance, angle, 
and orientation of the skull, can modify 
the image of the frontal sinus, distorting 
its anatomical features and morphomet-
ric analysis (Quatrehomme et  al. 1996; 
Cameriere et al. 2005).

Biological anthropology distinguish-
es between estimating sex by visually 
examining skeletal features (nonmetric 
methods) and using equations based on 
skeletal dimensions (metric methods). 
Growing concerns about the subjectivity 
of nonmetric sex assessments have led 
to the implementation of ordinal scor-
ing systems, statistical methods, and 
the quantification of discrete trait mor-
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phology with geometric morphometric 
techniques that examine shape differ-
ences (Ajanović et al. 2023). Metric sex 
estimation is preferred due to the objec-
tivity associated with osteometric data, 
but it is only possible if equations from 
geographically and temporally appropri-
ate reference samples are available and if 
the material is not fragmentary (Chova-
lopoulou et al. 2018).

Despite statistically significant differ-
ences in linear measurements and areas 
of the FS between the sexes, our results 
do not support the hypothesis of the use-
fulness of the frontal sinuses in assess-
ing the sex of historical skeletal mate-
rials. The accuracy rate obtained (from 
59.09% to 69.57%) is insufficient. The 
results of this paper suggest that frontal 
sinuses may have limited application as 
predictors of sex. The obtained values of 
the correctness of the assessment are not 
high, which allows us to conclude that, 
when we have mixed bones (e.g., ossuar-
ies), the assessment is unreliable, in con-
trast to the promising results of work in 
the field of forensic medicine.

In summary, the method of sex as-
sessment based on frontal sinus morpho-
metry, which has garnered great interest 
in forensic medicine and forensic anthro-
pology, is not necessarily applicable to 
the study of prehistoric populations.
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AbsTRACT: In 1950 on Mount Zlatý kůň (‘Golden Horse’) in modern-day Czech Republic a system of caves 
was discovered. During many years of research in this area, human and animal osteological remains have 
been excavated, among which the most interesting ones were nine fragments of a female skull, now dated 
to ca. 43,000 yrs BP which are one of the earliest known anatomically modern humans in Eurasia. The 
aim of this research was to use purely digital techniques to: (1) to reconstruct the skull based on the 3D 
data of preserved fragments, (2) to approximate the probable appearance of the female it belonged to, and 
(3) to analyze the calculated shape of the reconstructed mandible and volume of the neurocranium in the 
context of similarities and differences with other representatives of the genus Homo. Computer techniques 
used in this research constitute a new, original approach to the problem of 3D analyses and may be useful 
primarily in bioarchaeological sciences, where metric analyses of the most valuable bone artifacts are often 
severely limited due to the incompleteness of the material available for research. The digital techniques 
presented here may also contribute significantly to the field of surgery, with the possibility of being adapted 
for applications in cranial prosthetics and post-traumatic reconstructive surgery.
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Introduction

In 1950, during the works on the ex-
plosion of a  large limestone rock on 
Mount Zlatý kůň (‘Golden Horse’), the 
Kone ̌prusy cave system (in modern-day 
Czech Republic) was discovered by con-
struction workers. Its exploration over 
the following years revealed the pres-
ence of human and animal remains, as 
well as stone- and bone-made artifacts 
attributed to the early Upper Palaeolith-
ic period. Attention was paid to the pres-
ence of what initially appeared to be two 
separate skulls, but later, when the piec-
es of bone were assembled, were argued 
to belong to a single individual. Con-
tradictory studies continued to emerge, 
as, given the structural robustness, the 
remains were firstly attributed to a male 
although subsequent analyses indic ated 
an adult female. A similar problem arose 
in the case of assessing the antiquity of 
the remains: initially, estimated to be 
ca. 30,000 years old by the archaeologi-
cal stratigraphic method and then, using 
radiocarbon dating, reconsidered to be 
much younger, ca. 15,000 before pres-
ent (BP). However, a craniometric anal-
ysis found the remains compatible with 
a chronology anterior to the Last Glacial 
Maximum (LGM, ca. 20,000 years ago). 
Later 14C tests dated the remains back to 
ca. 34,000 years BP, but it was believed 
that the skeleton was too contaminated 
by an animal glue found on the skele-
tal elements to yield a reliable absolute 
dating. Genomic analyses carried out 
on the remains and Bayesian tip dating 
suggested a much earlier chronology of 
ca. 43,000 years ago, making the Zlatý 
kůň 1 woman one of the earliest known 
anatomically modern humans preserved 
from the stock of the first Eurasian in-
habitants (Posth 2021; Prüfer et  al. 

2021; Rmoutilová et al. 2018; Svoboda 
2000). Palaeogenetically, this female in-
dividual’s genome was shown to have 
a  limited amount of Neanderthal ad-
mixture and it is worth underlining how 
the lineage she belonged to did not con-
tribute genetically to later generations 
of people in Europe or Asia (Churchill 
et al. 2022; Prüfer et al. 2021). In this 
article, a 3D facial approximation based 
on an anatomical analysis is offered us-
ing novel digital techniques.

Materials and methods

A. Concepts, software and hardware
Forensic facial reconstruction (FFR) 
or forensic facial approximation (FFA) 
(Stephan 2015) is an auxiliary recog-
nition technique that predicts facial 
appearance and is used when little in-
formation is available to identify an in-
dividual based on their remains (Pereira 
et  al. 2017). It should be stressed that 
this technique is not about making an 
exact identification, such as those pro-
vided by DNA tests or comparative 
analysis of teeth, but, rather, it relies 
on the recog nition of the facial aspects 
that may indirectly lead to individual’s 
identification. As previously noted, for 
the FFA process to be feasible, it is nec-
essary to first obtain the appearance of 
the skull itself.

This skull image was acquired in 
a purely digital process, based on pre-
viously published methodology, an 
approach which will be described in 
further detail later. Facial approxima-
tion followed the same approach de-
scribed in Abdullah et  al. (2022) and 
Moraes (2023), although with small 
modifications. The modeling process 
was carried out in the Blender 3D soft-
ware, running the add-on OrtogOn-
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Blender (http://www.ciceromoraes.com.
br/doc/pt_br/OrtogOnBlender/index.
html) and its submodule ForensicOn-
Blender. The program and add-on are 
free, open source and multiplatform. 
They can run on Windows (>=10),  
MacOS (>=BigSur) and Linux (=Ubun-
tu 20.04). 

In the present work, a desktop com-
puter with the following characteristics 
was used:
 – Intel Core I9 9900K 3.6 GHZ/16M 

processor; 
 – 64 GB of RAM memory;
 – GeForce 8 GB GDDR6 256-bit RTX 

2070 GPU;
 – Gigabyte 1151 Z390 motherboard;
 – SSD SATA III 960 GB 2.5”;
 – SSD SATA III 480 GB 2.5”;
 – Water Cooler Masterliquid 240V;

like in the list above Linux 3DCS 
(https://github.com/cogitas3d/Linux-
3DCS), based on Ubuntu 20.04.

B. Three-dimensional skull 
reconstruction

The skull known as Zlatý kůň 1 consists 
of nine fragments (codes: AP2, AP3, AP9, 
AP10, AP12, AP15, AP18, AP18 and 
AP21), which are stored at the Anthro-
pology Department of the National Mu-
seum, located in Prague, Czech Republic. 
Despite covering a  considerable part of 
the surface of a composite skull (cranium 
and mandible), the structure has some 
missing regions, such as the nasal bone, 
part of the maxilla, the left orbit, and 
the left part of the frontal bone. In 2018, 
a multinational team of researchers car-
ried out the work of three-dimensional 
reconstruction of the missing regions, us-
ing statistical data extracted from a group 
made up of 31 skulls: 30 modern ones 
(15 males and 15 females, scanned us-
ing computed tomography at the Center 

Hospitalier Universitaire, CHU, in Bor-
deaux, France) and one of the Moča skull, 
found in Slovakia, dated to 13,100 years 
BP. The researchers initially mirrored the 
3D mesh to reconstruct the missing re-
gions, using the original anatomy of the 
skull. Since the image obtained using 
this method still had some empty areas, 
it was then complemented basing on sta-
tistical data extracted from the aforemen-
tioned tomography and fossils, which led 
to obtaining an image of a complete skull 
(Rmoutilová et al. 2018). Unfortunately, 
the authors of this study did not have 
direct access to the Zlatý kůň 1 fossils, 
therefore they decided to reconstruct the 
skull based on data available in scientif-
ic publications (Posth 2021; Prüfer et al. 
2021; Rmoutilová et  al. 2018; Svoboda 
2000).

This study uses the approach of 
Moraes et  al. (2023), previously used, 
among others, in the reconstruction of 
the skull of Pharaoh Tutankhamun. The 
facial approximation discussed in this 
research used as a reference the skull re-
constructed by Rmoutilová et al. (2018), 
based on the images available in the 
publication (open access under the Cre-
ative Commons license) in order to de-
form the skull of a virtual donor over the 
spatial references, thus correcting the 
structure with the measurement data 
present in the same material (Rmou-
tilová et  al. 2018), and reinforcing the 
precision of the scale with data collect-
ed from Prüfer et  al. (2021). The ana-
tomical deformation resulted in a skull 
closely approximating the fossil Zlatý 
kůň 1 (Fig. 1A). At first, the structure 
of the zygomatic arch, close to the pori-
um, seemed to differ from the expected 
anatomical pattern. Aiming to compare 
with modern individuals, a series of 30 
skulls of different population affinities 
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and sexes received a  two-dimensional 
tracing with orthographic observation 
along the X axis in order to establish 
a lateral pattern of the region (Fig. 1 B). 
Two other fossils received the same 
graphic treatment and, at the end, the 
set of 30 modern samples (in gray) were 
compared to the fossils Zlatý kůň 1 (in 
green), Mladeč 1 (in red, Moraes et  al. 
2022) and Nazlet Khater 2 (in blue, Mo-
raes and Santos 2023). This comparison 
indicates a  similar initial elevation of 
the zygomatic arch in the three fossils, 
which clearly differs from the group of 
modern skulls (Fig. 1C). With the issue 
related to the zygomatic arch overcome, 
attention turned to other regions, with 
the projection of lines and limits ex-
pected for the skull and soft tissue (Mo-
raes et al. 2022a; Moraes and Suharschi 
2022; two classes on this approach are 
available online, 1 of 2: https://youtu.
be/U6oYkEmfyWo, 2 of 2: https://youtu.
be/Vcz2e5uSFX8). The projection of the 
lines was compatible with the skull re-
constructed by Rmoutilová et al. (2018), 
except the orbital frontomalar distance 
(fmo-fmo) and the projection of other 
measurements based on the fmo-fmo 
ratio. According to the fmo-fmo propor-
tion, the limit of the incisors would be 
below the reconstructed skull, as well as 
below the chin (Fig. 1D, in blue). How-
ever, when taking into account the ex-
pected mean for such regions, the lines 
are close and within one standard devi-
ation (Fig. 1E). The difference between 
the fmo-fmo ratio and the average can 
be  explained by the distance between 
the gonions, generally compatible with 
the fmo-fmo distance, but which, in this 
case, was significantly smaller. While 
the fmo-fmo distance was ca. 102 mm, 
compared to the general average of ca. 
97 mm (https://bit.ly/3NRw2KW), the 

go-go distance was ~94 mm, compared 
to an average of ca. 97 mm. Therefore, 
the mandible proportion is more appro-
priate to the average than the proportion 
expected by the fmo-fmo distance. The 
data reinforces the statistical coherence 
of the reconstruction carried out by the 
multinational team in 2018 (Rmouti-
lová et al. 2018).

Fig. 1. Three-dimensional reconstruction of the 
skull

C. Forensic facial approximation
Since the human skull discussed in this 
work has poorly understood context of 
population affinities (apparently the pop-
ulation to which this individual belonged 
did not genetically contribute to either 
Europeans or modern Asians, Prüfer 
et  al. 2021), this work disre garded the 
use of thickness markers of soft tissues 
and the authors chose to use only the 
anatomical deformation on the fossil. 
This approach proved to be very com-
patible with the parameters coming from 
the soft tissue thickness tables, keep-

https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#figzlaty1
https://youtu.be/U6oYkEmfyWo
https://youtu.be/U6oYkEmfyWo
https://youtu.be/Vcz2e5uSFX8
https://youtu.be/Vcz2e5uSFX8
https://bit.ly/3NRw2KW
https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#e2
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ing the limits within the SD in other  
approaches that used the technique (vd. 
OrtogOnLineMag #5: https://ortogonline.
com/doc/pt_br/OrtogOnLineMag/5/ and 
OrtogOn-LineMag #6: https://ortogon-
line.com/doc/pt_br/OrtogOnLineMag/6/).. 
To reinforce volumetric precision, two 
3D meshes from virtual donors were im-
ported, including the skull, endocranium 
and soft tissue of a  man and a  woman, 
both adults (class available on anatomical 
deformation: https://youtube /xig5_EcIF-
WA). The deformed meshes received a line 
indicating the profile of the face, interpo-
lating the two limits of the skin resulting 
from the anatomical deformation (Fig. 2 
A, B), which were compatible with the 
nasal projection based on statistical data 
collected in computed tomography scans 
of living individuals belonging to different 
population affinities (Moraes et al. 2021; 
Moraes and Suharschi 2022). The limits 
projected from the skull were compared 
with the deformed mesh and adapted to 
the expected parameters, including the 
size of the nose on the X axis, the size of 
the eyes on the X axis, the position of the 
eyeball on the X, Y and Z axes, the size 
of the ears on the Z axis and the size of 
the lips on the X axis (Fig. 2C). Thanks to 
the pre-segmented structure, it was possi-
ble to adjust the mesh so that it resulted 
in the volume of the endocranium, whose 
data will be detailed later (Fig. 2D). Fol-
lowing the approach exposed in Abdullah 
et  al. (2022) and Moraes (2023), a  bust 
from another facial approximation was 
imported and adjusted to provide a mesh 
composed of four-sided faces and with 
a  previously configured texture (Fig. 2E). 
Unlike the approaches mentioned above 
where a version with eyes open was avail-
able, the present work only has a version 
with eyes closed, in order to reduce the 
subjective elements of the structure, as 

will be explained in the Results. The mesh 
underwent detailing via digital sculpting, 
texture adjustment and scene lighting 
configuration so that the final images 
could be generated (Fig. 2. F, G).

Fig. 2. Steps of the digital facial approximation

Results

The final images were generated using 
Blender 3D’s Cycles renderer (https://
www.blender.org/) and consisted of views 
of the bust composed to show the most 
objective elements of the face, focusing 
on the general structure. For the images 
with objective elements, the eyes were 
closed, the image was converted to gray 
scale, and the head did not have hair 
(Figs. 3–6). For images with speculative 
elements, the eyes were opened, the 
hair was configured, and the colors were 
maintained (Figs. 7–9).

https://youtube /xig5_EcIFWA
https://youtube /xig5_EcIFWA
https://www.blender.org/
https://www.blender.org/
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Fig. 3. 3/4 image of the face approximated 
with objective elements

Fig. 4. Side image of the face approximated  
with objective elements

Fig. 5. Profile image of the approximate face  
with objective elements

Fig. 6. Frontal image of the face approximated  
with objective elements

Fig. 7. 3/4 image of the face approximated  
with speculative elements

Fig. 8. Side image of the face approximated  
with speculative elements



The anatomical bases of the 3D digital facial approximation 91

Fig. 9. Frontal image of the face approximated with speculative elements

Discussion

The 3D approximation of the exam-
ined specimen, obtained according to the 
adopted methodologies, makes it possible 
to make inferences on the morphology of 
the mandible and the endocranium vol-
ume between different species of Homo. 
An attempt to understand the differences 
between the mandibles of fossils dating 
from 32,000 to 45,000 BP, the bones of 30 
modern individuals and the fossils Zlatý 
kůň 1, Oase 1 (Crevecoeur 2012) and Na-
zlet Khater 2 (Moraes and Santos 2023) 
were measured at two distances, sch-scp 
and pch-acp (Fig. 10), both only on the 
Y axis, with sch being point on superior 
margin of the condyle head, scp – point on 
superior margin of the coronoid process, 
pch – point on the posterior margin of 
the condyle head and acp – most anterior 
point on the anterior aspect of the ramus 
border (Lestrel et al. 2013). A graph (Fig. 
11) created on the base of pch-acp meas-
urements compares three fossils: Oase 1 
(approx. 40,000 years ago), Nazlet Khat-

er 2 (32,000–44,000 years ago) and Zlatý 
kůň 1 (approx. 43,000 years ago), as well 
as broad group of modern human mandi-
bles. As can be seen, Zlatý kůň 1 is char-
acterised by the significantly most robust 
mandible structure. By adding data for four 
mandibles belonging, according to Rosas et 
al. 2019, to H. neanderthalensis (Atapuer-
ca-605, Atapuerca-905, Mauer and Arago 
2), three distinct groups can be created (Fig. 
12). First, a broader one, consists of the H. 
neanderthalensis individuals, which slight-
ly intersects with second group – modern 
humans. This group is characterised by 
the smallest mandibles. The third group 
is formed by H. sapiens, which compris-
es fossils aged from 32,000 to 45,000 yrs 
BP.  It is clearly visible that this group is 
distant from modern humans but inter-
sects with H. neanderthalensis. Something 
similar happens with the data related to 
the endocranium volume (X axis) and head 
circumference (Y axis, see Fig. 13). Points 
representing fossils of individuals living 
between 31,000 and 45,000 yrs BP, for the 
most part, touch the ellipse composed of 
H. neanderthalensis, H. rhodesiensis and 

https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#e15
https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#figzlaty7
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H. heidelbergensis. The volume of Zlatý 
kůň 1’s endocranium resulted in ca.1590 
cm³, a  value above one SD from the av-

erage of current female. In relation to the 
head circumference, with 59.08 cm, also 
above one SD from the average. 

Fig. 10. Measurements taken on the mandible (Y axis)

Fig. 11. Distribution of pch-acp measurements on the X axis and sch-scp on the Y axis, the diameter of the 
spheres is proportional to the sum of the two measurements (pch-acp)+(sch-scp). The colors represent 
sex, with male blue, female red and undefined yellow
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Fig. 12. Distribution of pch-acp measurements on the X axis and sch-scp on the Y axis, with the addition 
of the H. neanderthalensis group

The endocranium volume and circum-
ference graph was generated based on data 
for a group of 50 H. sapiens endocrania, 
31 male and 19 female (Fig.  13). When 
comparing this data to outcomes based on 
noticeably larger numbers (up to 2750 for 
each sex, da Costa et al. 2022; Neubauer 
et  al. 2018; Ritchie et  al. 2018), similar 
sample’s distribution is still visible (Fig. 
14). When applying the factor of -9.81% 
to convert the volume of the Zlatý kůň 1 
endocranium into brain volume (Moraes 
et  al. 2023), 1434 cm³ is reached, that 
is, 318 cm³ above the average, which is 
1116 cm³. Therefore, when using data 
from Ritchie et al. (2018), Zlatý kůň 1’s 
brain is 3.53 SD above the average for 
females. Even if compared to males, the 
brain would be 2.0 SD above the average, 
which is 1234 cm³. The head circumfer-

ence, which in Zlatý kůň 1 individual re-
sulted in 59.08 cm, is 2.08 SD above the 
female average according to Costa et  al. 
(2022). When taking into account the 
group of both sexes of H. sapiens, the en-
docranium (not the brain) of Zlatý kůň 1 
is also 1.6 SD above the general average, 
according to Neubauer et al. (2018). The 
volumetric and linear data measured on 
the fossil Zlatý kůň 1 are based on the in-
formation provided by Prüfer et al. (2021) 
and Rmoutilová et al. (2018). Zlatý kůň 
1’s encephalic size is compatible with 
evolutionary trends affecting anatomical-
ly modern H. sapiens in that during the 
Holocene period (last 10,000 years, hence 
much later than the time in which this 
individual lived) brain size shrunk by ap-
proximately 10% (Ruff et al. 1997; Hen-
neberg 1988; Neubauer et al. 2018).

https://ortogonline-com.translate.goog/doc/pt_br/OrtogOnLineMag/6/Zlaty.html?_x_tr_sl=pt&_x_tr_tl=en&_x_tr_hl=pt-BR&_x_tr_pto=wapp&_x_tr_sch=http#figzlaty11
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Fig. 13. Endocranium volume vs head circumference

Fig. 14. Comparison between different studies
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Conclusion

The rapidly developing visualisation and 
measurement techniques using 3D mod-
els are increasingly applied not only in 
engineering sciences, but also in medical 
ones, especially surgery, and scientific re-
search, including physical anthropology. 
This study aimed to present a new, orig-
inal method used in morphometric ana-
lyzes of bone remains and approximation 
of the real appearance of a  face of the 
Zlatý kůň 1 woman, one of the earliest 
known Eurasian individuals. Due to the 
lack of access to the original remains, this 
study was based purely on digital data 
published in the scientific press. Based 
on digital data, the spatial arrangement 
of the preserved bone fragments was de-
termined, and then the missing elements 
were reconstructed, ultimately obtaining 
an image of a complete skull and an ap-
proximation of the probable life appear-
ance of the woman it belonged to. The 
obtained results were compared to those 
published in previous works that dealt 
with the reconstruction of the appear-
ance of the Zlatý kůň 1 woman. Finally, 
the shape of the mandible reconstructed 
using digital methods and the volumes of 
the endocranium (1590 cm³) and brain 
(1434 cm3) were discussed, and then 
a  comparison was made with currently 
known representatives of other species of 
the genus Homo. The calculated dimen-
sions place the examined individual in 
the group of other examples of H. sapiens 
living between 45,000–32,000 years BP, 
which is consistent with the C14 dating 
of the material performed by independent 
researchers (43,000 years BP) and com-
patible with the described evolutionary 
trends of decreasing brain dimensions 
and decline massiveness of the mandible 
of our species. These studies show that 

the use of modern research methods can 
significantly increase knowledge in the 
field of morphometric research, which is 
particularly valuable in the case of often 
fragmentarily preserved bone remains 
representing the ancestors of modern hu-
mans. 
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AbsTRACT: Obesity and its associated health problems are an issue, especially when weight gain is not 
outwardly visible. Individuals with the same Body Mass Index (BMI) may differ in body fat percentage and 
may unknowingly suffer from normal weight obesity (NWO). Middle-aged women are at high risk if their 
body composition changes due to factors such as age, health status or reproductive history. This study 
investigated the relationship between NWO and lipid profile in middle-aged women. A  sample of 122 
women aged 38 to 59 years (47.17 ± 5.24) from Slovakia participated in this study. Using a questionnaire, 
participants answered questions about lifestyle, health background, sociodemographic classification, repro-
ductive and menstrual history. The anthropometric parameters were determined using standard methods. 
Body composition was measured using a bioelectrical impedance analyzer. Biochemical parameters were 
determined from morning blood samples. Blood pressure was assessed in a sitting position using a digital 
sphygmomanometer. The primary aim of this study was to assess the differences in lipid profiles between 
NOW women and normal weight-lean (NWL) women. Our results showed statistically significantly higher 
values of uric acid in the women with NWO compared to NWL women (237.39 ± 54.11 μmol/l vs. 213.02 
± 52.64 μmol/l; p = 0.009). Moreover, significant differences were noted between NWO women and NWL 
women in body height, body weight, waist and hip circumference, WHR, BMI and fat mass (%, p < 0.05). 
Other biochemical variables showed no statistically significant differences between the study groups of 
women. Elevated uric acid levels in women diagnosed with NWO may serve as an indication of metabolic 
imbalance associated with undetected obesity. These results underscore the importance of implementing 
early detection and intervention methods for NWO to prevent related health issues. Further research is 
necessary to investigate the underlying factors contributing to these connections and evaluate the efficacy 
of customized interventions.
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Introduction

Weight gain is one of the biggest health 
problems in midlife. The changes in the 
body in midlife are due to many factors, 
such as age, health status, gender, ge-
netic predisposition, and reproductive 
history. These changes can be assessed 
using anthropometric measures such 
as Body Mass Index (BMI), bioelectrical 
impedance analysis (BIA), or biochemi-
cal assessments (Luptáková et al. 2013a; 
Drozdová et  al. 2016; Danková et  al. 
2017; Falbová et al. 2019, 2020, 2022a; 
Vorobeľová et  al. 2021, 2023; Hurtado 
et al. 2024).

In recent decades, the global increase 
in obesity rates has been closely linked to 
a rising risk of chronic diseases such as 
diabetes, cardiovascular disease, and dys-
lipidemia (Fruh et al. 2017; Welsh et al. 
2024). The World Health Organization 
(WHO) defines obesity as an excessive 
accumulation of fat that poses a health 
risk; this emphasizes the importance 
of considering not only Body Mass In-
dex (BMI), a  common measure used to 
classify overweight and obesity, but also 
fat mass (FM) to understand the com-
plexity of the disease. Studies show that 
lean and obese individuals have different 
metabolic profiles, emphasizing the need 
to measure fat mass to gain a  compre-
hensive understanding of obesity-related 
disease trajectories (Hirsch et  al. 2016; 
Bosy-Westphal et al. 2021). In addition, 
participants with identical BMI may dif-
fer in terms of body fat percentage (BFP) 
and FM distribution, further highlighting 
the nuanced nature of obesity (Cota et al. 
2021). The concept of normal weight obe-
sity (NWO), first described by DeLoren-
zo in 2006 has emerged to address this 
phenomenon. This phenotype charac-
terizes individuals with a BMI that indi-

cates a normal weight (BMI < 25 kg/m2)  
but who have excess FM (FM ˃ 30%). 
Despite being of normal weight, indi-
viduals classified as NWO have a  sim-
ilar risk of cardiovascular disease, type 
2 diabetes, and metabolic syndrome as 
overweight and obese individuals (Cota 
et al. 2021; Ashtary-Larky et al. 2023). 
The discrepancy between BMI and the 
assessment of health risks arises due 
to the fact that BMI does not consider 
the distribution and percentage of body 
fat, which are crucial elements in deter-
mining an individual’s overall health. 
As a result, individuals with NWO may 
not be identified as at-risk based on BMI 
alone, leading to a  lack of appropriate 
interventions and an increased risk of 
health complications.

In addition, estradiol induces vaso-
protective effects via multiple mecha-
nisms, including alterations in plasma 
concentrations of lipoproteins (decrease 
in low-density lipoprotein cholesterol 
(LDL-C) levels, reducing oxidized LDL 
formation, increasing high-density lipo-
protein cholesterol levels (HDL-C), 
hemostatic factors, glucose, and insu-
lin (Dubey and Jackson 2001). Estrogen 
deficiency in midlife after menopause is 
the main reason for the deterioration of 
serum lipid profiles (Rexrode et al. 2003; 
Luptáková et  al. 2012; Fonseca et  al. 
2017; Vorobeľová et  al. 2019; Falbová 
et al. 2022b). 

In this cross-sectional study, we at-
tempted to clarify the association be-
tween NWO and lipids profile in mid-
dle-aged Slovakian women, due to the 
limited number of studies available in 
the literature on the topic and since 
the effect of increased of fat mass on li-
pid, inflammation or glycaemic status 
remains to be verified (Marques-Vidal 
et al. 2010). 
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Material and methods

Participants
This study was based on data collected 
from a cross-sectional survey in Slovakia. 
The women were recruited from vari-
ous locations in Slovakia’s west, south, 
and center (51.9% were born in towns), 
through an invitation letter, which was 
distributed prior to data collection with 
the aid of local physicians. The women  
were approached and recruited using 
a  non-random procedure based on vol-
untariness and convenience. The stud-
ied sample consisted of 122 middle-aged 
women, aged between 38 and 59 years, 
with an average age of 47.17 ± 5.24 years. 
All women were interviewed at a medical 
examination facility in the morning and 
assessed for medical, anthropometric, and 
lifestyle factors at local health centers. 
Each woman provided written informed 
consent for this study following the princi-
ples of the Declaration of Helsinki. Those 
who were unable to give a response due to 
severe physical or mental illness and on 
whom anthropometry and blood meas-
urements could not be performed were 
excluded from the study. The women  
were divided into two groups according to 
their BMI and FM (%) – NWO women (BMI 
< 25 kg/m2, FM ˃  30%) and normal weight 
lean (NWL) women (BMI < 25 kg/m2,  
FM < 30%).

Questionnaire
The women were interviewed using 
pre-tested questionnaires on their re-
productive and menstrual history, so-
cio-demographic background, lifestyle, 
and health status designed by Kaczmarek 
(Kaczmarek 2007) and validated in Pol-
ish studies (The Menopause-Specific 
Questionnaire, A. Mickiewicz University 
Poznań, Poland, Maria Kaczmarek). All 

socio-demographic and lifestyle variables 
were self-reported. Smoking status was 
divided into current ‚smokers’ (smoking 
once a week to daily) and non-smokers 
(never smoked). Physical activity was 
categorized into two groups: regular and 
never, including occasionally. Education 
was divided into three groups: basic, sec-
ondary, and university education.

Anthropometric analysis and body 
composition

Anthropometric measurements were 
taken after participants had removed 
their shoes and heavy clothing. Data were 
collected by trained anthropologists using 
standard Martin and Saller techniques. 
(1) height was measured to an accura-
cy of 0.5 cm using a Sieber and Hegner 
anthropometer at the head with the par-
ticipant standing barefoot with  the feet 
together; (2) body weight was measured 
on a personal weight scale to an accuracy 
of 0.1 kg; and (3) BMI was calculated as 
body weight divided by height squared. 
Waist and hip circumferences were mea-
sured according to the NHLBI Obesity 
Education Initiative (Audrain-McGov-
ern and Benowitz 2011) and the WHO 
(2011). The WHR was calculated as the 
waist circumference divided by the hip 
circumference.

Body composition measurements 
were performed in the morning utiliz-
ing a  bioelectrical impedance analyzer 
(BIA 101, Akern S.r.l.) at a signal frequen-
cy of 50 kHz, with a constant excitation 
current of 800 μA and a  four-electrode 
arrangement. Bioimpedance is a complex 
measurement composed of resistance 
(R, ohm) related to the amount of fluid 
and reactance (XC, ohm) associated with 
the cell membrane’s capacitance. This 
study determined the FM (%) using Body-
gram (version 1.21, Akern S.r.l) program.
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Biochemical analysis
Blood samples were collected in the 
morning after at least 12 hours of fast-
ing. Biochemical values of bilirubin, 
glucose, gamma-glutamyltransferase 
(GGT), alanine aminotransferase (ALT), 
creatinine, uric acid (UA), total choles-
terol (TC), HDL-cholesterol (HDL-C) 
and triglycerides (TG) were analyzed 
from fasting plasma samples using rou-
tine laboratory procedures at the Clinical 
Laboratories Department of Bratislava 
Alpha Medical. Low-density lipopro-
tein cholesterol (LDL-C) was calculated 
from the total cholesterol, HDL-C, and 
triglycerides values using the Friede-
wald equation when triglycerides were 
4.5  mmol/L. LDL-C was considered as 
absent if the serum triglyceride concen-
tration exceeded this threshold. The 
atherogenic indices were calculated as 
follows: AI1 = TC (mmol/L) / HDL-C 
(mmol/L), AI2 (non-HDL-C) = TC 
(mmol/L) – HDL-C (mmol/L), and AI3 
= LDL-C (mmol/L) / HDL-C (mmol/L). 
The atherogenic index of plasma (AIP) 
was calculated as the logarithmically 
transformed ratio of the TG to HDL-C 
molar concentrations (mmol/l).

Blood pressure (BP) assessment
BP and pulse rate were measured in a sit-
ting position using a digital sphygmoma-
nometer (Omron M3). Each measure-
ment was performed three times, and the 
average values for systolic blood pressure 
(mmHg; SBP), diastolic blood pressure 
(mmHg; DBP), and pulse rate (pulse/
min) were then determined.

Statistical analysis
All statistical analyses were performed 
using IBM SPSS for Windows (Statisti-
cal Package for the Social Science, ver-
sion 24.0, Chicago, IL), with statistical 

significance at p ≤ 0.05. The obtained 
frequencies and percentages determined 
participants’ responses, and the normal-
ity assumption hypothesis for continu-
ous variables was tested by a one-sample 
Kolmogorov–Smirnov test. The differ-
ences between NWO and NWL wom-
en in the category variables were tested 
with Pearson Chi-square in contingen-
cy tables. The parametric Independent 
Samples T-Test and the non-parametric 
Mann-Whitney U  test were used based 
on the normality distribution of the 
quantitative variables.

Results

Table 1 depicts the baseline characteris-
tics of the women under study, divided 
into the NWL group, comprised 57 par-
ticipants (age 46.56 ± 4.78 SD), and 
the NWO group (age 48.11 ± 5.46 SD), 
comprised 65 individuals. Statistically 
significant differences between the two 
groups were observed in the following 
variables: body height (cm; p = 0.013), 
body weight (kg; p < 0.001), waist cir-
cumference (cm; p < 0.001), hip circum-
ference (cm; p  <  0.001), BMI (kg/m2; 
p < 0.001), WHR (p = 0.015) and FM 
(%; p < 0.001). 

On the contrary, no differences were 
observed in the variables age (y; p = 
0.119), SBP (mmHg; p = 0.438), and 
DBP (mmHg; p = 0.577). Overall, the 
NWO group presented higher values 
across all the mentioned variables except 
for body height (cm) and DBP (mmHg). 
Moreover, other factors such as smok-
ing, sports activity, and education were 
reported across these two groups. Only 
19 (33.34) women smoked in the NWL 
group, whereas 12 (18.46%) smoked in 
the NWO group (p = 0.060). In the NWL 
group, 18 (31.58%) performed regular 
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sports activity, and 13 (20%) performed 
regular sports activity in the NWO group 
(p = 0.143). In regards to education, in 
the NWL group, 7 (12.28%) had a basic 
level, 41 (71.93%) had a secondary level,  

and 9 (15.79%) had a  university de-
gree; similarly, in the NWO group, 10 
(15.38%) had a basic level of education, 
46 (70.78%) secondary and 9 (13.84%) 
a university degree (p = 0.864). 

Table 1. Baseline characteristics of the study women

NWL NWO

Number of participants N = 57 (46.72%) N = 65 (53.28%)

Mean ± SD  Mean ± SD p

Age, y 46.56 ± 4.78 48.11 ± 5.46 0.119

Body Height (cm) 165.35 ± 5.56 162.89 ± 5.18 0.013

Body Weight (kg) 57.83 ± 6.30 62.55 ± 4.65 <0.001

Waist circumference (cm) 70.35 ± 7.08 76.67 ± 6.43 <0.001

Hip circumference (cm) 93.18 ± 4.84 97.60 ± 4.32 <0.001

BMI (kg/m2) 21.11 ± 1.65 23.55 ± 0.91 <0.001

WHR 0.75 ± 0.06 0.79 ± 0.07 0.015

Fat mass (%) 25.07 ± 4.37 32.88 ± 2.11 <0.001

SBP (mmHg) 116.05 ± 15.37 118.08 ± 15.28 0.438

DBP (mmHg) 75.79 ± 10.17 75.02 ± 9.10 0.577

N (%) N (%)

Smoking status p

Smokers 19 (33.34) 12 (18.46)
0.060

Non-smokers 38 (66.67) 53 (81.54)

Regular sport activity

Yes 18 (31.58) 13 (20.00)
0.143

No 39 (68.42) 52 (80.00)

Education

Basic 7 (12.28) 10 (15.38)

0.864Secondary 41 (71.93) 46 (70.78)

University 9 (15.79) 9 (13.84)

Note: N, number of participants; p, value of statistical significance; SD, standard deviations; NWL, normal 
weight lean; NWO, normal weight obesity, SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, 
Body Mass Index; WHR, waist to hip ratio

Table 2 compares the mean values of 
selected biochemical variables and athero-
genic indices between women with NWL 
and NWO. The primary objective of this 
study was to assess the variations in lipid 
profiles, which encompass Total Cho-

lesterol (TC), Low-Density Lipoprotein 
Cholesterol (LDL-C), High-Density Lipo-
protein Cholesterol (HDL-C), and Triglyc-
erides (TG). The NWO group exhibited 
lower mean TC levels when contrasted 
with the NWL group. The mean TC for 
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the NWO group amounted to 5.29 ± 0.95 
mmol/L, whereas the NWL group dis-
played a mean TC of 5.42 ± 1.09 mmol/L 
(p = 0.592). Conversely, the NWL group 
had elevated LDL-C levels, with a mean 
of 3.19 ± 1.01 mmol/L, in contrast to the 
NWO group, which had a mean of 2.99 
± 0.86 mmol/L (p = 0.243). Additional-

ly, the NWO group showed lower HDL-C 
levels, with a  mean of 1.70 ± 0.50 
mmol/L, compared to the NWL group, 
which had a mean of 1.79 ± 0.43 mmol/L 
(p = 0.299). The NWO group had higher 
TG levels, averaging 1.25 ± 1.07 mmol/L, 
whereas the NWL group averaged 0.98 ± 
0.38 mmol/L (p = 0.065).

Table 2. Selected biochemical variables between NWL and NWO women

NWL NWO

pN Mean SD N Mean SD

Total cholesterol, (mmol/L) 57 5.42 ± 1.09 65 5.29 ± 0.95 0.592

Triglycerides, (mmol/L) 57 0.98 ± 0.38 65 1.25 ± 1.07 0.065

HDL-C, (mmol/L) 56 1.79 ± 0.43 59 1.70 ± 0.50 0.299

LDL-C, (mmol/L) 56 3.19 ± 1.01 59 2.99 ± 0.86 0.243

AI1 (TC/HDL-C) 56 3.16 ± 0.90 59 3.28 ± 1.18 0.946

AI2 (TC-HDL-C) 56 3.63 ± 1.06 59 3.54 ± 0.99 0.637

AI3 (LDL-HDL-C) 56 1.90 ± 0.80 59 1.91 ± 0.95 0.663

AIP log (TG/HDL-C) 56 -0.29 ± 0.21 59 -0.21 ± 0.28 0.115

Creatinine (μmol/L) 57 69.28 ± 7.31 65 69.47 ± 8.33 0.892

Bilirubin (μmol/L) 57 9.80 ± 4.71 65 9.55 ± 4.71 0.795

Glucose (mmol/L) 57 4.59 ± 0.68 63 4.67 ± 0.61 0.323

Gamma-glutamyltransferase (μkat/L) 57 0.29 ± 0.18 65 0.29 ± 0.17 0.898

Alanine aminotransferase (μkat/L) 57 0.25 ± 0.08 65 0.29 ± 0.20 0.736

Uric acid (μmol/L) 57 213.02 ± 52.64 65 237.39 ± 54.11 0.009

APO A1 56 1.77 ± 0.27 59 1.76 ± 0.29 0.972

ApoB/ApoA1 56 0.50 ± 0.17 59 0.51 ± 0.18 0.894

Abbreviations: N, number of participants;  p, value of statistical significance; SD, standard deviations; 
NWL, normal weight lean; NWO, normal weight obesity; HDL-C, high-density lipoprotein – cholesterol; 
LDL-C, low-density lipoprotein-cholesterol; TC, total cholesterol; TG, triglycerides; AI, Atherogenic index; 
APO, apolipoprotein

The women with NWO achieved 
statistically significantly higher mean 
values of UA compared to women with 
NWL (237.39 ± 54.11 μmol/l vs. 213.02 
± 52.64 μmol/l). No statistically signifi-
cant differences were found in other bio-
chemical variables between the women’s 
study groups.

Discussion

Our results show significant differences 
between the NWL and NWO groups in 
various anthropometric measures, such 
as body weight, waist circumference, hip 
circumference, BMI, WHR and FM (%). 
These findings suggest that despite both 
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groups being classified as normal weight 
by BMI, there are significant differences 
in body composition and fat distribution, 
which emphasizes the importance of con-
sidering waist circumference as a marker 
of central obesity. The fact that no signif-
icant differences in age and blood pres-
sure were found between the two groups 
suggests that these factors are unlikely 
to influence the differences in anthropo-
metric measures. The insignificant var-
iations in blood pressure levels suggest 
that both groups exhibit comparable car-
diovascular profiles in terms of hyperten-
sion risk. This observation is significant 
because it implies that the metabolic dis-
turbances observed in the NWO group, 
such as increased uric acid levels, may 
not necessarily be reflected in conven-
tional cardiovascular risk markers, such 
as blood pressure. This emphasizes the 
importance of examining beyond tradi-
tional metrics to gain a  comprehensive 
understanding of metabolic health, es-
pecially in individuals with normal body 
weight. We can see insights into lifestyle 
factors such as smoking habits, sports 
activity and education level between the 
two groups. Although not statistically 
significant, the differences in smoking, 
physical activity and education levels are 
worth noting as they might have had an 
impact on overall health and risk factors 
associated with body composition (Fal-
bová et al. 2023) and obesity (Vorobeľová 
et  al. 2022). Smoking is widely recog-
nized as a significant contributor to a va-
riety of health issues, such as cardiovas-
cular disease and metabolic syndrome. 
It can increase insulin resistance and in-
flammation, thereby exacerbating meta-
bolic health in individuals with NOW 
(Chiolero et  al. 2008). The potential 
impact of smoking on metabolic health 
in NWO individuals warrants further in-

vestigation, as addressing smoking cessa-
tion could be a  critical intervention for 
improving health outcomes in this popu-
lation. Moreover, it is crucial to engage in 
regular physical activity in order to pre-
serve metabolic health and prevent obe-
sity-related diseases. Although the differ-
ence in reported physical activity levels 
was not considered statistically signifi-
cant, even minor variations in physical 
activity can have significant implications 
for one’s health (Petridou et  al. 2019). 
Future studies should consider more pre-
cise measures of physical activity and 
their direct effects on metabolic parame-
ters in NWO individuals. Education level 
is often correlated with health literacy, 
access to healthcare, and lifestyle choic-
es. Although our study found no signif-
icant differences in education levels, 
higher education may be associated with 
better health outcomes due to increased 
awareness and adoption of healthier be-
haviors (Zajacova et al. 2018). The role 
of education in influencing health behav-
iors and metabolic health outcomes in 
NWO individuals is an area that deserves 
more detailed examination. Similarly, 
studies by Opoku et al. (2023) and Lup-
táková et  al. (2013b) found significant 
associations between obesity, metabolic 
syndrome and various anthropometric 
measures such as body weight, waist cir-
cumference and BMI. Thus, the studies 
indicate that central obesity, as reflect-
ed by increased waist circumference, is 
associated with unfavorable metabolic 
outcomes regardless of BMI. The differ-
ence between the present study and the 
study by Opoku et al. (2023) is that the 
latter focuses more generally on obesity 
at different stages of menopause without 
considering NWO. In the present study, 
a significant difference in UA levels was 
found between the NWL and NWO 
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groups, with significantly higher levels 
observed in the NWO group. Several 
mechanisms may explain the association 
between elevated UA levels and obesity. 
Excess body fat may be associated with 
increased UA production and impaired 
secretion due to insulin resistance, lead-
ing to impaired UA metabolism and even 
hyperuricemia (Kızılay et  al. 2019; Li 
et al. 2021). Elevated UA levels can also 
contribute to obesity by stimulating he-
patic and peripheral fat synthesis (John-
son et  al. 2011). This increase in UA 
levels is associated with metabolic and 
cardiovascular disease, suggesting possi-
ble effects of central obesity on metabolic 
health in women. In a  study by Taheri 
et al (2020), a significant negative asso-
ciation was found between adiponectin 
levels and lipid profiles in women with 
NWO.  Lower adiponectin levels corre-
lated with higher levels of total choles-
terol, LDL cholesterol and triglycerides, 
suggesting a possible protective function 
of adiponectin against dyslipidemia in 
this population. In a  long-term surveil-
lance study of 2873 women conducted 
over 30 years, 574 women exhibited ini-
tial clinical symptoms of coronary heart 
disease (CHD). Metabolic risk factors, 
such as cholesterol, glucose tolerance, 
uric acid, and menopause, were found 
to be correlated with the development of 
CHD. The study revealed that serum to-
tal cholesterol was a significant predictor 
of CHD in both men and women. How-
ever, impaired glucose tolerance elimi-
nated the female advantage in CHD risk. 
Central obesity poses a higher CHD risk 
for women, and the risk is two to three 
times higher for postmenopausal women 
than for premenopausal women, as per 
Kannel’s research in 1987. Impaired glu-
cose tolerance is a prevalent issue among 
obese individuals and often leads to in-

sulin resistance and type 2 diabetes, as 
per Wondmkun’s study in 2020. In obese 
patients, insulin resistance may also ex-
plain the connection between decreased 
bilirubin levels and increased body fat 
percentage. The activity of heme oxy-
genase-1, the enzyme responsible for 
bilirubin generation, appears to decrease 
in insulin-resistant conditions (Abra-
ham et al. 2008; Belo et al. 2014). Kim 
et  al. (2014) focused on Korean adults, 
women and men. Of the Korean adults 
with normal weight, approximately 20% 
were identified as having normal weight 
obesity based on body composition anal-
ysis using methods such as dual-energy 
X-ray absorptiometry (DEXA) or BIA. In 
addition, it was found that individuals 
with NWO were more likely to have car-
diometabolic risk factors than normal 
weight lean individuals without excess 
adiposity, including elevated blood pres-
sure, dyslipidemia, insulin resistance 
and inflammatory markers. In addition, 
another study by Bellissimo et al. (2019) 
showed that individuals with NWO had 
different patterns of metabolites com-
pared to lean individuals. Metabolites 
associated with lipid metabolism, such 
as free fatty acids and phospholipids, 
were elevated in the plasma of individ-
uals with NWO, indicating altered lipid 
homeostasis and possible dysregulation 
of lipid metabolic pathways. In addition, 
metabolites involved in glucose metabo-
lism, such as amino acids and glycolytic 
intermediates, showed a different abun-
dance in the two groups, suggesting possi-
ble differences in energy metabolism and 
insulin sensitivity. These findings high-
light the utility of high-resolution plas-
ma metabolomics in elucidating meta-
bolic disturbances associated with NWO 
and provide insights into the underlying 
metabolic pathways contributing to this 



Normal weight obesity and lipids profile in Slovak women 107

condition. Although the study by Berg 
et al. (2015) was conducted in a Swedish 
population of women and men, we can 
observe that a wide range of body fat was 
present in normal weight individuals. 
Women with NWO had higher serum tri-
glyceride levels, low density cholesterol, 
C-reactive protein, apolipoprotein B and 
apolipoprotein B/A-I  ratio compared to 
the normal weight group.

This study has several limitations that 
should be acknowledged. First, due to the 
cross-sectional design, it is not possible 
to establish causal relationships between 
NWO and differences in lipid profile. 
Longitudinal studies would be necessary 
to determine causality. Second, the study 
population was limited to middle-aged 
Slovakian women, which may limit the 
generalizability of the findings to other 
populations and age groups. Third, the 
binary categorization of physical activi-
ty has its limitations as it does not take 
into account the duration, intensity, and 
frequency of physical activity, which are 
crucial factors in evaluating its influ-
ence on body composition and metabolic 
health. Finally, the use of volunteer-based 
recruitment can introduce biases and may 
not ensure population representativeness. 
Despite these limitations, this study pro-
vides valuable insights into the metabolic 
disturbances associated with NWO and 
underscores the importance of recogniz-
ing this phenotype in clinical practice to 
prevent related health issues. Further re-
search is needed to explore the underly-
ing mechanisms and to develop effective 
interventions for individuals with NWO.

Conclusion

In conclusion, this study reveals signifi-
cant differences in body composition and 
fat distribution between NWL and NWO 

groups and highlights the importance 
of waist circumference as a  measure of 
central adiposity. In addition, significant 
differences were found in serum uric 
acid levels between the aforementioned 
groups, with significantly higher levels 
observed in the NWO group.
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Introduction

The Dmanisi site in Georgia is one of 
the oldest hominin sites outside of Africa 
(Garcia et al. 2010; Zhu et al. 2018). Lo-
cated near the village of Patara Dmanisi, at 
an altitude of 915 m, the site is located on 
a basaltic spur formed at the confluence of 
the Pinezaouri and the Mashavera rivers. 
The fossiliferous deposits consist of sedi-
mentary layers deposited on top of a vol-
canic basalt layer. The lowest layer in the 
site, which contains tools, faunal remains 
and human bones, was dated by several 
methods and recently has been contextu-
alized by 40Ar/39Ar geochronological dating 
to the age of 1.81 ± 0.03 Ma (Garcia et al. 
2010). Excavations of the fossiliferous 
strata in the site have provided five crania 
and four mandibles of hominins (Gabunia 
et al. 2000; Vekua et al. 2002; Lordkipa-
nidze et al. 2006, 2013), which have been 
intensely discussed, given the importance 
of these fossils to the understanding of 
the early dispersal of Homo out of Africa. 
The site also has generated well-preserved 
non-hominin fauna fossils and thousands 
of Oldowan artifacts (Vekua et  al. 2002; 
Mgladze et al. 2011; Lordkipanidze 2017).

The first hominin fossil (the D211 
mandible) was unearthed in 1991 
(Vekua and Lordkipanidze 2010). Its as-
sociated cranium, D2282, was found in 
1999. The skull composed by D211and 
D2282 probably belonged to a young fe-
male adult, and its gracile size is accen-
tuated by its 680cc endocranial volume 
(Gabunia et  al. 2002). The second cra-
nium, D2280, was also found in 1999. 
It has no associated mandible and is con-
sidered to be a male, with an endocranial 
volume of 775cc.

In 2000, the D2600 mandible was dis-
covered (Vekua et al. 2002), but its asso-
ciated cranium, D4500, was only found 

in 2005 (Lordkipanidze et al. 2013). This 
specimen is currently the earliest com-
plete hominin skull ever found (Lordki-
panidze et al. 2013), and presents an en-
docranial volume of 546cc, the smallest 
of the Dmanisi hominins. However, the 
robustness of the cranium and the man-
dible make it the largest skull on the site.

The D2700 cranium and its associa-
ted mandible D2735 (Vekua et al. 2002) 
were recovered in 2001. This skull, 
which presents an endocranial volume 
of 600cc, is considered to be from a sub-
adult since its third molar is only partial-
ly erupted (Vekua et al. 2002).

The last skull, composed of the D3444 
cranium, found in 2002, and its associa ted 
jaw, D3900, discovered in 2003 (Lordki-
panidze et al. 2005; Lordkipanidze et al. 
2006), is thought to have belonged to an 
older male, since its mandible and maxil-
la present no teeth (Lordkipanidze 2017). 
This individual, who presents an endo-
cranial volume of 650cc (Lordkipanidze 
et al. 2006), possibly survived years with-
out teeth before dying, suggesting that 
his group helped him with basic daily 
activities, such as food processing and 
eating (Lordkipanidze et al. 2005). 

Since this sample is very diverse, not 
only in its endocranial volume but also in 
morphological features, this set of speci-
mens has been classified in multiple 
ways. Even though it is clear that the fos-
sils present a suite of characters typical of 
Homo, the number of species and which 
species are represented by the specimens 
are heated topics of debate (Rightmire 
et al. 2017). 

Some claim that only one species is 
represented by the fossils: Homo erectus 
(Vekua et al. 2002; Ferring et al. 2011), 
or a species more closely related to Homo 
habilis (Lordkipnidze et  al. 2007). Oth-
ers, such as Rosas and Bermúdez de 
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Castro (1998), propose new taxonomic 
categories, classifying the specimens as 
Homo sp. indet. (aff. ergaster). Similarly, 
Lordkipnidze et al. (2013) suggested the 
remains are part of a sub-subspecies un-
precedentedly called H. erectus ergaster 
georgicus. 

It is important to note that some 
studies that conclude that there is only 
one paleodeme represented in Dmanisi 
do not exclude peremptorily the possibil-
ity of multiple species being represented 
in the sample (Rightmire et  al. 2018). 
Skinner et al. (2006) and Neves and Ber-
nardo (2011), for instance, called atten-
tion to the fact that the Dmanisi sample 
presents more variation than ever seen 
in the hominin or ape lineages. Schwartz 
et  al. (2014) suggested the specimens 
represent four different species, with 
D2600 mandible being the holotype of 
Homo georgicus. Scardia et  al. (2020) 
also suggested that there are two differ-
ent species on the site, naming D4500 as 
Homo georgicus and the other four skulls 
as “another species, which is not H. erec-
tus” (p. 3). This naming convention fol-
lows what was first suggested by Gabunia 
et al. (2002), who discovered the D2600 
mandible and suggested that it should 
be classified as Homo georgicus. Final-
ly, Martinon-Torrez et al. (2008) sugges-
ted the possibility of the presence of two 
paleodemes at the site but does not de-
fine species names for them. 

In this study, we aim to contribute 
further to the discussion about Dmani-
si’s craniomorphological diversity. To do 
so, we analyzed the five fossils through 
Discriminant Function Analyses based 
on size and shape and only shape infor-
mation. Finally, we compared the distri-
bution of the Georgian specimens in the 
morphospace with the distribution of 
other Plio-pleistocene hominin species.

Material and methods

This study is based on the contextual-
ization of the Dmanisi fossils within 
the craniofacial morphospace defined by 
a comparative dataset of 87 linear crani-
ometric dimensions of 267 specimens of 
Plio-Pleistocene hominins. The compo-
sition of the original database is detailed 
in Table 1. Given the expressive num-
ber of missing values in the database, 
we reduced the number of variables and 
specimens to be able to reconstruct the 
morphological diversity of hominins. 
This reduced database was used in our 
analyzes and comprises 23 craniomet-
ric variables of 121 specimens repre-
senting the following species: P. boisei, 
P.  aethiopi cus, A. sediba, A. africanus, 
A.  afarensis, H.  rudolfensis, H. habilis, 
H. erectus, H. heidelbergensis, H. nean-
derthalensis and H. sapiens. Table 2 de-
tails information about the specimens 
kept in the analyses. The final database 
includes variables represented in at least 
70% of the specimens and specimens 
with at least 50% of the variables. Of the 
Dmanisi fossils, D3444 was not includ-
ed, since we were unable to find enough 
craniometric data in the literature.

Before analyses, missing values were 
estimated using multiple linear regres-
sions (see Hubbe et  al. 2011). Analyses 
were done on the original data (size and 
shape), and on data with the effect of size 
corrected (shape alone). Size correction 
was achieved by dividing each measure-
ment by the geometric mean of the in-
dividual (Darroch and Mosiman 1985). 
Morphological affinities of the Dmani-
si specimens were assessed using Lin-
ear Discriminant Functions (LDA). The 
LDA functions were calculated for all the 
species in the data, excluding the Dman-
isi specimens, which identify the axes of 
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variance that most discriminate the spe-
cies represented in the comparative data. 
The Dmanisi specimens were then trans-
formed to the coordinates of the first and 
second linear discriminant functions and 
the values of all the specimens in the data 
were plotted, allowing us to explore the 

morphological affinities of the Dmanisi 
remains without having to assume any 
a  priori species for them. All analyses 
were done in R (R Core Team 2023), 
complemented by packages MASS (Vena-
bles and Ripley 2002), ggplot2 (Wickham 
2016), and ggrepel (Slowikowski 2023).

Table 1. Species included in the original databank

Species N Source

Homo sp. (Dmanisi) 4 Wood (1991), Laird et al. (2017), Rightmire et al. (2017), Ni et al. (2021)

S. tchadensis 1 Zollikofer et al. (2005)

A. afarensis 16 Wood (1991), Kimbel et al. (2004)

A. africanus 17 Wood (1991), Laird et al. (2017)

A. sediba 1 Berger et al. (2010), Laird et al. (2017)

P. aethiopicus 2 Berger et al. (2010), Kimbel et al. (2004), Wood (1991)

P. boisei 8 Wood (1991)

P. robustus 11 Wood (1991), Laird et al. (2017)

H. habilis 9 Wood (1991), Laird et al. (2017)

H. erectus 53 Wood (1991), Rightmire (1996), Laird et  al. (2017), Ni et  al. (2021), 
Rightmire et al. (2017), Kaifu et al. (2008), Weidenreich (1943), Rightmire 
(1990), Stringer cranial data

H. heidelbergensis 27 Ni et al. (2021), Stringer cranial data, Laird et al. (2017), Rightmire (1996), 
Guipert et al. (2014) , Stringer et al. (1979), Arsuaga et al. (1997) , Howell 
(1960), Rak et al. (2021), Young (1938), Marston (1937)

H. floresiensis 1 Kaifu et al. (2011)

H. antecessor 1 Arsuaga et al. (1999)

H. naledi 3 Laird et al. (2017)

H. neanderthalensis 27 Ni et  al. (2021), Stringer cranial data, Howell (1960), Martin and Saller 
(1957), Guipert et al. (2014), Guipert (2010), Sergi (1991)

H. sapiens 21 Ni et al. (2021), Stringer cranial data

H. longi 1 Ni et al. (2021)

Table 2. Species and specimens included in this study

Species N Specimens Source

Homo sp. 
(Dmanisi)

4 D2280, D2282, D2700, D4500. Wood (1991), Laird et  al. 
(2017), Rightmire et al. 
(2017), Ni et al. (2021)

Au. afarensis 1 A.L. 444-2. Wood (1991)

Au. africanus 2 Sts 5, Sts 71. Wood (1991)
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Species N Specimens Source

Au. sediba 1 MH1 Berger et  al. (2010), Laird 
et al. (2017)

P. aethiopicus 1 KNM-WT 17000. Wood (1991), Berger et  al. 
(2010)

P. boisei 4 KNM-ER 406, KNM-ER 407, KNM-ER 732, OH 5. Wood (1991)

H. habilis 3 KNM-ER 1805, KNM-ER 1813, OH 24. Wood (1991), Ni et al. (2021)

H. rudolfensis 1 KNM-ER 1470. Wood (1991)

H. erectus 15 Hexian, KNM-ER 3733, KNM-ER 3883, KNM-WT 
15000, Nanjing 1, Ngandong 7, Ngandong 11, Ngan-
dong 12, OH 9, Sambungmacan 1, Sambungmacan 3, 
Sangiran 2, Sangiran 17, Zhoukoudien X, Zhoukoud-
ien XI.

Wood (1991), Weidenreich 
(1943), Rightmire (1990), 
Kaifu et al. (2008), Ni et al. 
(2021), Stringer personal 
data

H. heidelber-
gensis

13 Arago, Broken Hill, Bodo, Ceprano, Dali, Kabwe, Pe-
tralona, Sima de los Huesos 4, Sima de los Huesos 
5, Sima de los Huesos 6, Steinheim, Narmada, Jin-
niushan.

Stringer et al. (1979), Wood 
(1991), Rightmire (1996), 
Arsuaga et  al. (1997), Lub-
sen e Corrucini (2011), Gui-
pert et al. (2014), Rightmire 
et al. (2017), Ni et al. (2021), 
Stringer personal data

H. neander-
thalensis

14 Amud 1, Forbes Quarry, Gibraltar 1, Guattari 1, La 
Chapelle-Aux-Saints, La Ferrassie 1, Saccopastori 1, 
Saccopastori 2, Shanidar 1, Shanidar 5, Spy 1, Spy 2, 
Saint Cesaire, Tabun.

Stringer et al. (1979), Gui-
pert et al. (2014), Ni et al. 
(2021), Stringer personal 
data

H. sapiens 62 Arene Candide 1, Arene Candide 4, Arene Candide 
5, Afalou 9, Afalou 10, Afalou 29, Afalou 32, Brno3, 
Chancelade, Cohuna, Cro-Magnon 1, Cro-Magnon 2, 
Dolní Vestonice 3, Elyie Springs, Eroel 2, Fish Hoek, 
Gough 1, Gramat, Grotte des Enfant 6, Hayonim, 
Hohlenstein I, Hohlenstein 2, Hotu, Jebel Irhoud 1, 
Jebel Irhoud 2, Kafi, Kanalda, Keilor, Kostenki14, Ks 1, 
L Nitch, Liujiang, Minat 1, Mladec 1, Mladec 5, Nahal 
E, Nahal Oren, Oberkassel M, Oberkassel F, Omo 2, 
Ona1938, Ona1933, Ortucchio 1, Pataud 2, Paviland 
1, Predmostí 3, Predmostí 4, Qfzeh 6, Qfzeh 9, Skull 
5, Skull 9, Taforalt XI, Taforalt 17, Teodoro 3, Teviec I, 
Teviec 11, Upper Cave 101, Upper Cave 103, Wadjak 
1, Ndutu, LH 18, Oase.

Ni et  al. (2021), Stringer 
personal data

Results

Figure 1 presents the distribution of indi-
viduals and species when size and shape 
are taken into consideration. As can be 
seen, two main groups are formed in the 
morphospace: the left upper quadrant of 
the graph is occupied by P. boisei, P. ae-
thiopicus, A. sediba, A. africanus, A. afa-

rensis, H. rudolfensis, and H. habilis. 
The right lower quadrant of the graph is 
occupied by H. erectus, H. heidelbergen-
sis, H. neanderthalensis and H. sapiens. 
The material from Dmanisi occupies an 
intermediate position between these two 
main groups. D4500 lies within the distri-
bution of P. boisei. D2700 lies within the 
distribution of H. habilis, while D2280 
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and D2282 approach the distribution of 
H. erectus. Table 3 shows the correla-
tion between each linear discriminant 
function and the original variables in the 
analysis, which facilitates the interpreta-
tion of the morphological differences ob-
served in the data. The first discriminant 
function is strongly correlated with meas-
urements associated with neurocranium 
height (basion-bregma distance), breadth 
(minimum frontal breadth, maximum pa-
rietal breadth), and length (glabella-breg-
ma chord, parietal sagittal length chord, 
occipital sagittal length chord), showing 

smaller individuals on the left side of the 
plot and larger individuals on the right. 
The separation of the Dmanisi specimens 
on this axis then follows closely their re-
ported braincase sizes. The second dis-
criminant function does not have strong 
correlations with variables, but moderate 
negative correlations are observed with 
occipital breadth (biasterionic breadth 
chord) and upper facial and nasal breadths 
(superior facial breadth, maximum nasal 
width). Therefore, in this axis, specimens 
with narrower faces, noses, and occipitals 
tend to occupy a higher position. 

Fig. 1. Morphological affinities of hominin species based on the coordinates of the first two Linear Discri-
minant Functions (LDF), using size and shape information

Table 3. Correlations between the original variables and the linear discriminant functions calculated in the 
size and shape, and shape only analyses*

Measurement LD1 LD2 LD1 LD2

Basion bregma 0.751 0.253 0.491 0.467

Basion nasion 0.146 -0.244 -0.490 0.140

Mastoid length -0.076 0.251 -0.319 0.393

Minimum frontal breadth 0.793 -0.281 0.774 -0.108
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Measurement LD1 LD2 LD1 LD2

Maximum parietal breadth 0.808 -0.375 0.786 -0.230

Biporionic breadth 0.407 -0.264 0.044 0.014

Supramastoid breadth 0.488 -0.467 -0.022 -0.206

Glabella bregma chord 0.701 -0.157 0.494 0.143

Parietal sagittal length chord 0.824 0.421 0.628 0.655

Lambda inion chord 0.627 -0.055 0.438 0.165

Occipital sagittal length chord 0.836 0.295 0.638 0.489

Biasterionic breadth chord 0.587 -0.535 0.376 -0.414

Superior facial height -0.441 -0.324 -0.755 -0.167

Superior facial length -0.157 -0.289 -0.540 -0.027

Superior facial breadth 0.145 -0.499 -0.379 -0.345

Biorbital breadth 0.496 -0.445 0.174 -0.306

Bimaxillary breadth -0.216 -0.343 -0.730 -0.078

Orbital breadth 0.518 -0.203 0.229 0.076

Orbital height -0.102 -0.447 -0.580 -0.211

Vertical thickness of supraorbital torus 0.080 -0.456 -0.077 -0.386

Maximum nasal width 0.020 -0.513 -0.315 -0.382

Nasal height -0.031 -0.348 -0.445 -0.161

Maxillo alveolar breadth -0.337 -0.248 -0.788 0.013

* In the spirit of the academic freedom the Editors recognize the right of the Authors to express their opin-
ions and conclusions, irrespective of the opinions of the Editors.

Figure 2 depicts the distribution of 
individuals and species when only shape 
information is taken into consideration. 
The australopithecines (P. aethiopicus, 
P.  boisei, A. africanus, A. afarensis and 
A. sediba) occupy the left side of the mor-
phospace, while the right half is occu-
pied only by species of the genus Homo 
(H.  rudolfensis, H. habilis, H. erectus, 
H. heidelbergensis, H. neanderthalensis, 
and H. sapiens). The relative position of 
the Dmanisi specimens is very similar to 
the previous analysis, occupying an inter-
mediate space between these two groups. 
D4500 appears close to the distribution 
of P. boisei, D2700 lies very near to the 
distribution of H. habilis, while D2280 
and D2282 are completely integrated 

within the distribution of H. erectus. 
Table 3 shows the correlations between 
these linear discriminant functions and 
the original size- corrected variables. The 
first discriminant function shows high 
positive correlation with relative cranial 
breadth (minimum frontal breadth, max-
imum parietal breadth) and high negative 
correlations with superior facial height 
and breadth (superior facial height, and 
bimaxillary breadth). As these variables 
are size corrected, the specimens to the 
left of the plot show relatively wider neu-
rocrania and shorter and narrower faces, 
which supports that the differentiation 
observed among the Dmanisi specimens 
in the previous analysis is not only a re-
flection of their distinct sizes. As with 
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the previous analysis, the second dis-
criminant function does not show any 
particularly high correlations with the 
original size corrected data, but it shows 

moderate positive correlations with pos-
terior neurocranium length (parietal sag-
ittal length chord, and occipital sagittal 
length chord). 

Fig. 2. Morphological affinities of hominin species based on the coordinates of the first two Linear Discri-
minant Functions (LDF), using only shape information

Discussion and conclusions

Our results illustrate the magnitude of 
the variation observed among the Dman-
isi specimens when they are placed 
within the context of the morphologi-
cal variation of hominins. The four cra-
nia show morphological affinities that 
spread across the observed variation that 
separates two different hominin genera 
(Paranthropus, and Homo) and three 
different species (Paranthropus boisei, 
Homo habilis and Homo erectus). This 
high level of variance is particularly strik-
ing when we take into consideration that 
the fossils were retrieved from the same 

site and present very close ages (1.81 ± 
0.03 Ma; Garcia et al. 2010, Ferring et al. 
2011). No other species included in our 
analysis share these same characteris-
tics, which further accentuates the rela-
tive morphological variance among the 
Dmanisi fossils. 

Our results are in agreement with 
several previous analyses. Skinner et al. 
(2006), who analyzed the mandibular size 
and shape of the Georgian specimens, 
emphasized that the variation of the 
Dmanisi individuals does not resemble 
that of any living species. Neves and Ber-
nardo (2011) stated that the “Georgian 
specimens constitute the most variable 
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regional sample of Early Homo” (p. 109). 
Their analyses were based on Principal 
Components applied to a  dataset of 17 
Plio-pleistocene mandibles, including 
Homo antecessor, Homo ergaster, Homo 
erectus, Homo habilis, Homo rudolfensis, 
and three Georgian mandibles (D211, 
D2600, and D2735). Scardia et al. (2020) 
claimed that Skull 5 (D4500 and D2600) 
is completely different from the oth-
er four skulls found at Dmanisi. Their 
results are replicated in our analyses, 
which show that D4500, the smallest of 
the Dmanisi fossils, shows higher affini-
ties with Paranthropus than with Homo, 
and has the most distinct position of all 
the Dmanisi specimens. Accordingly, the 
authors suggest that there are two spe-
cies at the site: Homo georgicus, repre-
sented by Skull 5, and another non-erec-
tus species, represented by the remaining 
specimens. Lordkipanidze et  al. (2013) 
claimed that Dmanisi’s variation can be 
explained by sexual dimorphism and the 
biological age of the individuals, defining 
the smaller skulls as female and/or sub-
adult and the larger skulls as male adults. 
Similarly, Rightmire et al. (2018) stated 
that the variation among the Dmanisi 
group is not extraordinary, and could be 
well explained by sexual dimorphism, 
since Skull 5 “shares with the four other 
Dmanisi individuals a total morphologi-
cal pattern” (p. 490). Surprisingly, the au-
thors affirm in the same study that “pat-
terning of sex dimorphism at Dmanisi 
may differ from that in extant apes, liv-
ing humans, and mid Pleistocene homi-
nins” (p. 492). Although this view of taxa 
homogeneity is supported by Zollikofer 
et al. (2014), the hypothesis of sexual di-
morphism explaining the variance seen 
in Dmanisi is not strongly supported by 
our analyses, since the affinity of D4500 
with Paranthropus would presume a level 

of sexual dimorphism unseen among the 
hominins included in our dataset. While 
it is not impossible that the species could 
show more dimorphism than observed 
among early Homo, this would go against 
the general trend of reduced dimorphism 
seen in the Homo erectus, and we argue 
this is not a  parsimonious explanation 
for the variance observed. 

Ultimately, our study shows that the 
variability displayed by the Georgian fos-
sils is not found in any other Plio-Pleis-
tocene hominin, even when analyzing 
Homo erectus and Homo sapiens, which 
have the largest number of specimens of 
all hominins included in our study. Once 
more, this level of variance is particu-
larly noteworthy when we consider that 
H. erectus spans more than 1.7 million 
years and shows a  much more stable 
morphological pattern than the one ob-
served in Dmanisi. 

It is important to note that defining 
what species are present at Dmanisi is 
another difficult task. Many authors 
argue that the Georgian specimens are 
a transitory clade between H. habilis and 
H. erectus. As stated by Rightmire et al. 
(2018) “the Caucasus hominins share 
features with African H. habilis but had 
not yet evolved a full suite of characters 
diagnostic for later H. erectus” (p. 492). 
The answer to this question also affects 
another important discussion, which is 
defining what species first left Africa. 
Vekua et al. (2002), for instance, argued 
that the first humans to leave Africa 
were similar to H. habilis, and had not 
yet developed the full H. erectus suite. 
Other authors (e.g., Ferring et al. 2011 
and Scardia et al. 2020) believe that an 
early Homo species first differentiated in 
Africa, left the African continent, gave 
rise to the Georgian fossils, and then 
returned to Africa as H. erectus. Our 
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results show that with the exception of 
D4500, the Dmanisi specimens present 
a transitory morphology between H. ha-
bilis and H. erectus, concurring with 
Ferring et  al. (2011) and Scardia et  al. 
(2020) that a transitory species evolved 
into H. erectus in Dmanisi, then re-
turned to Africa.

Even though we tend to avoid “spe-
cies inflation”, when, for example, 
“subspecies are raised to species’’ (Isaac 
et al. 2004; p. 464), we concur with the 
statement of Schwartz et al. (2014) that 
ignoring Skull 5’s “distinct identity is 
effectively to deny the utility of mor-
phology in systematics” (p. 360). In this 
respect, we suggest classifying D4500 as 
Homo georgicus, taking into account the 
precedence of Gaburnia et  al. (2002), 
and the remaining skulls as Homo cau-
casi, an intermediary species between 
Homo habilis and Homo erectus, tak-
ing into account our results and the 
observations above. However, we feel 
at odds to classify a hominin specimen 
(in this case D4500) that display s only 
546 cm3 of cranial capacity and a  large 
dentognathic apparatus in the genus 
Homo. Irrespective of their taxonomic 
classification, it is important to empha-
size that these fossils cannot be easily 
grouped into a single paleodeme, unless 
extreme levels of sexual dimorphism for 
hominins are considered possible. As 
such, while the discussion about their 
taxonomic classification continues, we 
suggest that these species should not be 
grouped a  priori into one single paleo-
deme, especially when D4500 is consid-
ered. The distinct characteristics of the 
latter can be more informative to gener-
al discussions about the trends of evolu-
tion in Homo when it is not integrated 
and subsumed into the variation of the 
remainder hominins from Dmanisi. 
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AbsTRACT: Menopausal transition and post-menopausal periods can have short-term and long- term effects 
on mid-life health of women. The short-term effects include the possibility of experiencing of menopausal 
symptoms, while the long-term effects include cardiovascular diseases (CVD) risk. The occurrence of men-
opausal symptoms varies widely within and between populations. Studies indicate that the frequency and 
severity of menopausal symptoms are linked to CVD risk factors, but the existing literature is divergent 
and somewhat limited. Thus, women belonging to different populations are likely to be at a different risk 
of CVD, but the exact physiological mechanism behind this relationship remains unclear. The present 
narrative review aimed to synthesize the available evidence of menopausal symptoms in association with 
various conventional CVD risk factors such as blood pressure, total cholesterol and blood glucose levels and 
obesity, as well as to determine the potential link between these two processes. We undertook a rigorous 
data base search to identify, examine, and critically assess the existing literature on the associations be-
tween menopausal symptoms and CVD risk factors. We applied inclusion and exclusion criteria to filter the 
retrieved articles and classified the literature into eight major categories. The risk of CVD is higher among 
women who experience vasomotor, psychological, and urogenital symptoms compared to those who do not 
experience these symptoms. Our review indicates that menopausal symptoms can be used as markers in 
assessing CVD risk factors during midlife. Thus there is a need for larger-scale research to support these 
findings and identify the potential mediators that are controlling this association.
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Introduction

An estimated 1.5 million women pass 
through the menopausal transition every 
year (Santoro et al. 2015). The phases of 
menopausal transition and postmeno-
pause have profound effects on women’s 
mid-life health. The period between per-
imenopausal and postmenopausal stages 
involves a biopsychosocial process, where 
the majority of women experience some 
short-term and long-term physiological 
changes. The short-term changes may 
include experiencing of vasomotor, uro-
genital, and psychological symptoms, de-
creased libido, insomnia, fatigue, as well 
as joint pain (Dennersteinet et  al. 2000; 
Sherman et al. 2005; Cohen et al. 2006). 
It has been argued that these short-term 
changes are related to the decline in the 
levels of estrogen and progesterone, one 
of the most important hormones in fe-
male’s physiology.

Cardiovascular disease (CVD) contin-
ues to be the leading cause of mortality 
for women (Townsend et al. 2016). Men-
opausal transition is identified as a signif-
icant risk factor of CVD, which increases 
independently of the effects related to ag-
ing (Matthews et  al. 2017; El Khoudary 
et al. 2020). The decline in the estrogen 
levels during and following the meno-
pausal transition has been reported to be 
associated with menopausal symptoms 
and CVD risk factors (Carr et al. 2003). 
Studies show that the alternations in the 
estrogen levels not only affects glucose 
and insulin metabolism, but also changes 
body fat distribution, introduces dyslipi-
demia, coagulation, fibrinolysis, and vas-
cular endothelial dysfunction (Carr 2003; 
Cakmak et al. 2015; Son et al. 2015).

Some researchers have posited that 
the frequency and severity of menopausal 
symptoms are linked to CVD risk factors 

(Gast et al. 2008, 2011; Gallicchio et al. 
2010; Szmuilowicz et  al. 2011; Kagitani 
et al. 2014; Thurston 2018) while several 
studies demonstrated the relationship be-
tween the frequency and severity of these 
symptoms with subclinical CVD, includ-
ing increased intima media thickness 
(Thurston et al. 2012), aortic calcification 
(Thurston et  al. 2008), and endotheli-
al dysfunction (Bechlioulis et  al. 2010). 
A  systematic review and meta-analysis 
conducted by Muka et  al. (2016), which 
included 213,976 middle aged wo men 
revealed a  significant association of 
vasomotor, psychological, and urogen-
ital symptoms with an elevated risk of 
CVD. Although several studies have doc-
umented the association between meno-
pausal symptoms and CVD, the resulting 
findings have not been consistent (Svart-
berg et al. 2009; Tuomikoski and Peltonen 
2017). Menopausal symptoms vary great-
ly across populations so women belonging 
to different population groups are likely 
to be at a differential risk of CVD, thus 
the exact physiological mechanism link-
ing menopausal symptoms and CVD risk 
factors remain unclear (Gast et al. 2008).  

In the present review, we aimed to syn-
thesize all available evidence regarding the 
association between menopausal symp-
toms (e.g., vasomotor, urogenital, and 
psychosocial) and various conventional 
CVD risk factors, such as blood pressure, 
total cholesterol and total glucose levels, 
and obesity, and to determine the poten-
tial link between these two events.

Methodology

Data sources and Search strategy 
In this review, we undertook a  rigorous 
data base search in order to identify, ex-
amine, and critically assess the studies 
conducted on associations between men-
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opausal symptoms and CVD risk factors, 
such as hypertension, diabetes, serum 
total cholesterol, and central obesity. The 
search was conducted using the Google 
search engine, PubMed, and Medline 
websites during the period of May 2023 
to January 2024 using specific keywords: 
“Menopause”, “Cardiovascular disease”, 
“Vasomotor symptoms”, “Menopausal 
Symptoms”, “Psychological symptoms”, 
“Hypertension”, “Estrogen”, “Lipid” etc. 
While performing the search we includ-
ed some specific combinations of terms, 
such as vasomotor symptoms and CVD, 
psychological symptoms and CVD, hot 
flush and hypertension, the physiology of 
vasomotor symptoms, the frequency and 
severity of VMS among midlife women, 
the severity of menopausal symptoms 
and cardiovascular risk factors. Initial-
ly, we categorized the published litera-
ture based on studies that independently 
linked VMS, psychological, and urogeni-
tal symptoms to CVD risk factors. Sub-
sequently, we thoroughly investigated 
the association between these symptoms 
and manifestations of CVD risk factors. 
Finally, we attempted to identify and dis-
cuss the research gaps within the Indian 
context. 

Selection criteria
We used the following inclusion and exclu-
sion criteria to filter the retrieved articles. 
Articles published in peer-review journals 
or by any reputed organization related to 
the topic of women’s midlife health and/
or on perimenopausal and postmenopau-
sal women, based on both field based, and 
hospital based studies and observational 
and interventional studies that report-
ed an association between menopausal 
symptoms and CVD were considered in 
this study. A few systematic reviews, me-
ta-analysis, pooled analysis, cohort stud-

ies were also included in this review. Only 
articles that have been published or trans-
lated into English were considered in this 
review, spanning between January 2000 
and December 2023. 

Data extraction 
602 articles were retrieved following the 
article-retrieval protocol described above. 
A  predesigned data extraction form 
(Franco et al. 2015) was used to extract 
pertinent information from each eligible 
study. This incorporated information 
on the sample size, baseline population, 
study design, age at baseline, duration of 
follow-up (for cohort studies), degree of 
adjustments for confounders (like age, 
sex, smoking status, ethnicity and BMI), 
and the outcome and limitations of the 
study. 313 articles were retrieved fol-
lowing this process. The authors sorted 
the selected articles to eliminate similar 
studies with diverging results and con-
clusions, non-English literatures, and ed-
itorial letters or book reviews. We finally 
considered156 full length articles explor-
ing the physiology of menopausal symp-
toms and its association with CVD risk 
factors. When multiple publications by 
the same author were considered, we in-
corporated the most recent publications 
of that author. 

Classification of the literature
We classified the literature after comple-
tion of the article retrieval process. The 
full text articles were divided into eight 
major categories: (1) 29 articles on the se-
verity and frequency of menopausal symp-
toms, (2) 15 on the physiology of vasomo-
tor symptoms, (3) 12 on the physiology 
of urogenital symptoms, (4)  18 on the 
psychological symptoms of menopause, 
(5) 33 on the association between VMS 
and CVD, (6) 23 on association between 
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psychological symptoms and CVD, (7) 9 
on association between urogenital symp-
toms and CVD, and (8) 17 articles on 
the association between menopause and 
CVD risk factors. We examined the refer-
ence lists of the selected articles to iden-
tify the potential articles for cross-refer-
encing and later cited in this review. We 

did not find any Indian study examining 
the association between menopausal 
symptoms and CVD risk factors. How-
ever, we included in our study some Indi-
an studies that only explored the severity 
and frequency of menopausal symptoms. 
A flowchart depicting the article retrieval 
process is presented below (Fig. 1). 

Zhu F, Chen M, Xiao Y, Huang X, Chen L, Hong L. 2024. Synergistic interaction between 

hyperlipidemia and obesity as a risk factor for stress urinary incontinence in Americans. Sci Rep 

14: 7312. https://doi.org/10.1038/s41598-024-56744-5  
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Fig. 1. Flowchart of narrative review of literature

Discussion

Vasomotor symptoms and CVD
Vasomotor symptoms (VMS) are one 
of the most prevalent symptoms ex-
perienced by 80 % women worldwide 

during the menopausal transition. The 
symptoms include hot flushes and night 
sweats; the severity and duration of these 
symptoms also vary across populations 
(Franco et  al. 2015). Previous studies 
have indicated that the median duration 
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of VMS is 7.4 years, while other studies 
have reported much longer duration (Avis 
et al. 2015). Hot flush refers to a sudden 
sensation of heat and sweating, most 
notably on the upper part of the body, 
while night sweats are the manifesta-
tion of heat during nighttime. Although 
estrogen has been used to treat vaso-
motor symptoms, the exact mechanism 
through which estrogen induces this phe-
nomenon inside the body has not been 
investigated. VMS originates from the 
changes in the neurotransmitters located 
at the brain. It brings instability in the 
hypothalamic thermoregulatory center 
and causes decrease in estrogen levels. 
Hot flushes, a  type of VMS result from 
a reduced thermoneutral zone (Freedman 
and Krell 1999). This reduction seems 
to be linked directly to the elevated nor-
epinephrine (NE) levels in the central 
nervous system, partly through alpha 2 
adrenergic receptors reducing the width 
of the thermoneutral zone (Avis et  al. 
2015; Thurston 2018). Estrogen mod-
ulates the alpha 2 adrenergic receptors 
(Thurston 2018). The fluctuation in es-
trogen levels affects the alpha 2 receptors 
and lead to increased NE levels, which 
ultimately cause inappropriate heat loss 
mechanisms and increase the likelihood 
of VMS (Freedman 2005). 

A  growing body of evidence suggests 
that women who reported VMS are likely 
to have higher cholesterol, triglyceride, 
low density lipoprotein cholesterol (LDL) 
and systolic and diastolic blood pressure 
levels, a higher body mass index (BMI), 
and insulin resistance (Gast et al. 2008; 
Thurston et  al. 2012; Cagnacci et  al. 
2015; Franco et  al. 2015), although the 
reported results are not consistent (Gal-
licchio et  al. 2010; Dam et  al. 2020). 
Studies also have demonstrated the as-
sociation of VMS with hypertension 

(Gast et  al. 2008; Jackson et  al. 2016), 
insulin resistance (Gray et  al. 2018), 
adverse lipid profiles (Gast et al. 2008), 
poor endothelial dysfunction (Thurs-
ton et al. 2008; Bechlioulis et al. 2010), 
high proinflammatory profile (Huang 
et al. 2017), and incidences of subclinical 
CVD (Ȍzkaya et al. 2011; Thurston et al. 
2016). For example, two epidemiological 
studies conducted among middle aged 
women in Japan (Kagitani et  al. 2014) 
and the Netherlands (Gast et  al. 2008) 
found that, compared to women without 
VMS, women with VMS are more likely 
to have a higher CVD risk factor, includ-
ing high blood pressure and total choles-
terol levels. Similarly, four cohort stud-
ies, some of which included American 
women, revealed increased risk factors 
of CVD (high blood pressure and total 
cholesterol levels) for those who report-
ed a higher incidence of VMS compared 
to women who did not (Gastet  et  al. 
2008; Kagitaniet  et  al. 2014; Franco 
et al. 2015). Some studies suggested that 
percent body fat and VMS are positive-
ly correlated (Thurston et  al. 2013; Da 
Fonseca et  al. 2013; Herber-Gast et  al. 
2013; Gallichio et  al. 2014). For exam-
ple, a study conducted by Cagnacci et al. 
(2015) showed that women who experi-
enced hot flushes had a higher body fat 
percentage and increase in the severity 
of VMS was associated with higher lev-
els of body fat. Similarly, a recent study 
conducted among 2533 women aged 
between 42 and 52 years showed that 
lean body mass is inversely associated 
with the incidence of VMS (Woods et al. 
2020). The underlying mechanism of 
this association is not yet clear due to the 
incomplete understanding of the physi-
ology of VMS. Some scholars argue that 
the sympathetic overactivity that exists 
in both VMS and metabolic syndrome 
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is a common pathway linking these two 
processes (Schlaich et  al. 2015; Gava 
et al. 2019).  Earlier studies have hypoth-
esized that body fat is protective against 
VMS due to the process of peripheral 
aromatization of androgens to estrogen 
in adipose tissues (Kershaw et al. 2004). 
The ‘thermoregulatory model’ suggests 
that adiposity inhibits heat dissipation 
and raises the core body temperature, 
thereby increasing the incidence of VMS 
(Duffy et al. 2013). On the contrary, a re-
cent 20-year of follow-up study by Dam 
et  al. (2020) reported no significant as-
sociation between vasomotor symptoms 
and CVD, coronary heart disease, or cere-
brovascular disease. However, the same 
study reported that women who had 
night sweats are at 18% increased risk 
of CVD compared to those who did not, 
although this increase was statistically 
nonsignificant. A study among perimen-
opausal women conducted by Thurston 
et  al. (2012) showed that higher VMS 
is associated with a derangement of the 
lipid profile. Gast et  al. (2008, 2010) 
have replicated findings of positive as-
sociations between VMS, body fat, total 
cholesterol, systolic and diastolic blood 
pressure levels from population-based 
studies conducted in the Netherlands 
and Sweden. Gallicchio et al. (2010) ob-
served a  non-significant association be-
tween hot flush and blood pressure level 
after adjustment for confounders such as 
smoking, alcohol consumption, ethnici-
ty and the use of hypertensive medicines. 
Similarly, after controlling the confound-
ers like educational attainment, smoking 
status, and BMI, Gast et  al. (2008) re-
ported no significant association between 
blood pressure level and hot flushes. 

A couple of studies reported that se-
verity of VMS, rather than frequency, is 
associated with an increased risk of CVD 

(Muka et al. 2016 and Zhu et al. 2020). 
The severity of menopausal symptoms 
among postmenopausal women, as eval-
uated by the Green Climacteric Scale, is 
related to endocrine and metabolic modi-
fications, possibly leading to an increased 
risk of CVD (Cagnacci et al. 2011, 2012). 
In these studies, hot flush and night 
sweats were combined thus, it was not 
possible to evaluate the impact of each 
symptom independently. A  cross-sec-
tional study found night sweats rath-
er than hot flush is associated with an 
elevated risk of coronary heart disease; 
the association persisted even after con-
trolling for the traditional CVD risk fac-
tors like BMI, blood pressure, and total 
cholesterol levels (Gast et al. 2011). Some 
studies have reported that hot flushes 
and night sweats have different etiolo-
gies for CVD, but the exact mechanism 
is not well understood (Hitchcock et al. 
2012; Herber-Gast et al. 2013). Some ev-
idence indicates that the combined effect 
of hot flush and night sweats on the risk 
of CVD was higher than the independent 
effect of each symptom (Zhu et al. 2020).

Studies suggest that age of occurrence 
of VMS may influence the association 
between VMS and CVD risk factors 
(Szmu ilowicz et al. 2011; Thurston et al. 
2016). It has been hypothesized that the 
predictive value of vasomotor symptoms 
for CVD risk factors may vary with the 
onset of VMS at different stages of men-
opause (Szmuilowicz et al. 2011; Thurs-
ton et al. 2016). For example, a study of 
Women’s Ischemia Syndrome Evaluation 
reported that women who experienced 
menopausal symptoms at an early phase 
of their lives (before 42) had endotheli-
al dysfunction and elevated CVD related 
mortality compared to those who experi-
enced menopausal symptoms later in life. 
The association persisted even after the 
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adjustment for BMI, smoking status, and 
age at menopause (Thurston et al. 2016). 
On the contrary, the Women’s Health In-
itiative Observational Study (WHI-OS) 
conducted in the New York City demon-
strates that although early onset of VMS 
is not associated with CVD risk factors, 
the late-onset of VMS increases the risk 
of CVD and all-cause mortality (Sz-
muilowicz et al. 2011). A recent system-
atic review conducted by Armeni et  al. 
(2023) showed VMS increases the risk of 
CVD for those women aged less than 60 
years suggesting that age might be a me-
diating factor in the association between 
these two processes. A  pooled analysis 
of six prospective studies reported both 
early and late-onset of VMS are associ-
ated with an increased risk of CVD (Zhu 
et  al. 2020). The two contrasting find-
ings probably result from the use of two 
different definitions used in defining the 
onset of VMS. In the WHI-OS study, ear-
ly-onset of VMS was defined as VMS at 
the onset of menopause, while late-onset 
was defined as VMS at the time of en-
rollment in the study, which was around 
63.3 years at the time of interview. On 
the other hand, in the pooled analysis, 
VMS, which first occurred before meno-
pause was classified as early-onset, while 
the VMS that first occurred after meno-
pause was classified as late-onset. There-
fore, the difference in definition could 
account for the differential outcomes. It 
has been hypothesized that the mecha-
nisms at play in the occurrence of early 
and late VMS are different. For instance, 
Szmuilowicz et al. (2011) argued that the 
chance of early-onset of VMS before the 
menopausal transition is a physiological 
response to typical hormonal fluctua-
tions, while late-onset VMS could be 
a  manifestation of vascular instability. 
Therefore, both early and late-onset of 

VMS exhibit different associations with 
CVD. However, further research is need-
ed for a better understanding of this as-
sociation.

A  possible mechanism linking wo-
men with VMS and an increased risk of 
CVD is a potential up-regulation in the 
sympathetic nervous activity (Gastet 
et  al. 2008). Some scholars are of the 
opinion that the narrowing of thermo-
neutral zone results in hot flushes, which 
appears to be closely related to elevated 
central nervous system levels of nor-ep-
inephrine (Freedman 1999). Epineph-
rine and nor-epinephrine secreted from 
the sympathetic nervous system are the 
possible mediators for various vascular 
and metabolic abnormalities, including 
hypertension and increased total cho-
lesterol levels (Engler and Engler 1995). 
The significant increase in body fat per-
centage in older women with VMS, as 
observed in previous studies may also be 
due to the secretion of nor-epinephrine 
from the sympathetic nerves (Gast et al. 
2008). The association of VMS with 
increased catecholaminergic activity 
and modifications in calcitonin-related 
peptides, may increase the risk of CVD 
(Gupta et al. 2008). A study by Cagnacci 
et al. (2011) showed hyperactivity of the 
hypothalamic-pituitary-adrenal (HPA) 
axis and increased cortisol concentra-
tion among those who experience VMS; 
this may represent another mechanism 
linking VMS with CVD risk factors such 
as insulin resistance and abnormal lipid 
metabolism. Since VMS is associ ated 
with thermoregulatory dysfunction, it 
alters the activity of the autonomic nerv-
ous system (ANS). The altered activi-
ty of both ANS and HPA may serve as 
a common link between VMS and cardi-
ovascular risk factors (Zhu et al. 2020). 
However, whether vasomotor symptoms 
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precede the CVD risk factors or are symp-
tomatic manifestations underlies adverse 
changes in a  woman’s vasculature war-
rants further investigation. For example, 
studies show that increased BMI and 
blood pressure levels are associated with 
an increased secretion of NE from sym-
pathetic nerves, which in turn leads to 
the incidence of VMS (Cagnacci et  al. 
2015; Thurston 2018). However, other 
studies show conflicting results (Mendel-
sohn et al. 1999; Randolph et al. 2005). 
Thus, there is a need for further research 
to establish the exact link between these 
two events. 

Psychological symptoms and CVD 
Women during midlife may also experi-
ence psychological symptoms, such as de-
pression, mood disturbance, loss of ener-
gy, loss of interest, forgetfulness, anxiety, 
panic attacks, irritability and lack of con-
centration that may impede coping and 
decrease the quality of life (Ohayon et al. 
2006; Thurston et  al. 2017; Gavaet  al. 
2019). Freeman (2015) reported that 
midlife women in their late-perimenopau-
sal phase are three times more likely to 
develop depressive symptoms compared 
to premenopausal women. A  decline 
in the estrogen levels during menopau-
sal transition may trigger psychological 
symptoms by inhibiting the production of 
major neuroprotective factors and alter-
ing neurotransmission. This decline may 
interfere with the synthesis of catechola-
mines and increase the level of serotonin 
potentially leading to the development of 
psychological symptoms (Santoro et  al. 
2015; Gava et al. 2019).

Psychological disorders, including de-
pression, anxiety, and panic attacks, are 
already known to be CVD risk factors in 
both men and women of any age (Wal-
ters et al. 2008; Player et al. 2011; Brun-

ner et  al. 2014). Studies revealed that 
bothersome psychological symptoms are 
associated with increased CVD risk fac-
tors among midlife women (Ward et al. 
1994; Smoller et al. 2003; Collins et al. 
2007; Low et al. 2010; Im et al. 2016). 
Lack of sleep, depression and panic dis-
order that are indicative of poor physical 
and mental health, have been associated 
with an increased risk of CVD (Cappuc-
cio et al. 2011; Laughsand et al. 2014). 
For example, a  multi-ethnic study re-
ported that postmenopausal women 
with severe psychological symptoms 
experience an increased risk of CVD 
related mortality (Im et  al. 2016). Re-
search indicates that both psychological 
symptoms and CVD risk factors could 
be influenced by the hormonal changes 
that occur during the menopausal tran-
sition. These hormonal alterations may 
bring changes in the hypothalamic-adre-
nal axis, serotonergic transmission, and 
the renin-angiotension-aldosterone sys-
tem, which in turn increases the risk of 
CVD (Im et al. 2016; Muka et al. 2016). 
Scholars are of the opinion that depres-
sion and anxiety result in autoimmune 
activation, leading to increased blood 
pressure levels, decreased endothelial 
dysfunction, and increased platelet ac-
tivity; all of which contribute to the de-
velopment of CVD (Carney et al. 2005; 
Mittleman and Mostofsky 2011). The 
sympathetic nervous activation follow-
ing the psychological symptoms could 
also mediate the increased risk of CVD 
(Esler et  al. 2004). Another plausible 
mechanism explains that the co-occur-
rence of psychological symptoms and 
CVD risk factors is because of altered 
systematic inflammatory response; 
and this is influenced by the hormonal 
changes during menopause (Im et  al. 
2016).
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 It is postulated that menopausal 
symptoms affect cardiovascular health 
through established risk factors such as 
elevated BMI and central obesity (De Wit 
et al. 2009; Lallukka et al. 2012). Previ-
ous studies show a  significant associa-
tion between obesity and mood dysreg-
ulation (Glaus et  al. 2019). Adipokines 
produced by adipose tissues activate 
systemic inflammation. This affects the 
brain and leads to various psychological 
symptoms (Ali et al. 2020). On the other 
hand, there are assumptions that psycho-
logical symptoms related to menopause 
increase the number of cytokines and 
free radicals, resulting in more fat dep-
osition (Elavsky and Gold 2009); thus, 
the association can perhaps be explained 
to be bi-directional. Obesity may also 
induce low self-esteem among midlife 
women, resulting in mood dysregulation 
to some extent (Yaylali et al. 2010). The 
Epic-Norfolk study reported central obe-
sity to be significantly associated with 
psychological symptoms, rather than 
general obesity (Myint et al. 2006). How-
ever, conflicting findings have also been 
reported (Ward Ritacco et al. 2015; Glaus 
et al. 2019). 

Sleep disturbance is also associated 
with increased CVD risk factors like hy-
pertension (Capuccio et al. 2011), obesity 
(Li 2021), type 2 diabetes mellitus (Cap-
pucio et  al. 2010), and atherogenic lipid 
profile (Kaneita et al. 2008; Tsiptsios et al. 
2022). The exact mechanism underlying 
these associations is not fully understood. 
The possible mechanisms linking short 
durations of sleep to adverse health out-
comes include reciprocal changes in circu-
lating levels of leptin and ghrelin (Taheri 
et al. 2004); these changes would increase 
appetite, caloric intake, reduce energy ex-
penditure and facilitate the development 
of obesity, and impair glycaemic control, 

which ultimately increases the risk of 
CVD (Khakpash et al. 2023). 

The association between psycholog-
ical symptoms and CVD risk factors 
could be mediated by other factors, such 
as ethnicity. For example, a multi-ethnic 
study found association between psycho-
logical symptoms and CVD risk factors 
varies across different ethnic groups, 
with Asian women showing the strong-
est association compared to the other 
ethnic groups (Im et al. 2016). The stud-
ies interpreted the strongest association 
among Asian women in the context of 
Asian culture, which prohibits the ex-
pression of psychological symptoms due 
to the stigmatization of mental illness 
(Kramer et al. 2002; Im et al. 2016). On 
the contrary, there are studies that reveal 
no ethnic variances in the association be-
tween psychological symptoms and CVD 
in midlife women (Ferketich et al. 2000; 
Franco et al. 2015). Researchers are of the 
opinion that the association may not be 
greatly influenced by social-cultural fac-
tors, although women’s socio-economic 
position, reproductive history, cultural 
beliefs, attitudes, knowledge, and percep-
tion could affect psychological symptoms 
(Ali et al. 2020; Weidner et al. 2020) and 
CVD risk factors independently (Tedesco 
et al. 2015; Beussink-Nelson et al. 2022). 

Depressive symptom is a  greater 
risk factor for CVD compared to other 
psychological symptoms (Smoller et  al. 
2003; Wright et al. 2014). Pathophysio-
logical alterations that occur due to de-
pression may affect the cardiovascular 
system by increasing variability in heart 
rate and platelet aggregation (Nemer-
off 2008). Wright et  al. (2014) posited 
that hormonal fluctuations experienced 
during menopause affect the systematic 
inflammatory process, which, in turn, 
increases the frequency of psychological 
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symptoms and CVD risk factors. Heart 
rate and blood pressure increase during 
psychological stress (tension or anxiety) 
due to the activation of the sympathetic 
nervous system and adrenal medullary 
release of epinephrine, which, in turn, 
alter insulin resistance and lipid metab-
olism (Steptoe et al. 2006); some incon-
sistent findings have also been reported 
(Ward et  al. 1994). Literature reveals 
an association of emotional distress 
with CVD risk factors, such as central 
obesity (Elavsky and Gold 2009). Emo-
tional distress increases the production 
of cytokines and free radicals, resulting 
in the increase in central deposition of 
body fat (Elavsky and Gold 2009). Some 
studies have demonstrated that obesity 
and metabolic syndrome, characterized 
by impaired glucose and lipid metabo-
lism, are independently associated with 
depression (Schmitz et al. 2018; Moaz-
zami et al. 2019). The underlying mech-
anism linking obesity and depression 
is a  complex pathway. Cerebral insulin 
resistance develops in obese women due 
to the depletion of adiponectin, which 
is a hormone derived from the adipose 
tissue and regulates the metabolism of 
glucose and lipids (Nguyen 2020). Obe-
sity might also trigger major oxidative 
and inflammatory pathways, leading to 
neuroinflammation, which is a  crucial 
factor in the development of mood and 
cognitive disorders, such as anxiety and 
depression (Kiecolt-Glaser et  al. 2015). 
These are the possible pathways link-
ing psychological symptoms of meno-
pause and CVD risk factors among 
women (Schmitz et al. 2018; Moazzami 
et  al. 2019). Future studies should ad-
dress whether psychological symptoms 
precede the CVD risk factors or whether 
the CVD risk factors induce depression 
and anxiety among midlife women. 

Urogenital symptoms and CVD
Urogenital symptoms also show a signifi-
cant association with CVD. For example, 
a  recent study conducted by Cagnacci-
et al. (2022) among 504 postmenopausal 
women revealed genito-urinary symp-
toms are more likely to be associated 
with CVD risk factors rather than hot 
flushes. Some earlier studies have also in-
vestigated the association between sexual 
symptoms and metabolic problems (Lee 
et al. 2015; Russo et al. 2015; Lee 2019; 
Semczuk-Kaczmarek et  al. 2021). For 
example, a  systematic review conducted 
by Hunskaar (2008) showed that central 
obesity, higher BMI, higher low density 
lipoprotein cholesterol, and fasting blood 
glucose levels are significantly associated 
with genito-urinary problems like urinal 
incontinence. Kilinc et al. (2017), on the 
other hand, reported that the incidence of 
severe coronary artery disease to be higher 
in patients with urinal incontinence, Park 
et al. (2018) showed that abdominal obe-
sity is more likely to be associated with 
urinal incontinence compared to general 
obesity. However, studies investigating 
the link between sexual symptoms and 
obesity are limited and show inconsistent 
results. It is postulated that central obe-
sity is associated with increased pressure 
on the urinary bladder, and adipose tis-
sue acts, such as a neuroendocrine organ 
that produces inflammatory factors and 
induces the sympathetic nervous system 
(Subaket et  al. 2009; Tang et  al. 2022); 
this, in turn, leads to the development 
of some urinary symptoms like urinal 
incontinence. It is postulated that met-
abolic co-morbidity, such as obesity and 
dyslipidemia, could increase the severi-
ty of urogenital symptoms, possibly by 
causing inflammation, oxidative stress, 
hormonal disruptions, and impaired 
blood vessel formation (Zhu et al. 2024). 
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In addition, there is evidence showing 
that women with an altered lipid pro-
file exhibit activation of inflammatory 
pathways, a  decrease in neuroprotective 
factors, damage to DNA, and apoptosis 
ultimately leading to the development of 
urogenital symptoms (Zhu et  al. 2024). 
The Boston Area Community Health 
(BACH) survey reported moderate to se-
vere urogenital symptoms to be associ-
ated with an increased risk of diabetes 
mellitus (Lin et  al. 2013; Hwang et  al. 
2015). The exact mechanism linking 
urogenital symptoms and CVD risk fac-
tors is less understood. Previous studies 
show that some common factors such as 
estrogen deficiency, endothelial dysfunc-
tion, increased Rho-kinase activation, 
impaired nitric-oxide synthase pathway 
in the endothelium, autonomic hyper-
activity with sympathetic dysregulation 
are likely to be linked with urogenital 
symptoms and CVD (Fusco et al. 2013; 
Semczuk-Kaczmarek et al. 2021). Age-re-
lated changes in the bladder structure and 
function seem to play a central role in the 
occurrence of urogenital symptoms. For 
example, endothelial dysfunction in the 

pelvic vascular system is considered to 
play a  role in urinal incontinence. The 
common pathway linking hypertension 
and urogenital symptoms could be ex-
plained by increased sympathetic activ-
ity and altered alpha 2-adrenoreceptor 
activity. Furthermore, diabetes mellitus 
can increase the severity of urogenital 
symptoms through neurogenic bladder 
dysfunction (Russo et al. 2015). How ever, 
these associations cannot be explained 
as a cause-effect relation. For example, it 
appears from a recent study that patients 
with coronary artery disease have a higher 
severity of urogenital symptoms; this may 
indicate a significant role of CVD in the 
pathophysiology of urogenital symptoms 
(Semczuk-Kaczmarek et  al. 2021). The 
same study further reported association 
of increasing severity of urogenital symp-
toms with age, metabolic biomarkers and 
arterial hypertension. It is argued that 
a healthy lifestyle, antihypertensive ther-
apy with angiotensin II receptor blockers, 
and lipid lowering medicines like statins 
could reduce both CVD and the severity 
of urogenital symptoms (Semczuk-Kacz-
marek et al. 2020).

Table 1. General findings of the studies included in the review

Association Researchers Outcomes

VMS and CVD risk factors
VMS and hypertension

VMS and total cholesterol level

VMS and body fat percentage

VMS and insulin resistance

Bechlioulis et  al. 2010; Kagitani 
et al. 2014; Jackson et al. 2016

Gast et al. 2008; Thurston et al. 
2012

Herber-Gast et  al. 2013; Galli-
chio et al. 2014

Szmuilowicz et al. 2011; Cagnac-
ci et al. 2011

Incidence of VMS increases the 
likelihood of hypertension com-
pared to those without VMS.
VMS is associated with a  de-
rangement of the lipid profile.
Incidence of VMS increases the 
likelihood of derangement of the 
lipid profile.
Greater the degree of severity of 
VMS, higher is the likelihood of 
body fat percentage.
Early onset of VMS is not associ-
ated with CVD risk factors such 
as insulin resistance, but late-on-
set of VMS increases the risk of 
CVD and all-cause mortality.
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Psychological symptoms and CVD
Psychological symptoms, blood 
glucose and lipid profile

Psychological symptoms and hy-
pertension

Psychological symptoms and obe-
sity

Cappucio et  al. 2010; Wright 
et al. 2014; Tsiptsios et al. 2022

Im et al. 2016; Muka et al. 2016

Taheri et  al. 2004; Glaus et  al. 
2019; Khakpash et al. 2023

Psychological symptoms increase 
the activity of sympathetic ner-
vous system and adrenal med-
ullary release of epinephrine, 
leading to insulin resistance and 
abnormal lipid metabolism.
Depression and anxiety result in 
autoimmune activation, leading 
to increased blood pressure lev-
els, decreased endothelial dys-
function, and increased platelet 
activity.
Psychological distress would in-
crease appetite, caloric intake, 
reduce energy expenditure and 
facilitate the development of obe-
sity.

Urogenital symptoms and CVD
Urogenital symptoms and insu-
lin resistance

Urogenital symptoms and hyper-
tension

Urogenital symptoms and cen-
tral obesity

Lin et  al. 2013; Hwang et  al. 
2015

Fusco et al. 2013; Semczuk-Kacz-
marek et al. 2021

Park et al. 2018; Tang et al. 2022

Moderate to severe levels of uro-
genital symptoms is associated 
with increased risk of insulin re-
sistance.
Incidence of hypertension in-
creases the likelihood of the se-
verity of urogenital symptoms.
Abdominal obesity is more likely 
to be associated with urinal in-
continence compared to general 
obesity.

Future direction and conclusion

Our review suggests that the decline in the 
estrogen levels remains the common ori-
gin for menopausal symptoms and CVD 
risk factors during mid-life affecting the 
quality of life of women.  This narrative 
review revealed the following unmet gaps 
in research. (1) How different is the associ-
ation between menopausal symptoms and 
CVD risk factors across different ethnic 
groups? (2)  Are menopausal symptoms 
associated with the CVD risk factors and, 
if so, determine the degree of the CVD 
risk factors?  (3) Does the age of onset of 
menopausal symptoms has an association 
with the CVD risk factors? (4) To what 
extent VMS, psychological, and urogeni-
tal symptoms independently or in combi-

nation play roles in predicting CVD risk 
factors? (5) Does women with hormone 
replacement therapy have reduced risk of 
menopausal symptoms and CVD risk fac-
tors? (6) The existing literature has rarely 
reported studies from low-middle-income 
countries where the menopausal age is 
advancing (Mozumdar et  al. 2015). Are, 
thus, women from these parts of the world 
more likely to be at a risk of CVD?

Our review suggests that women who 
experience vasomotor, psychological, and 
urogenital symptoms are likely to have 
a higher risk of CVD compared to those 
who have not experienced such symp-
toms. Our review also indicates the po-
tential usefulness of menopausal symp-
toms as marker for CVD risk factors 
during midlife. 
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AbsTRACT: The expression of circulating microRNAs appears to be a promising indicator of physical strength. 
The objective of this study was to determine whether there is an association between the expression level 
of four selected microRNAs and body composition over time among young female volleyball players. Blood 
samples and body composition measurements were taken from 7 females who are Polish volleyball players 
before and after 5 matches played out between the years 2017 and 2018. The blood spots were used to 
assess the expression of four microRNAs: miR-320, miR-182, miR-223, and miR-486. Fat mass, PFB% and 
BMI were positively correlated with expression level (exp.l) of miR-182. The miR-320 the exp.l was posi-
tively correlated with muscle mass and TBW. There were inverse correlations between miR-486 exp.l and 
PBF%, as well as between miR-486 exp.l and body mass, muscle mass, TBW, FFM, and BMR. Conversely, 
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there were positive correlations between miR-486 exp.l and body mass and fat mass. The miR-182 may 
be positively correlated with fat tissue, miR-320 was positively correlated with muscle mass, and miR-486 
was negatively correlated with fat mass. Overall, our study shows that the expression of miR-182, miR-320, 
and miR-486 is associated with body composition. The results of our study also suggest that exercise may 
decrease the level of miR-486.

KEy words: body composition, microRNA, epigenetic, volleyball.

Introduction

MicroRNAs are small noncoding mol-
ecules which may influence expression 
of various genes causing various pheno-
typic changes (Großhans and Filipowicz 
2008). From a  methodological perspec-
tive, microRNAs appear to be stable, re-
liable sources of biological material for 
epigenetic analysis (Jung et al. 2010).

To the best of our knowledge, there 
is a  lack of research that addresses the 
relationship between microRNAs and 
physical activity over an extended pe-
riod of time. The longitudinal effect of 
microRNAs on IGF1 and muscle tissue 
is not yet known. The miR-320, miR-
182, miR-223 and miR-486 seem to be 
important molecules associated directly 
and indirectly with IGF1 and muscle tis-
sue. The regulation of IGF is important 
for sport achievements due to main-
taining processes of cells proliferation 
and differentiation, energy metabolism 
and glucose homeostasis (Jung and Suh, 
2015). Consequently, alterations in se-
lected miRNAs may prove pivotal in 
monitoring physical condition and ath-
letic performance.

The microRNA (miRNA) miR-320 is 
associated with glucose levels. Increased 
levels of glucose concentration are asso-
ciated with decreased level of miR-320 
expression. The downregulation of miR-
320 has been observed in individuals 
with diabetes (Zampetaki et  al. 2010). 
Moreover, there is a link between the ex-
pression of miR-320 and muscle tissue. 

In diabetic rats, the expression level 
of miR-320 was increased in cardiac 
microvascular cells (Wang et  al. 2009). 
Furthermore, Yerlikaya and Mehmet 
(2019) demonstrated that high-fat and 
high-sucrose diets resulted in the down-
regulation of miR-320. In a 2018 study, 
Munetsuna and colleagues (2018) ob-
served a  correlation between miR-320 
expression and fat tissue and BMI. They 
also noted a significant decrease in miR-
320 levels among Japanese adults with 
excess body fat. 

Olivieri et  al. (2014) reported sig-
nificantly lower levels of miR-182 and 
miR-223 in muscle samples during peri-
ods of enhanced IGF-1 signaling among 
monozygotic twin pairs. As reported by 
Zhang et  al. (2016), miR-182 is associ-
ated with glucose metabolism and mus-
cle tissue. The authors showed that in 
murine models, a reduction in miR-182 
expression results in alterations in mus-
cle fiber composition and glucose metab-
olism. 

Aoi et  al. (2013) showed that a  re-
duction in miR-486 may be associated 
with metabolic changes during physical 
activity, which are influenced by train-
ing. The miR-486 is encoded by ankyrin 
and myosin heavy chain, which are mus-
cle-specific genes (McCarthy et al. 2009; 
Small et al. 2010). It has been observed 
that exercise may alter the concentration 
of miR-486, which may result in pheno-
typic changes (Safdar et al. 2009; Nielsen  
et  al. 2010). Furthermore, Prats-Puig 
et al. (2013) demonstrated that miR-486 



MicroRNAs and body composition 149

was upregulated in prepubertal obese 
children, which may be associated with 
a reduction in physical activity. It is im-
portant to note that the expression of cer-
tain microRNAs can be influenced by the 
presence or absence of physical activity. 
This underlying aspect forms the foun-
dation of our investigation.  

The objective of this pilot study was 
to assess the association between the 
expression levels of four microRNAs 
(miRNAs) that have been linked to in-
sulin-like growth factor I (IGF-I) factor, 
strength, and muscle structure. In addi-
tion, we aimed to determine the associ-
ation between the selected microRNAs 
and body composition among young Pol-
ish female volleyball players during the 
seasonal matches of the volleyball aca-
demic league.

Material and methods 

Blood samples were taken from 7 Polish 
volleyball female players of volleyball aca-
demic league before and after 5 matches 
played between November 2017 and 
November 2018. The blood spots were 
taken from fingertips and collected us-
ing the Whatman™ FTA™ classic cards 
from each player, approximately 2 hours 
before and after each match, by a  pro-
fessional medical nurse. In addition, all 
players underwent body composition 

analysis before each of five matches 
(11.11.2017, 18.11.2017, 2.12.2017, 
16.12.2017, 10.11.2018) using the In-
Body 230 BIA analyzer. Several param-
eters were recorded: body mass, muscle 
mass in kilograms, fat mass in kilo-
grams, total body water (TBW), fat free 
mass in kilograms (FFM), percentage 
of body fat (%PBF), waist-to-hip ratio 
(WHR) and basic metabolic rate (BMR). 
The BMI was calculated based on the 
measure of height and weight [kg/m2]. 
In total, 70 measurements were taken 
by a professional anthropologist. 

The study was approved by Senate’s 
Ethic Committee of Scientific Research 
at University School of Physical Educa-
tion in Wroclaw 4/2020.

Laboratory work
Expression of selected microRNAs was 
associated with IGF1 and muscle tissue 
according to current literature (Tab. 1).

To isolate microRNAs RNA/miRNA 
the Purification kit was used (EURx) ac-
cording to modified protocol by Skoniecz-
ka et al. (2016). To perform reverse trans-
cription miRCURY LNA RT Kit was 
used. The analyses were done according 
to protocol supplied by the producer us-
ing in every sample 6 ng/ml of RNA. The 
reactions were performed in thermocy-
cler Labcycler 48 (SensoQuest) accord-
ing to reaction parameters supplied by 

Table 1. Characteristic of the included microRNAs

MicroRNA Description

miR-182 diminishing miR-182 expression enhances IGF-1 signaling in skeletal muscle (Olivieri 
et al. 2016)

miR-320 inhibition of miR-320 expression significantly increased IGF-1 and IGF-1R mRNA levels 
(Song et al. 2016)

miR-486 Correlation with VO2max R=0.58 (Aoi et al. 2013), downregulation during exercise (Xu 
et al. 2014)

miR-223 Up-regulation during exercise (Xu et al. 2014)



150 Paulina Pruszkowska-Przybylska, Ireneusz Cichy, Zofia Ignasiak et al.

kit producer. Further, we diluted the ob-
tained cDNA according to protocol 1:50 
using RNAse DNAse free water. Dur-
ing the final step qPCR was performed 
for each sample in duplicates and each 
microRNAs (using proper starters: hsa-
miR-223-3p miRCURY LNA miRNA 
PCR Assay; hsa-miR-182-3p miRCURY 
LNA miRNA PCR Assay; hsa-miR-320-
3p miRCURY LNA miRNA PCR Assay, 
hsa-miR-486-3p miRCURY LNA miRNA 
PCR Assay) using Real-Time PCR Rotor-
Gene Q 5-plex HRM (Qiagen) contain-
ing reaction mix micRCURY LNA SYBR 
Green PCR kit (Qiagen) according to the 
protocol. The final results were obtained 
using the Rotor-Gene Q Series Software 
2.1.0 which calculated Ct for each sam-
ple. The sample over Ct=39 cycles were 
precluded from the further analyses. 
The spike in kit was used to normalize 
obtained microRNAs expression level. 
The dCt method was used to make final 
calculation using the following formula: 
2-(mean CtmiR- mean Ct of reference) 
(Livak and Schmittgen, 2001). Due to in-
sufficient quality of the analysis, 8 probes 
(3 of mirR-182 and 5 of miR-320) were 
unaccounted for in further calculations.

Statistical analysis

Differences in the level of expression of 
each microRNAs before and after each 
of five subsequent matches in 7 players 
were assessed by the Wilcoxon matched 
pair test, nonparametric equivalent to 
t-student test for dependent samples. The 
Spearman Rank correlation was applied 
to examine the relationship between each 
body composition parameter and level of 
expression of microRNAs before and after 
five subsequent matches. All the calcula-
tions were performed using the Statistica 
13.1 software (Dell Inc. 2016).

Results 

Descriptive statistics of microRNA be-
fore and after five successive matches 
are presented in Table 2. Changes of all 
body composition parameters in five 
successive matches are shown in Ta-
ble 3. The Spearman Rank test showed 
(Tab.  4) that fat mass was positively 
correlated with expression level of miR-
182 after the 3rd match (R=0.857; 
p=0.0137). Moreover, before the 5th 
match the level of miR-182 was posi-
tively correlated with BMI (R=0.786; 
p=0.0362) and after the match posi-
tively correlated with PBF% (R=0.829; 
p=0.0416). In the case of miR-320 
the expression level after 5th match 
was positively correlated with muscle 
mass (R=0.786; p=0.0362) and TBW 
(R=0.786; p=0.0362).

There were statistically signifi-
cant and negative correlations be-
tween miR-486 expression level before 
the 3rd match and PBF% (R=-0.857; 
p=0.0140); between miR-486 expres-
sion level after the 3rd match and 
body mass (R=-0.786; p=0.0362), 
muscle mass (R=-0.929; p=0.0025), 
TBW (R=-0.929; p=0.0025), FFM 
(R=-0.929; p=0.0025) and BMR (R= 
-0.929; p=0.0025). Moreover, after 
the 4th match there were statistical-
ly significant and positive correlations 
between miR-486 expression level and 
body mass (R=0.786; p=0.0362) and 
fat mass (R=0.786; p=0.0362). 

The Wilcoxon test showed that the 
level of expression of miR-320 after 1st 
match was significantly (although mar-
ginally) lower (Z=2.028; p=0.0425). 
In the case of miR-486 the level of ex-
pression was statistically significantly 
lower after the 4th match (Z=2.028; 
p=0.0425).
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The micro-RNA 486 had, although 
nonsignificant, lower level after each 
match (Z=1.769; p=0.0769) (Fig. 1).

None of the forward stepwise multi-
ple regression models for muscle mass 
were statistically significant.

Table 2. Descriptive statistics of each microRNA expression level among players before and after successive 
matches

    DeltaCT before DeltaCT after

microRNA Players N mean SD N mean SD

182   
 
 
 
 
 
 

P1 4 -12.55 4.28 5 -12.45 7.19

P2 5 -13.06 1.51 5 -13.00 7.20

P3 5 -10.99 3.32 5 -13.89 4.15

P4 5 -13.41 2.74 5 -13.29 6.09

P5 5 -11.18 5.32 5 -11.03 2.63

P6 4 -16.87 4.11 5 -11.44 7.73

P7 5 -10.47 7.26 4 -11.02 5.86

223   
 
 
 
 
 
 

P1 5 -9.54 2.12 5 -10.14 2.09

P2 5 -8.98 2.80 5 -10.76 2.59

P3 5 -10.62 0.79 5 -9.62 0.77

P4 5 -9.39 0.85 5 -10.07 1.01

P5 5 -9.01 1.26 5 -8.01 1.46

P6 5 -12.53 7.00 5 -10.28 2.70

P7 5 -10.90 2.57 5 -13.95 4.38

320   
 
 
 
 
 
 

P1 5 -14.45 2.74 4 -15.94 3.55

P2 5 -11.91 2.69 5 -14.48 3.47

P3 5 -13.14 1.68 5 -14.11 1.81

P4 5 -15.78 2.31 4 -13.17 1.93

P5 5 -11.24 2.57 5 -12.21 1.80

P6 4 -15.82 5.31 4 -16.51 5.91

P7 5 -14.36 3.47 4 -14.01 1.08

486   
 
 
 
 
 
 

P1 5 -11.18 1.02 5 -14.79 2.67

P2 5 -12.44 3.98 5 -12.14 5.68

P3 5 -11.82 2.14 5 -12.75 1.98

P4 5 -11.33 1.45 5 -12.99 2.44

P5 5 -12.54 1.86 5 -10.27 3.38

P6 5 -10.16 5.60 5 -13.67 2.50

P7 5 -13.54 2.15 5 -14.73 2.84
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Table 3. Descriptive statistics of parameters of body composition by five successive matches in all players

matches
Body 
mass 
(kg)

Muscle 
mass 
(kg)

Fat mass 
(kg) TBW FFM BMI %PBF WHR BMR

N mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD

I 7 70.67 15.62 29.60 5.83 17.43 5.77 38.89 7.19 53.24 9.94 23.23 2.55 24.26 2.54 0.86 0.04 1520.00 215.17

II 7 70.49 16.60 30.56 6.20 15.74 6.41 39.96 7.66 54.74 10.67 23.13 2.80 21.71 3.89 0.86 0.04 1552.71 230.20

III 7 69.84 16.74 30.66 6.18 15.01 7.37 40.03 7.60 54.83 10.59 22.91 2.87 20.70 6.20 0.85 0.05 1554.29 228.62

IV 7 69.90 16.72 30.73 6.51 14.94 6.47 40.13 7.87 54.94 10.91 22.94 2.88 20.71 4.21 0.85 0.04 1556.86 235.56

V 7 69.44 17.54 31.54 8.33 13.40 7.99 41.04 9.81 56.04 13.42 22.74 3.15 18.80 7.83 0.84 0.03 1524.00 242.87

F=0.01; 
n.s.

F=0.08; 
n.s.

F=0.32; 
n.s.

F=0.06; 
n.s.

F=0.06; 
n.s.

F=0.03; 
n.s.

F=1.00; 
n.s.

F=0.39; 
n.s. F=0.04; n.s.

Table 4. The Spearman Rank correlation showing relationship between each body composition parameters 
and level of expression of microRNAs before and after five subsequent matches

  Match I Match II Match III Match IV Match V

  Before After Before After Before After Before After Before After

  microRNA - 182

Body mass (kg) 0.257 -0.286 0.214 -0.250 -0.143 0.714 0.571 -0.071 0.571

Muscle mass (kg) 0.257 -0.286 0.143 -0.179 -0.257 0.500 0.607 0.001 0.714 0.429

Fat mass (kg) 0.600 -0.286 0.001 0.036 -0.371 0.857* 0.500 -0.107 0.001 0.725

TBW 0.257 -0.378 0.143 -0.179 -0.257 0.500 0.607 0.000 0.714 0.429

FFM 0.257 -0.286 0.143 -0.179 -0.257 0.500 0.607 0.000 0.679 0.429

BMI 0.714 -0.464 -0.054 -0.036 -0.600 0.679 0.393 0.000 0.786* 0.600

%PBF 0.600 -0.250 0.143 -0.036 -0.714 0.750 0.536 -0.500 0.107 0.829*

WHR 0.231 -0.200 0.382 -0.509 0.200 0.679 0.234 -0.018 0.727 0.579

BMR 0.257 -0.286 0.143 -0.179 -0.257 0.500 0.607 0.000 0.679 0.429

  microRNA - 223

Body mass (kg) -0.143 -0.179 -0.429 -0.429 -0.286 -0.036 -0.250 0.214 -0.143 0.179

Muscle mass (kg) -0.143 -0.179 -0.536 -0.357 -0.607 -0.250 -0.429 0.179 0.143 0.464

Fat mass (kg) -0.107 -0.107 -0.357 -0.643 -0.143 0.107 -0.107 0.179 -0.450 -0.234

TBW -0.054 -0.288 -0.536 -0.357 -0.607 -0.250 -0.429 0.179 0.143 0.464

FFM -0.143 -0.179 -0.536 -0.357 -0.607 -0.250 -0.429 0.179 0.036 0.286

BMI -0.036 -0.286 -0.270 -0.577 -0.143 -0.071 -0.321 0.357 0.286 0.321

%PBF -0.321 -0.071 -0.357 -0.714 0.250 0.000 0.143 -0.036 -0.214 -0.214

WHR -0.273 0.327 -0.346 -0.309 0.214 0.428 0.162 0.234 0.036 0.091

BMR -0.143 -0.179 -0.536 -0.357 -0.607 -0.250 -0.429 0.179 0.036 0.286
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  Match I Match II Match III Match IV Match V

  Before After Before After Before After Before After Before After

  microRNA - 320

Body mass (kg) 0.143 0.000 -0.250 -0.100 -0.107 -0.371 0.086 0.086 0.321 0.643

Muscle mass (kg) 0.143 0.000 -0.429 -0.200 0.036 -0.086 0.086 0.143 0.143 0.786*

Fat mass (kg) 0.321 0.214 -0.214 -0.300 -0.214 -0.314 0.143 0.143 0.432 0.054

TBW 0.054 -0.091 -0.429 -0.200 0.036 -0.086 0.086 0.143 0.143 0.786*

FFM 0.143 0.000 -0.429 -0.200 0.036 -0.086 0.086 0.143 0.214 0.678

BMI 0.071 0.036 -0.036 0.154 0.071 -0.371 -0.257 0.371 0.357 0.643

%PBF 0.286 0.250 -0.036 0.100 -0.250 -0.258 -0.257 -0.200 0.571 -0.143

WHR 0.436 0.164 0.000 0.410 -0.107 -0.143 0.290 0.087 0.618 0.509

BMR 0.143  0.001  -0.429  -0.200  0.036  -0.086  0.086  0.143  0.214  0.679  

  microRNA - 486

Body mass (kg) -0.036 -0.286 -0.429 0.071 -0.143 -0.786* -0.429 0.786* -0.286 0.143

Muscle mass (kg) -0.036 -0.286 -0.536 -0.071 0.036 -0.929** -0.321 0.679 -0.179 0.393

Fat mass (kg) 0.000 -0.250 -0.357 0.000 -0.393 -0.714 -0.571 0.786* -0.162 -0.342

TBW 0.036 -0.306 -0.536 -0.071 0.036 -0.929** -0.321 0.679 -0.179 0.393

FFM -0.036 -0.286 -0.536 -0.071 0.036 -0.929** -0.321 0.679 -0.214 0.250

BMI 0.107 -0.179 -0.270 0.000 -0.536 -0.607 -0.536 0.500 0.143 0.179

%PBF -0.036 -0.393 -0.357 0.000 -0.857** -0.179 -0.464 0.750 0.036 -0.536

WHR -0.309 0.200 -0.346 0.236 -0.143 -0.393 -0.652 0.739 -0.109 -0.091

BMR -0.036 -0.286 -0.536 -0.071 0.036 -0.929** -0.321 0.679 -0.214 0.250

* p<0.05; ** p < 0.01

Fig. 1 The micro-RNA 486 expression before and after each match (Z=1.769; p=0.0769)
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Discussion

The objective of our study was to evalu-
ate the role of microRNA expression in 
body composition, with a particular focus 
on the muscle tissue in athletes. MicroR-
NAs, which are small, non-coding RNA 
molecules, perform essential regulatory 
functions in a variety of fundamental bi-
ological processes.

Despite the small sample size, we pre-
sented in this study a novel approach to 
longitudinal changes of the microRNAs 
connected with IGF1 and muscle mass 
and revealed some correlations and ten-
dencies.

The association between microRNA 
expression as well as the composition of 
skeletal muscle and adipose tissue has 
been documented. Recent studies have 
demonstrated a  considerable utility of 
microRNA analyses in a variety of con-
texts, including clinical, forensic studies 
(Barreiro et al. 2019; Svingos et al. 2019; 
Zampetaki et  al. 2010) and the assess-
ment of their role in competitive sport 
(Aoi et al. 2013). It is evident that body 
composition is responsive to physical ex-
ercise. Consequently, the question arises 
as to whether a modified level of selected 
microRNAs in the bloodstream trans-
lates into more favorable parameters of 
body composition in athletes. MicroR-
NAs are characterized by significant sta-
bility and may be introduced into sports 
practice as biomarkers (Jung et al. 2010). 
The utility of microRNA methodologies 
and analyses in the context of sport can 
be employed to elucidate their functions 
within the human body, particularly in 
relation to body composition (muscle tis-
sue, adipose tissue, TBW). It is possible 
that further research will demonstrate 
the value of the advanced genetic bio-
marker methods in conjunction with the 

currently employed physiological meth-
ods utilized in preparing individuals for 
competitive sport. As such, our research 
represents a  considerable advancement 
in the field of diagnostics, as well as con-
tributes to the growing body of knowl-
edge regarding the expression function of 
selected microRNAs. 

The results of our study showed 
a  positive correlation between miR-182 
and fat mass following the third match. 
Furthermore, a  positive correlation was 
observed between miR-182 and both be-
fore the 5th BMI and with percent body 
mass (PBF%) after the 5th match. Given 
that muscle and fat mass are inversely 
correlated, our results align with those 
reported by Olivieri et al. (2014), who ob-
served significantly lower miR-182 levels 
in muscle samples. Furthermore, a study 
conducted on rats indicated that miR-
182 levels were responsive to exercise in 
muscle tissue (Song et al. 2017). It was 
hypothesized that the level of miR-182 
may serve as an indicator of the compo-
sition of adipose and skeletal muscle tis-
sue in the body. Moreover, Zhang et al. 
(2016) demonstrated that miR-182 regu-
lates glucose utilization in skeletal mus-
cle, influencing blood glucose levels.

Our findings showed a positive corre-
lation between miR-320 and muscle mass 
and TBW following the fifth match. In 
contrast, Munetsuna et al. (2018) identi-
fied a negative association between miR-
320 expression and excess body fat. In 
addition, Yerlikaya and Mehmet (2019) 
demonstrated that high-fat conditions 
downregulated miR-320. Therefore, it 
can be postulated that the level of miR-
320 is positively correlated with muscle 
mass and negatively correlated with fat 
mass. However, there is few studies that 
addresses the issue of miR-320 expres-
sion and total body water. Nevertheless, 
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the proper metabolism and body condi-
tion are hallmarks of organism hydration 
(Chumlea et al. 1999). 

In contrary to clinical and forensic 
research, we are the first who tackled 
the problem of longitudinal effect of the 
circulation microRNAs expression level 
among athletes (Zampetaki et al. 2010; 
Barreiro et al. 2019; Svingos et al. 2019; 
Di Pietro et al. 2017; Goljanek-Whysall 
et  al. 2020; McCrae et  al. 2016; Woo 
et al. 2018). As stated by Nielsen et al. 
(2010), coordinated expression of select-
ed microRNAs and non-single microR-
NA expression is crucial for skeletal mus-
cle in endurance and speed training and 
adapts to the level of physical activity. 
The authors emphasized that the details 
on which the selected microRNA assem-
bly can directly affect human physiology 
in response to physical exercise remain 
unknown. In addition, McCarthy et  al. 
(2009) highlighted the role of several 
microRNAs (MyomiRs) as regulators of 
skeletal muscle cell function. Converse-
ly, Small et al. (2010) observed that mi-
croRNA-486 exhibited particularly high 
levels in skeletal muscle cells and heart 
muscle, reaching ten to twenty times the 
concentration observed in other tissues. 
Aoi et al. (2013) suggested that microR-
NA-486 may regulate insulin-dependent 
glucose uptake in skeletal muscle tissue 
and may facilitate glucose uptake by ac-
tivating insulin signaling during exercise. 
In the studies conducted by the authors 
among 10 healthy men, they observed 
that after a  4-week workout, the level 
of microRNA-486 decreased significant-
ly. However, 24 hours after exercise, the 
microRNA returned to the baseline level 
and increased with insulin. Thus, mi-
croRNA can be considered to mediate 
adaptive muscle responses to physical ex-
ercise following training. In addition, we 

showed that PBF% is negatively correlat-
ed with miR-486; in contrast, Prats-Puig 
et  al. (2013) showed that among obese 
prepubertal children the level of miR-486 
was elevated. 

The heterogeneous picture of body 
composition compounds and selected 
microRNAs suggests the need for further 
research on this problem. At the same 
time, we underline that the research con-
ducted during the series of match games 
could also be associated with the level 
of sports advancement in subsequent 
matches. Specifically, in the case of the 
3rd, 4th and 5th matches we observed 
the highest number of microRNA asso-
ciations with body composition parame-
ters.

It should be emphasized that the ma-
jority of studies on the role and functions 
of microRNA expression have been con-
ducted on animals or through clinical 
observations and forensic analyses, thus 
applicative use in the sport industry may 
be limited. In this context, our research 
represents a novel approach to the appli-
cation of microRNAs in the field of sport. 
Our findings show a correlation between 
body composition and microRNA ex-
pression levels. This suggests that the se-
lection of microRNAs may be applied as 
a useful tool in identifying young athletes 
who are predisposed to different types of 
sports.

The study’s limitations include a rel-
atively small sample size thus further 
studies with larger sample sizes are need-
ed to validate our results. In addition, 
further studies should include both sexes 
and other age groups. Nevertheless, we 
showed a  longitudinal effect of each of 
the players. Moreover, a  machine error 
in the case of one measurement of PBF% 
due to outliers’ detection cannot be dis-
carded.
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We showed that expression levels 
of miR-182, miR-320 and miR-486 are 
associated with body composition. We 
also showed that the miR-182 is posi-
tively correlated with fat tissue, miR-
320 is positively correlated with muscle 
mass while miR-486 is negatively cor-
related with fat mass. In addition, the 
results of our study indicated that ex-
ercise may result in a reduction in the 
level of miR-486.

Acknowledgements 

The authors are grateful for the support 
of the Laboratory of Microscopic Imaging 
and Specialized Biological Techniques of 
the University of Lodz. 

Ethical approval statement

The study was approved by Senate’s Ethic 
Committee of Scientific Research at Uni-
versity School of Physical Education in 
Wroclaw 4/2020. 

Conflict of interests

The authors declare no potential conflict 
of interest.

Authors’ contributions 

PPP – participating in designing the 
study, performed laboratory work, ana-
lyzed the data, prepared the draft and 
final version of the manuscript, SK – de-
signed the study, conducted the analysis 
and prepared the draft and checked the 
final version; MK – collected the blood 
samples, prepared samples for analysis, 
build the database, EŻ, ZF, AR, IC, AD, 
MŚ, KK, AS – recruited and instructed 
participants, conducted  measurements 
and  prepare database, prepare first draft. 

Corresponding author

Paulina Pruszkowska-Przybylska, Depart-
ment of Anthropology, Faculty of Biology 
and Environmental Protection, University 
of Łódź, 90-237, Poland, e-mail: paulina.
pruszkowska@biol.uni.lodz.pl 

References

Aoi W, Ichikawa H, Mune K, Tanimura Y, 
Mizushima K, Naito Y, Yoshikawa T. 
2013. Muscle-enriched microRNA miR-
486 decreases in circulation in response 
to exercise in young men.  Frontiers in 
Physiology 4:80. https://doi.org/10.3389/
fphys.2013.00080

Barreiro E, Sancho-Muñoz A, Puig-Vilanova 
E, Salazar-Degracia A, Pascual-Guardia S, 
Casadevall C, Gea, J. 2019. Differences 
in micro-RNA expression profile between 
vastus lateralis samples and myotubes 
in COPD cachexia. Journal of Applied 
Physiology 126(2): 403–412. https://doi.
org/10.1152/japplphysiol.00611.2018

Chumlea WC, Guo SS, Zeller CM, Reo NV, 
Siervogel RM. 1999. Total body water 
data for white adults 18 to 64 years of 
age: the Fels Longitudinal Study. Kidney 
International 56:244–252. https://doi.
org/10.1046/j.1523-1755.1999.00532.x

Di Pietro V, Ragusa M, Davies D, Su Z, Ha-
zeldine J, Lazzarino G. et  al. 2017. Mi-
croRNAs as Novel Biomarkers for the 
Diagnosis and Prognosis of Mild and 
Severe Traumatic Brain Injury.  Neuro-
trauma 34(11):1948–1956. https://doi.
org/10.1089/neu.2016.4857

Goljanek-Whysall K, Soriano-Arroquia A, 
McCormick R, Chinda C, McDonaghet B. 
2020. miR-181a Regulates p62/SQSTM1, 
Parkin and Protein DJ-1 Promoting Mito-
chondrial Dynamics in Skeletal Muscle 
Ageing. Aging Cell 19:13140. https://doi.
org/10.1111/acel.13140

mailto:paulina.pruszkowska@biol.uni.lodz.pl
mailto:paulina.pruszkowska@biol.uni.lodz.pl
https://doi.org/10.3389/fphys.2013.00080
https://doi.org/10.3389/fphys.2013.00080
https://doi.org/10.1152/japplphysiol.00611.2018
https://doi.org/10.1152/japplphysiol.00611.2018
https://doi.org/10.1046/j.1523-1755.1999.00532.x
https://doi.org/10.1046/j.1523-1755.1999.00532.x
https://www.ncbi.nlm.nih.gov/pubmed/?term=Di%20Pietro%20V%5BAuthor%5D&cauthor=true&cauthor_uid=28279125
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ragusa%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28279125
https://www.ncbi.nlm.nih.gov/pubmed/?term=Davies%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28279125
https://doi.org/10.1089/neu.2016.4857
https://doi.org/10.1089/neu.2016.4857
https://doi.org/10.1111/acel.13140
https://doi.org/10.1111/acel.13140


MicroRNAs and body composition 157

Großhans H, Filipowicz W. 2008. Molecu-
lar biology: the expanding world of small 
RNAs. Nature 451(7177):414–416. 
https://doi.org/10.1038/451414a

Jung M, Schaefer A, Steiner I, Kempkenstef-
fen C, Stephan C, Erbersdobler A, Jung K. 
2010. Robust microRNA stability in de-
graded RNA preparations from human tis-
sue and cell samples. Clinical Chemistry 
56(6):998–1006. https://doi.org/10.1373/
clinchem.2009.141580

Jung HJ, Suh Y. 2015. Regulation of IGF-
1 signaling by microRNAs. Frontiers in 
Genetics 5:472. https://doi.org/10.3389/
fgene.2014.00472

Livak KJ, Schmittgen TD. 2001. Analysis of 
relative gene expression data using re-
al-time quantitative PCR and the 2− ΔΔCT 
method. Methods 25(4):402–408. https://
doi.org/10.1006/meth.2001.1262

McCarthy JJ, Esser KA, Peterson CA, Du-
pont-Versteegden EE. 2009. Evidence 
of MyomiR network regulation of be-
ta-myosin heavy chain gene expres-
sion during skeletal muscle atrophy. 
Physiological Genomics 39:219–226. 
https://doi.org/10.1152/physiolgenom-
ics.00042.2009

McCrae JC, Sharkey N, Webb DJ, Vliegen-
thart AD, Dea JW (2016). Ethanol con-
sumption produces a  small increase in 
circulating miR-122 in healthy individ-
uals. Clinical Toxicology, 54(1), 53–55. 
https://doi.org/10.3109/15563650.2015.1
112015

Munetsuna E, Yamada H, Ando Y, Yamazaki 
M, Tsuboi Y, Kondo M, et al. 2018. Associ-
ation of subcutaneous and visceral fat with 
circulating microRNAs in a  middle-aged 
Japanese population.  Annals of Clinical 
Biochemistry 55(4):437–445. https://doi.
org/10.1177/0004563217735124

Nielsen S, Scheele C, Yfanti C, Åkerström 
T, Nielsen AR, Pedersen BK, Layeet M. 
2010. Muscle specific microRNAs are reg-

ulated by endurance exercise in human 
skeletal muscle.  Journal of Physiology 
588:4029–4037. https://doi.org/10.1113/
jphysiol.2010.189860

Olivieri F, Ahtiainen M, Lazzarini R, Pöllä-
nen E, Capri M, Lorenzi M. et al. 2014. 
Hormone replacement therapy enhanc-
es IGF‐1 signaling in skeletal muscle 
by diminishing miR‐182 and miR‐223 
expressions: a  study on postmenopau-
sal monozygotic twin pairs. Aging Cell 
13(5):850–861. https://doi.org/10.1111/
acel.12245

Prats-Puig A, Ortega FJ, Mercader JM, More-
no-Navarrete JM, Moreno M, Bonet, et al. 
2013. Changes in circulating microRNAs 
are associated with childhood obesity. 
Journal of Clinical Endocrinology & Me-
tabolism 98(10):1655–1660. https://doi.
org/10.1210/jc.2013-1496

Safdar A, Abadi A, Akhtar M, Hettinga BP, 
Tarnopolsky MA, Lucia A. 2009. miR-
NA in the regulation of skeletal mus-
cle adaptation to acute endurance ex-
ercise in C57Bl/6J male mice.  PLoS 
ONE  4:e5610. https://doi.org/10.1371/
journal.pone.0005610

Skonieczka K, Styczyński J, Krenska A, 
Wysocki M, Jakubowska A, Grzybowski 
T. 2016. RNA isolation from bloodstains 
collected on FTA cards–application in clin-
ical and forensic genetics. Archiwum Me-
dycyny Sądowej i  Kryminologii/Archives 
of Forensic Medicine and Criminology 
66(4):244–254. https://doi.org/10.5114/
amsik.2016.66706

Small EM, O’Rourke JR, Moresi V, Suther-
land LB, McAnally J, Gerard RD, et  al. 
2010. Regulation of PI3-kinase/Akt sign-
aling by muscle-enriched microRNA-486. 
PNAS USA 107:4218–4223. https://doi.
org/10.1073/pnas.1000300107

Song CL, Liu B, Diao HY, Shi YF, Zhang JC, 
Li YX, et  al. 2016. Down-regulation of 
microRNA-320 suppresses cardiomyocyte 

https://doi.org/10.1038/451414a
https://doi.org/10.1373/clinchem.2009.141580
https://doi.org/10.1373/clinchem.2009.141580
https://doi.org/10.3389/fgene.2014.00472
https://doi.org/10.3389/fgene.2014.00472
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1152/physiolgenomics.00042.2009
https://doi.org/10.1152/physiolgenomics.00042.2009
https://doi.org/10.3109/15563650.2015.1112015
https://doi.org/10.3109/15563650.2015.1112015
https://doi.org/10.1177/0004563217735124
https://doi.org/10.1177/0004563217735124
https://doi.org/10.1113/jphysiol.2010.189860
https://doi.org/10.1113/jphysiol.2010.189860
https://doi.org/10.1111/acel.12245
https://doi.org/10.1111/acel.12245
https://doi.org/10.1210/jc.2013-1496
https://doi.org/10.1210/jc.2013-1496
https://doi.org/10.1371/journal.pone.0005610
https://doi.org/10.1371/journal.pone.0005610
https://doi.org/10.5114/amsik.2016.66706
https://doi.org/10.5114/amsik.2016.66706
https://doi.org/10.1073/pnas.1000300107
https://doi.org/10.1073/pnas.1000300107


158 Paulina Pruszkowska-Przybylska, Ireneusz Cichy, Zofia Ignasiak et al.

apoptosis and protects against myocar-
dial ischemia and reperfusion injury by 
targeting IGF-1. Oncotarget 7(26):39740–
39757. https://doi.org/10.18632/oncotar-
get.9240 

Song J, Saeman MR, Baer LA, Cai AR, Wade 
ChE, Wolf SE. 2017. Exercise altered the 
skeletal muscle microRNAs and gene 
expression profiles in burn rats with 
hindlimb unloading. Journal of Burn 
Care & Research 38:11–19. https://doi.
org/10.1097/BCR.0000000000000444

Svingos AM, Asken BM, Bauer RM, DeKosky 
ST, Hromas GA, Jaffee MS, et al. 2019. Ex-
ploratory study of sport-related concussion 
effects on peripheral micro-RNA expres-
sion. Brain Injury 33(4):1–7. https://doi.or
g/10.1080/02699052.2019.1573379

Wang XH, Qian RZ, Zhang W, Chen SF, Jin 
HM, Hu RM. 2009. MicroRNA‐320 ex-
pression in myocardial microvascular en-
dothelial cells and its relationship with 
insulin‐like growth factor‐1 in type 2 
diabetic rats. Clinical and Experimental 
Pharmacology and Physiology, 36(2):181–
188. https://doi.org/10.1111/j.1440-1681. 
2008.05057.x

Woo I, Christenson LK, Gunewardena S, In-
gles SA, Thomas S, Ahmadyet A, et  al. 
2018. Micro-RNAs involved in cellu-
lar proliferation have altered expression 
profiles in granulosa of young women 
with diminished ovarian reserve.  Jour-
nal of Assisted Reproduction and Ge-
netics 35(10):1777–1786. https://doi.
org/10.1007/s10815-018-1239-9

Zampetaki A, Kiechl S, Drozdov I, Willeit P, 
Mayr U, Prokopi M, et al. 2010. Plasma 
microRNA profiling reveals loss of en-
dothelial miR-126 and other microRNAs 
in type 2 diabetes. Circulation Research 
107(6):810–817. https://doi.org/10.1161/
circresaha.110.226357

Zhang D, Li Y, Yao X, Wang H, Zhao L. 
et  al. 2016. miR-182 regulates meta-
bolic homeostasis by modulating glu-
cose utilization in muscle.  Cell Reports 
16(3):757–768. https://doi.org/10.1016/j.
celrep.2016.06.040

Yerlikaya FH, Mehmet Ö. 2019. Aberrant 
expression of miRNA profiles in high-fat 
and high-sucrose fed rats. Clinical Nu-
trition Experimental 27:1–8. https://doi.
org/10.1016/j.yclnex.2019.07.001

https://doi.org/10.18632/oncotarget.9240
https://doi.org/10.18632/oncotarget.9240
https://doi.org/10.1097/BCR.0000000000000444
https://doi.org/10.1097/BCR.0000000000000444
https://www.ncbi.nlm.nih.gov/pubmed/?term=Svingos%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=30704304
https://www.ncbi.nlm.nih.gov/pubmed/?term=Asken%20BM%5BAuthor%5D&cauthor=true&cauthor_uid=30704304
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bauer%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=30704304
https://doi.org/10.1080/02699052.2019.1573379
https://doi.org/10.1080/02699052.2019.1573379
https://doi.org/10.1111/j.1440-1681.2008.05057.x
https://doi.org/10.1111/j.1440-1681.2008.05057.x
https://doi.org/10.1007/s10815-018-1239-9
https://doi.org/10.1007/s10815-018-1239-9
https://doi.org/10.1161/circresaha.110.226357
https://doi.org/10.1161/circresaha.110.226357
https://doi.org/10.1016/j.celrep.2016.06.040
https://doi.org/10.1016/j.celrep.2016.06.040
https://doi.org/10.1016/j.yclnex.2019.07.001
https://doi.org/10.1016/j.yclnex.2019.07.001


Notes for Authors

The Anthropological Review is the of-
ficial journal of the Polish Anthropolog-
ical Society, founded by Adam Wrzosek 
in 1926. It succeeds the Przegląd Antro-
pologiczny (1926–2000; vols. 1–63) and 
Przegląd Antropologiczny – Anthropo-
logical Review (2001–2006; vols. 64–69), 
and it is abstracted in: Index Copernicus 
(Medical Science Int.), IBSS: Interna-
tional Bibliography of the Social Sciences 
(LSE), SCOPUS (Elsevier), Zoological Re-
cord (Thomson Reuters).

Open access to the journal is via 
https://czasopisma.uni.lodz.pl/ar/index. 
Anthropological Review comes out four 
times a year in print and online. It pub-
lishes peer-reviewed papers from physical 
anthropology and related disciplines, in-
cluding: biology, ecology, human auxolo-
gy, population genetics, bio-demography 
and bio-archeology. The journal accepts 
original research reports, overview arti-
cles, literature reviews and meta-anal-
yses, short notes and communications 
and book reviews.

Submission of a paper to Anthropo-
logical Review implies that the paper is 
not being considered for publication else-
where. The paper (in English) should be 
prepared in accordance with the instruc-
tion for authors and submitted electron-
ically by https://czasopisma.uni.lodz.pl/
ar/index.

Each submission should be accompa-
nied by a cover letter, and the istructions 
can be downloaded from https://czasopis-
ma.uni.lodz.pl/ar/index.

Preliminary accepted articles are sub-
ject to evaluation by two anonymous 
reviewers and, where appropriate, by 
the Statistical Advisor. The principle of 
double-blinded reviewing applies with 
names of both the authors and reviewers 
concealed. The reviews received, includ-
ing Editors’ comments, are forwarded to 
the Author as PDF documents. Author’s 
revisions must be in PDF format within 
the deadline set by the journal Editors. 
The corrected version will be re-evaluat-
ed where nessesary, and the Editors will 
notify the Author whether the article has 
been accepted for publication.

The Editors’ correspondence is con-
ducted by e-mail. Editorial corrections 
are permitted to authors only in substan-
tial matters and the Editors reserve the 
right to make necessary corrections and 
shortenings without the authors’ prior 
consent. The Editors may refuse article 
publication following consultation with 
Editorial Board members.

Material accepted for publication be-
comes the property of the Editors and 
may not be published in whole or in part 
in other journals without prior written 
consent .
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