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Abstract

INTRODUCTION
Periodontitis is a disease affecting a significant proportion of both modern and historical populations, and
its development is largely associated with poor oral hygiene.

STUDY AIM
The aim of this study was to assess periodontal status of the historical population of Dabréwki (Poland),
dated to the 16%—17% centuries.

MATERIAL AND METHODS

The study sample consisted of dental material from 24 individuals (12 females and 12 males), divided
into three age groups (17-25, 26-35, and >36 years). The analysis was based on measurement of the
distance between the cementoenamel junction and the surface of the alveolar bone, assessment of changes
in the mesial and distal interdental septa, evaluation of architectural changes in the alveolar bone, and
assessment of the possible presence of molar furcation.

Resutrs: Periodontitis was diagnosed in 75% (18/24) of the examined individuals, and pathological changes
were identified in 28% (146/520) of the analysed teeth. The occurrence of the disease was related to sex,
with periodontitis being statistically more frequent in males (46%) than in females (12%). An increase in
disease severity with age was also observed.

Concrusions: The results indicate that the population of Dabréwki exhibited a lower frequency of
periodontitis than other Polish populations from a similar historical period. One possible explanation
is the rural character of the community, where dietary patterns may have differed from those of urban
populations. Research on the Dabrowki population is ongoing, and further analyses, including isotopic
studies, are expected to allow a more comprehensive interpretation of the findings.

Keyworps: periodontitis, dental material, ancient Poland, oral hygiene, diet
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Introduction

Periodontal disease is a persistent inflam-
mation of the tissues that make up the
periodontium, which may include the
gums, alveolar bone, root cementum, and
periodontal ligament (e.g., AAP 2003;
Armitage, 2004; Ogden, 2008). Perio-
dontal diseases are divided into gingivitis
and periodontitis. Gingivitis results from
plaque accumulation, which leads to in-
flammation of the soft tissues around the
tooth; this condition is reversible (e.g.,
Trombelli, 2025). Periodontitis, on the
other hand, is an advanced form of the
disease in which permanent damage to
the periodontal structures occurs. Peri-
odontal disease affects a significant pro-
portion of the population worldwide. It is
estimated that more than 42% of adults
aged >30 years suffer from some form of
gum disease, and nearly 8% have severe
periodontal disease (e.g., Nascimento et
al., 2024). In many individuals, the dis-
ease leads to tooth loss due to reduced
stability and damage to the alveolar bone
(Armitage, 1999; Highfield, 2009).

The main cause of periodontal dis-
ease is poor oral hygiene. As the disease
progresses, anaerobic bacteria such as
Porphyromonas gingivalis and Prevotel-
la intermedia gradually replace the nat-
ural saprophytic microflora of a healthy
mouth. Substances produced by these
bacteria trigger an inflammatory response
in the body, leading to damage to the tis-
sues surrounding the tooth (Czerniuk et
al., 2016; Li et al., 2025; Mehrinia & Van
Dyke, 2026; Nazir, 2017; Pihlstrom et al.,
2005). Some authors attribute periodontal
disease to dietary habits, such as vitamin
or micronutrient deficiencies (e.g. Garcia
et al., 2001). Studies by Slaus et al. (1997)
suggest that greater access to highly car-
iogenic foods contributes to periodontal

disease. However, the role of diet in peri-
odontal disease remains under discussion
(e.g. Balice et al., 2025). Other causes have
also been identified; metabolic disorders,
such as diabetes or insulin resistance, can
exacerbate inflammatory processes in per-
iodontal tissues (e.g. Saito & Shimazaki,
2007). In addition, excessive and chronic
psychological stress (Aleksejuniene et al.,
2002; Genco et al., 1999) and the use of
stimulants, such as smoking (Nociti et
al., 2015), are recognised as contributing
factors to periodontitis.

Studies of periodontitis are rarely
conducted on historical populations be-
cause they require well-preserved teeth
and dental arches (e.g., Karkus, 2018;
Vodanovi¢ et al., 2012). Because of the
disappearance of soft tissues after death,
analyses of periodontal disease are usu-
ally limited to assessing the presence or
absence of periodontitis in individuals
(e.g., DeWitte & Bekvalac 2011; Kwiat-
kowska & Nowakowski, 2011; Oztunc
et al., 2006). Other aspects, such as dis-
ease severity, are therefore often omitted.
Nevertheless, studies of historical popu-
lations are valuable because they provide
insight into the hygiene and dietary prac-
tices of past communities.

The most recent excavations, con-
ducted between 2022 and 2024 at the
Dabréwki site in Poland, provide an
opportunity to analyse this population
with respect to periodontal disease and
to use the resulting data to reconstruct
local dietary and hygiene habits. The key
research questions address the following
issues: (i) What was the incidence rate of
periodontal disease in the Dabréwki pop-
ulation compared with other groups in
Poland? (ii) Are there differences in inci-
dence between the sexes? (iii) Can stages
of disease progression be identified in the
studied population?
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Material and methods

The material used for this research de-
rives from a cemetery in Dabrowki,
Podlaskie Province, Poland (Fig. 1). The
cemetery was probably established for
the burial of the local rural population.
Because of the rare mention of rural bur-
ials in written sources, this cemetery
— like most sites of this type — was dis-
covered accidentally during construction
work carried out in the vicinity of the
village. Nevertheless, a small number of
historical sources refer to the settlement
as a place associated with Queen Bona
and Sigismund Augustus (Wawrzeniuk,
2021). In several graves, artefacts were
recovered (e.g. a silver coin bearing the
image of Sigismund III Vasa dated to
1593), allowing for a preliminary dating
of the cemetery to the 16% and 17 cen-
turies. Radiocarbon (**C) dating indicates
that the burials date to the period 1505-
1615 AD (Wawrzeniuk et al., 2023).
During the archaeological investiga-
tions, 62 graves were uncovered. How-
ever, because of the quality of preser-
vation — particularly in the dental arch
region — and the possibility of reliable sex
and age determination, only 24 adult in-
dividuals (12 males and 12 females) were
ultimately included in the analysis. In to-

(226 anterior and 294 posterior). Only
fully erupted teeth with antagonists in
the opposing dental arch were included
in the analysis (Table 1).

Figure 1. Map illustrating the location of the ar-
chaeological site in Dabrowki

The sex of individuals was determined
on the basis of pelvic bone morphology as
well as cranial traits, in accordance with
the scoring system for sexually dimor-
phic cranial features proposed by Buik-
stra and Ubelaker (1994). Age at death
was estimated using changes in the to-
pography of the auricular surface of the
ilium and morphological characteristics

tal, 520 permanent teeth were examined  of the pubic symphysis.
Table 1. The number of teeth analysed in this study
Maxilla
FDI 11 12 13 14 15 16 17 18 21 22 23 24 25 26 27 28
No. 14 15 19 17 18 16 10 8 13 15 19 17 14 11 12 9
Mandible
FDI 31 32 33 34 35 36 37 38 41 42 43 44 45 46 47 48
No. 2222 23 21 19 14 18 8 20 22 22 21 18 13 17 13

FDI World Dental Federation (Fédération Dentaire Internationale, FDI)
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Given the correlation between the in-
cidence of periodontal disease and age,
the sample was divided into three age
categories: 17-25, 26-35, and >36 years.
A similar age division has been used in
previous research, allowing for compara-
bility with other studies (Tomczyk et al.,
2018).

The American Academy of Periodon-
tics (AAP) and European Federation of
Periodontology (EFP) indicate that the
severity of periodontitis should be de-
termined based on clinical attachment
loss, pocket depth, bleeding on probing,
and bone loss. According to these cri-
teria, a patient has periodontitis when
these symptoms are diagnosed (e.g.,
Chmielewski et al., 2025). However, the
criteria cannot be used in the diagnosis of
individuals from historical populations.
Therefore, other methods of identifying
periodontal disease and its severity are
proposed. The following criteria were
used for a reliable assessment of the pres-
ence of periodontal disease:

I. Measurement of the distance between
the cementoenamel junction (CE]J)
and the surface of the alveolar crest
(AC). Measurements were taken us-
ing callipers and recorded in millime-
tres (accuracy: 0.01 mm). A CEJ-AC
distance of 3 mm is generally regard-
ed as normal, whereas a distance of
>3 mm is considered indicative of
a lesion (e.g. Shaju, 2011).

II. Assessment of changes in the me-
sial and distal interdental septa (in-
terproximal bone) of each tooth.
Observations were made at 10X mag-
nification under standardised lighting
conditions using an endodontic mi-
croscope (Global Surgical Corpora-
tion, USA). Findings were recorded as
the presence (1) or absence (0) of the
interdental septum.

II1. Evaluation of changes in the tex-
ture and architecture of the alve-
olar bone. For this criterion, the
method proposed by Kerr (1988)
was applied, with modifications
introduced by our research team
(Tomczyk et al., 2017). This classi-
fication allows the severity of perio-
dontitis to be identified and divided
into mild (early), moderate, and se-
vere (advanced) stages.

IV. In cases where bi- or trifurcation of
the root was exposed, the presence
(1) or absence (0) of furcation involve-
ment was assessed using a periodon-
tal probe.

Periodontal disease was diagnosed
only when all three criteria (i-iii) were
met for anterior and posterior teeth. The
fourth criterion (iv) was additionally in-
troduced in accordance with the new-
est American Academy of Periodontics
(AAP) and European Federation of Perio-
dontology (EFP) recommendations for di-
agnosing moderate and advanced stages
of periodontal disease (e.g., Chmielewski
et al., 2025).

The presence of dental calculus was
treated as an additional, but not essen-
tial, criterion for evaluation (e.g. Lieverse,
1999; Vodanovic et al., 2012), as calculus
on archaeological material may be easily
damaged or lost during excavation, han-
dling, or transport to the laboratory.

Statistical analyses were conducted
using the R Project for Statistical Com-
puting (version 4.3.1). Two-sample and
three-sample tests of proportions were
applied to identify significant differences
between age groups and between fe-
males and males. Tables 2 and 3 report
the chi-square test statistics and cor-
responding p-values. Differences with
p < 0.05 were considered statistically
significant.



Periodontal disease in ancient Dgbréwki 5

Results

The study included a total of 24 indi-
viduals (12 males and 12 females) with
well-preserved dental and skeletal ma-
terial. Pathological changes were iden-
tified in 18 individuals (9 males and 9
females), accounting for 75% of the ana-
lysed sample. In total, 520 teeth were ex-
amined, including 226 anterior and 294
posterior teeth. Evidence of periodontal
disease was observed in 146 teeth (28%),
of which 55 (24%) were anterior teeth
and 91 (31%) were posterior teeth.

The results indicate variation in dis-
ease incidence across age groups. In the
17-25-year age group, periodontal disease
was least frequent, affecting only 9% of
the teeth examined. The highest preva-
lence was recorded in the 26-35-year age
group, in which periodontal disease was
identified in 44% of teeth; in this group,
the disease occurred exclusively in males.
Among individuals aged over 36 years, the
prevalence of lesions was 39% and was
significantly higher in males (45%) than
in females (16%). Regardless of age group,
periodontal disease was statistically more
common in males (Table 2).

Because disease severity is likely to
be related to age, this relationship was
examined in the next stage of analy-
sis (Fig. 2). Across all age groups and in
both sexes, moderate periodontal disease

Table 2. Prevalence of periodontitis by age group

was the most frequently observed stage.
However, a marked increase in advanced
disease was noted between the youngest
(17-25 years) and middle (26-35 years)
age groups (5% versus 30%) (Table 3).

Figure 2. Different stages of periodontal disease pro-

gression (marked with black arrows where pres-
ent) observed in the population from Dabrowki
(A - healthy, B — early stage, C — moderate
stage, D — advanced stage)

Differences in susceptibility to per-
iodontal disease were also observed be-
tween the sexes. Among males aged
26-35 years, the moderate stage of per-
iodontal disease predominated (40% ver-
sus 33%), whereas among females in the
same age group, the early stage was most
common (47% versus 27%) (Table 3).

Age of individual Total Male Female p e
17-25 19/212 (9%) 7/73 (10%) 12/139 (9%) 1 1.7
26-35 67/154 (44%) 52/52 (100%) 15/102 (15%)  <0.0001  101.9

>36 60/154 (39%) 55/123 (45%) 5/31 (16%) 0.014  8.508
p 0.0001 0.0001 0.3032
b 65.55 100.1 2.39

Total 146/520 (28%) 114/248 (46%) 32272 (12%)  <0.0001  75.1
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Table 3. Progression of periodontitis by age group

Total Male Female

Age of Moder-  Ad Moder-  Ad Moder-  Ad
individual oder- - oder- - oder- -
Early ate vanced Early ate vanced Early ate vanced

1795 219 1619 119 B 717 B Y12 912 12
11% 84% 5% 100% 17% 75% 8%

26-35 21/67 26/67 20/67 14/52 21/52 17/52 7/15 5/15 3/15
31% 39% 30% 27% 40% 33% 47% 33% 20%

~36 22/60 33/60 5/60 22/55 31/55 2/55 B 2/5 3/5
37% 55% 8% 40% 56% 4% 40% 60%
P 0.098 0.002 0.002 0.220 0.008 0.0002 0.218 0.088 0.062
x> 4.64 12.75 12.36 1.50 9.68 13.52 1.51 4.86 5.57

In the diagnosis of periodontitis, par-
ticular attention is often paid to measure-
ments of the distance between the CEJ
and the AC. The present study shows
that this distance increases with disease
progression. The lowest values (mean:
2.5 mm) were recorded in the healthy
group, while mean measurements in-
creased progressively in subsequent
stages of the disease. An accompanying
increase in standard deviation was also
observed, indicating greater variability
in CEJ-AC distances in more advanced
stages of periodontitis (Table 4).

Table 4. Disease progression and measurements
between the cementoenamel junction and the
alveolar crest

persit)ac;gc‘)an(é tis min max mean median SD
Healthy 1.0 71 25 2.2 1.06
Early 32 71 45 42 093
Moderate 40 9.6 6.3 6.1 1.13
Advanced 5.0 12.0 8.0 7.8 1.51

Discussion

The population studied from the Dabrowki
site shows a frequency of periodontal dis-
ease, in terms of the number of affected in-

dividuals, similar to that reported for other
populations from Poland dated to a com-
parable historical period (16%-17% centu-
ries) (Table 5). It may therefore be assumed
that the environmental factors most com-
monly associated with periodontal disease,
such as diet quality and oral hygiene, were
broadly similar in the populations con-
sidered. However, it should be noted that
apparent similarities in disease frequency
may also result from differences in diag-
nostic methodology. In many earlier stud-
ies, authors relied on only one or two diag-
nostic criteria, such as visual assessment
of alveolar bone resorption, the presence
of dental calculus (Glen, 1976), or CEJ-
AC measurements alone (Kozubkiewicz
& Trachtenberg, 1960). As a result, their
estimates may be overstated. Only studies
of the populations from Brze$¢ Kujawski
(Karkus, 2018) and Radom (Tomczyk
et al., 2018) applied methods comparable
to those used in the present research. For
this reason, comparisons were limited to
these two Polish populations.

Analysis of data from the chronolog-
ically similar populations of Brzes¢ Ku-
jawski and Radom (16™-17% centuries)
suggests that the proportion of teeth affect-
ed by periodontal disease in the Dabrowki
population was relatively low (28%).
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Table 5. Prevalence of periodontitis in historical populations from Poland

Period Site Individuals References
15th.18% Brzes$¢ Kujawski 48/61 (79%) Kozubiewicz & Trachtemberg 1960
14th.17t% Brzes¢ Kujawski 37/48 (77%) Karkus 2018
15t-18th Cracow 68/108 (63%) Glen 1976
16%-18% Wroctaw 18/30 (60%) Kwiatkowska & Nowakowski 2011
1417t Radom 57/80 (71%) Tomczyk et al. 2018
18th-19th Radom 93/126 (74%) Tomczyk et al. 2018
16%-17% Dabrowki 18/24 (75%) presented publication

In Brze$¢ Kujawski, pathological chang-
es were identified in 41% of examined
teeth (Karkus, 2018), while in the popu-
lation of Radom, dated to the late Middle
Ages and early modern period (14%-17®
centuries), periodontal disease was diag-
nosed in 44% of teeth (Tomczyk et al.,
2018). The observed differences between
the Dabréwki population and the groups
from Brze$¢ Kujawski and Radom may
be related to differences in socio-eco-
nomic status. The population examined
in the present study derives from a rural
context, whereas the populations from
Brze$¢ Kujawski and Radom were asso-
ciated with urban centres. Comparative
studies indicate that during the late Mid-
dle Ages and early modern period, urban
populations generally exhibited poor-
er oral health, which has been linked,
among other factors, to diets richer in
highly processed carbohydrates (e.g.,
Slaus et al., 1997; Tomezyk et al., 2018).
These factors may therefore help explain
the higher incidence of periodontal dis-
ease observed in the urban populations.
At the current stage of research, no in-
dependent data are available to confirm
the quality or composition of the diet
in the Dgbréowki population, as analyses
of the material are still ongoing. By con-
trast, detailed studies conducted at the
Radom site, including isotopic, archae-

ozoological, and archaeobotanical analy-
ses, confirm the proposed pattern, name-
ly that urban populations had poorer
diets and a higher proportion of individu-
als affected by diseases of the masticatory
system (Tomczyk et al., 2018; 2020).

Of course, it should be remembered
that periodontitis is a multifactorial dis-
ease (e.g., Muro et al., 2026). Its develop-
ment may be influenced by behavioural
factors (lifestyle), nutritional factors, or
metabolic disorders (such as diabetes or
insulin resistance). However, the interpre-
tation of results based on bone (archaeo-
logical) material is always limited to those
elements that can be verified by scientific
evidence. Therefore, when looking for the
causes of periodontal disease in historical
populations, the most common factors
pointed to are diet quality and the socio-
economic status of the population studied.

The results obtained for the Dabrowki
population also reveal a clear contrast
between males and females in the prev-
alence of periodontitis. Contemporary
studies consistently show that perio-
dontal disease is more common in men
than in women (e.g., Ioannidou, 2017;
Stanescu et al., 2020), and similar pat-
terns have been documented in historical
populations (e.g., Karkus, 2018; Novak,
2015; Raitapuro-Murray et al.,, 2014).
Sex is considered a potential risk factor,
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as the composition of the oral microbi-
ome differs between women and men,
and sex hormone levels — particularly
male androgens — may influence the de-
velopment and progression of periodontal
disease (e.g., Del Pinto et al., 2024; Mas-
carenhas et al., 2003). Clinical studies
further indicate that oestrogen slows the
production of inflammatory cytokines,
such as interleukin-1f and tumour ne-
crosis factor-a, which are responsible
for bone resorption during periodontal
inflammation. As a result, women tend
to produce fewer cytokines in response
to infection. Progesterone also plays an
important role in the formation of peri-
odontal ligaments and the maintenance
of bone mass (e.g., Ahmed et al., 2010).
These biological mechanisms may help
explain the lower incidence of periodon-
tal disease observed among women.
Dietary factors may also have con-
tributed to sex-related differences in
disease prevalence. Research by Reitse-
ma et al. (2010) indicates that males in
historical populations more frequently
consumed meat products. Diets rich in
protein are thought to promote dental
calculus accumulation (Hillson, 1979),
as increased protein intake leads to el-
evated blood urea levels. Oral bacteria
metabolise urea into ammonia, result-
ing in increased oral alkalinity (Lieverse,
1999) and, consequently, greater calculus
formation. These processes may provide
an additional explanation for the signifi-
cantly higher prevalence of periodontitis
observed among males from Dabréwki.
When discussing periodontal disease,
the relationship between age and disease
severity must also be considered. Peri-
odontitis develops gradually, with its
effects accumulating over time (e.g., Be-
natti et al., 2009; Flemmig, 1999). In the
Dabréwki population, a clear progression

was observed between successive age
groups (9% versus 44%). In the oldest age
group, however, the prevalence of disease
decreased to 39%. This phenomenon has
been described in previous studies and
is likely related to tooth loss in individ-
uals affected by the most advanced stag-
es of periodontitis (DeWitte & Bekvalac,
2011). With increasing age, changes in
immune function may further exacer-
bate chronic inflammation and contrib-
ute to declining oral health (Lopez et al.,
2017; Preshaw et al., 2012). Notably, dis-
ease progression appeared to occur more
rapidly in males. In the 26-35-year age
group, 40% of males were diagnosed with
moderate periodontitis and 32% with ad-
vanced disease, whereas among females
of the same age, 33% exhibited moderate
disease and 20% advanced disease.

In odontological research, the use of
multiple diagnostic criteria is essential.
For many years, CEJ-AC measurement
was the primary method for assessing
periodontitis in skeletal material (e.g.,
DeWitte, 2012; Kozubkiewicz & Trach-
tenberg, 1960; Raitapuro-Murray et al.,
2014). It is now recognised, however,
that this criterion alone is insufficient-
ly reliable and may lead to misdiagnosis
(e.g. Tomczyk et al., 2017). Recent stud-
ies (e.g., Muro et al., 2026) suggest that
macromorphological bone defects provide
a more robust indicator of periodontal
disease. For example, research conduct-
ed on a forensic collection from Yucatin
demonstrated that bone changes were
present in 94.8% of individuals, whereas
CEJ values exceeded diagnostic thresh-
olds in only 55.8% (Muro et al., 2026).
Reliance solely on CEJ measurements
would therefore result in substantial un-
derestimation of disease prevalence. Al-
though CEJ values correlate with disease
severity, several authors emphasise that
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this measure should be used as a support-
ive tool rather than as a primary diagnos-
tic criterion (Muro et al., 2026; Tomczyk
et al,, 2017). In the Dabréwki popula-
tion, the progressive increase in mean
CEJ values across disease stages (Table 4)
indicates that this measure retains com-
parative value, but it should be applied in
conjunction with the assessment of bone
defects to ensure diagnostic reliability
and a more comprehensive interpretation
of periodontal changes.

Limitations

The main limitation of the present study
is the relatively small number of individ-
uals included in the analysis. However,
as noted above, research on periodontal
disease requires not only well-preserved
alveolar bone but also the presence of op-
posing teeth, which substantially restricts
sample size in archaeological contexts.

Conclusions

Periodontal research is rarely represented
in anthropological literature, largely be-
cause of the condition of preserved skel-
etal material. Additional challenges arise
from the difficulty of accurately diagnos-
ing periodontal disease in archaeological
populations. Consequently, each contri-
bution in this area is valuable because it
can provide important insights into the
dietary practices and hygiene habits of
historical communities.

Although examinations of periodontal
disease cannot always be conducted be-
cause of the preservation state of archaeo-
logical material, they can yield informative
and meaningful results. The study of the
Dabréowki population indicates a lower
frequency of periodontitis compared with
other Polish populations from a similar

historical period, a pattern that may be
linked to the rural character of the com-
munity. Nevertheless, further research is
required to confirm this interpretation. As
discussed, the principal limitation of the
study lies in the limited number of indi-
viduals analysed; however, this constraint
is inherent to periodontal research, which
depends on the preservation of both alve-
olar bone and opposing teeth.
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Abstract

INTRODUCTION

Dementia incidence is rising worldwide, driven largely by population ageing and demographic transition.
Although dietary factors have been proposed as modifiable contributors, the role of dairy consumption
remains unclear, with inconsistent findings across regions, populations, and product types.

STUDY AIM
This study examined whether total dairy supply independently predicts dementia incidence at the popula-
tion level after accounting for key demographic and socioeconomic indicators.

MATERIALS AND METHODS

A global ecological analysis was conducted using data from 204 countries. Variables included dairy supply,
dementia incidence (total, male, and female), ageing, gross domestic product adjusted for purchasing power
parity (GDP PPP), Biological State Index, and urbanisation. Statistical analyses included Pearson and Spear-
man correlations, partial correlations, principal component analysis, and multivariable linear regression.
Enter models were treated as the primary analyses, while stepwise regression was used as an exploratory
model-reduction approach.

REsurrs

Dairy supply showed significant positive correlations with total dementia incidence (r = 0.54, p < 0.001)
and with both male and female dementia incidence (r = 0.53, p < 0.001). Ageing showed the strongest
associations across all outcomes (r = 0.73-0.78). In the primary multivariable models, ageing remained
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the strongest independent predictor of total, male, and female dementia incidence. After adjustment, dairy
supply remained an independent predictor, with modest effect sizes for total (8 = 0.209, p < 0.001), male
(B=0.190, p = 0.001), and female (B = 0.223, p < 0.001) dementia incidence. Urbanisation and genetic
vulnerability were associated with dementia incidence at the bivariate level but were not independent pre-
dictors in the adjusted models. Exploratory stepwise analyses showed a similar pattern.

CONCLUSIONS

Ageing remained the strongest global predictor of dementia incidence, while dairy supply showed an ad-
ditional independent association. These findings suggest that nutritional transitions may interact with
demographic ageing to shape global dementia patterns worldwide.

Keyworbs: dairy supply, ecological study, ageing, socioeconomic development, biological state index, urban-

isation, global nutritional transition

Introduction

Dementia is a rapidly growing global
health crisis. In 2021, 57 million people
were living with dementia as estimated by
The World Health Organization (WHO,
2025a). Nearly 10 million new cases oc-
cur annually, and this number will triple
by 2050 as populations continue to age
(Nichols et al., 2022; WHO, 2025a). De-
mentia is characterised by cognitive de-
cline affecting memory, reasoning, and
behaviour, leading to disability, depend-
ency, and substantial social and econom-
ic burden (Cipriani et al., 2020, WHO,
2025a). Although ageing remains the
most important non-modifiable risk fac-
tor, increasing attention has focused on
modifiable determinants, including diet,
that may influence dementia onset and
progression (Lourida et al., 2019).

Diet has gained prominence because
of its potential neuroprotective or neuro-
degenerative effects (Xu Lou et al., 2023;
Yassine et al., 2022; You, 2025¢; You &
Feng, 2025). Dairy products are hetero-
geneous and include both fermented and
non-fermented forms. They provide pro-
teins, minerals, vitamins, and essential
amino acids that may support cognition
through neurotransmitter synthesis, neu-
ronal integrity, and vascular health (Cam-
field et al., 2011; Otaegui-Arrazola et al.,
2014). Fermented dairy products, such as

yogurt and cheese, may contain anti-in-
flammatory and antioxidant bioactive
compounds that reduce neuroinflamma-
tion and improve gut-brain interactions
(Anderson & Alpass, 2024; Gao et al,,
2025a; 2025b). By contrast, high-fat dairy
products may adversely affect cognition
through hyperinsulinemia, endothelial
dysfunction, oxidative stress, and system-
ic inflammation (Tan & Norhaizan, 2019;
Villoz et al., 2024). Thus, the association
between dairy intake and dementia may
differ according to product type and com-
position (Camfield et al., 2011).

Previous findings have been inconsist-
ent. A meta-analysis of 15 cohort studies
involving more than 300,000 participants
reported a nonlinear inverse association
between dairy intake and cognitive de-
cline or dementia, with the lowest risk
observed at around 150 g/day. The asso-
ciation was stronger among participants
aged under 65 years (RR = 0.88, 95%
CI: 0.76-1.01) than among those aged
65 years and older (RR = 0.95, 95% CI:
0.75-1.21) (Villoz et al., 2024). Studies
including both sexes showed an inverse
association (RR = 0.85, 95% CI: 0.78-
0.93), whereas sex-specific findings were
more heterogeneous, and subtype analy-
ses suggested different patterns for milk
and cheese (Villoz et al., 2024). The same
meta-analysis also reported an overall
inverse association when all dairy types
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were combined (RR = 0.89, 95% CI:
0.83-0.95). Subtype analyses suggested
a null association for milk at <0.3 times/
day, with lower risk at higher intakes, and
a nonlinear pattern for cheese, with lower
risk around 0.3 times/day and null or pos-
itive associations at higher intakes (Villoz
et al., 2024). Another meta-analysis also
reported that higher dairy intake may be
associated with lower risk of cognitive de-
cline or dementia, although findings var-
ied by sex, age, region, and dairy type (Lee
et al., 2018; Villoz et al., 2024). Studies
in Asia showed a stronger inverse asso-
ciation than studies in Europe (Villoz et
al., 2024). European populations generally
consume more dairy (170-711 g/day) than
Asian populations (29-165 g/day), despite
increasing dietary Westernisation in Asia
(Suzuki et al., 2024; Villoz et al., 2024).
Recommendations also differ, with Asian
guidelines typically suggesting 1-4 serv-
ings per day compared with 2-4 servings
in Europe, highlighting the importance of
cultural and nutritional context (Cimara
et al., 2021; Villoz et al., 2024).

Evidence from specific dairy products
also supports treating dairy as a hetero-
geneous exposure. In UK Biobank, Deng
et al. reported that soy milk consump-
tion was associated with a lower risk of
all-cause dementia (HR = 0.69, 95%
CI: 0.54-0.90) and Alzheimer’s disease
(HR = 0.70, 95% CI: 0.51-0.94), whereas
other milk types did not show the same
clear pattern (Deng et al., 2023). Emerg-
ing evidence also suggests potential cogni-
tive relevance of probiotic dairy products.
Kasselman et al. found that older adults
reporting daily yogurt/dairy consump-
tion had higher cognitive test scores than
non-consumers (40.03 + 0.64 vs. 36.28
+ 1.26, p = 0.017), although this asso-
ciation was attenuated after adjustment
for sociodemographic factors (p = 0.074)

(Kasselman et al., 2024). Together, these
findings reinforce the importance of con-
sidering dairy as a heterogeneous expo-
sure, as different dairy products may re-
late differently to cognitive health.

Many studies have examined individ-
ual dairy components, often cheese, in
relation to cognitive decline (Villoz et al.,
2024). Although this approach provides
useful mechanistic insight, it does not
fully reflect dietary behaviour, as people
typically consume multiple dairy products
such as milk, cream, butter, yogurt, and
cheese (Lourida et al., 2013; Vauzour et al.,
2017). Focusing on one component may
therefore underestimate the combined ef-
fects of overall dairy consumption. Con-
sequently, total dairy consumption, or
total dairy supply, may provide a more re-
alistic indicator of population-level dairy
exposure (Comerford et al., 2021; Villoz
et al., 2024). However, because total dairy
supply is analysed as a single aggregated
exposure, it cannot distinguish poten-
tially divergent effects of fermented and
non-fermented dairy products or low-fat
and high-fat dairy products. This hetero-
geneity should be considered when inter-
preting any observed associations.

Mediterranean and MIND dietary pat-
terns have shown protective associations
with cognitive health through higher
intake of plant-based foods and healthy
fats and lower consumption of red and
processed meats (Chen et al., 2023; Fe-
kete et al., 2025). These patterns also
incorporate fermented and low-fat dairy
in moderation, suggesting that both
type and quantity may influence cogni-
tive outcomes (Morris et al., 2015; Wade
et al.,, 2020). Greater cortical thickness
in Alzheimer’s-vulnerable regions among
individuals adhering to Mediterranean-
style diets further supports a neuropro-
tective role, while dietary responses may
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also vary by genetic susceptibility, with
nutrient effects differing between APOE4
and non-APOE4 carriers (Mosconi et al.,
2014; Norwitz et al., 2021; Yassine &
Finch, 2020).

Economic affluence and urbanisation
may influence dementia incidence and
prevalence through multiple, and some-
times opposing, pathways. Lower socio-
economic position is associated with
greater dementia risk, whereas age-spe-
cific dementia incidence has declined in
many high-income countries, possibly
reflecting improvements in education,
public health, and vascular risk control.
Evidence on urbanisation is mixed (Gie-
bel et al., 2025; Mollalo et al., 2025).
A recent meta-analysis found higher
Alzheimer’s disease dementia prevalence
in rural than urban settings, particularly
in lower-resource regions, while a sys-
tematic review showed that rural popu-
lations often face delayed diagnosis and
reduced access to dementia care (Giebel
et al., 2025; Mollalo et al., 2025). Thus,
affluence and urbanisation may shape de-
mentia burden through both underlying
risk exposure and differences in health-
care access and diagnostic infrastructure.

Sex differences in dementia risk are
also widely reported. Women generally
experience higher dementia incidence
and prevalence than men, which has been
attributed to a combination of longer life
expectancy, hormonal and reproductive
factors, and broader sociocultural influ-
ences (Beam et al., 2018; Huque et al,,
2023; You, 2025b). These established sex
differences underscore the importance of
examining dementia patterns separately
for males and females in epidemiological
research (IHME, 2023).

Despite increasing research, the global
relationships among dairy supply, demo-
graphic factors, and dementia incidence

remain unclear. Most studies have relied
on individual-level dietary data, regional
cohorts, or specific dairy products, which
limits generalisability across populations.
There remains a lack of population-level
evidence assessing whether dairy avail-
ability contributes independently to de-
mentia incidence when accounting for
ageing, economic affluence, biological age-
ing burden, and urbanisation (Lee et al.,
2018; Villoz et al., 2024). Therefore, this
global ecological study examined whether
dairy supply predicts total, male, and fe-
male dementia incidence across countries
after controlling for major demographic
and development-related factors at the
population level.

Materials and methods

Data collection and selection

For this global ecological study, data were
compiled from major international data-
sets maintained by United Nations bodies
and the Institute for Health Metrics and
Evaluation (IHME). Dementia incidence
data were obtained from the THME da-
tabase (IHME, 2023), and a standardised
list of 204 geographic units was sourced
from the World Bank to ensure consistent
alignment across variables. In this study,
the term country refers to any territorial
unit that reports its own demographic,
health, and economic statistics within in-
ternational reporting frameworks. As this
does not necessarily imply political inde-
pendence, the terms country and popula-
tion are used interchangeably throughout
the analysis (The World Bank, 2022a).

The main explanatory variable was
dairy supply, defined as the mean per-per-
son daily availability of dairy products be-
tween 2019 and 2021. These data were
retrieved from the Food and Agriculture
Organization Corporate Statistical Da-
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tabase (FAOSTAT) Food Balance Sheets
(FBS) and expressed as kilocalories per
capita per day (FAO, 2025).

For each country, total dairy supply was
calculated by summing the energy contri-
butions from the FAOSTAT categories
Butter and Ghee (F2740), Cream (F2743),
and Milk - Excluding Butter (F2848).
Category-specific values reported as Food
supply (kcal/capita/day) were extracted for
each year, averaged across 2019-2021, and
combined into a single aggregated meas-
ure. This variable reflects the energy sup-
ply derived from dairy products available
for human consumption at the national
level. Although it does not quantify specif-
ic nutrient components and may overrep-
resent fat-rich products such as butter and
ghee, it provides a widely used ecological
indicator of population-level dairy availa-
bility and dietary exposure patterns.

FAOSTAT Food Balance Sheets were
selected because this study examined
dairy exposure as a population-level food
availability measure rather than as indi-
vidual dietary intake. Food Balance Sheets
provide standardised national estimates
of per-capita food and energy availability,
which aligned with the ecological objective
of the study and with the construction of
a total dairy supply variable in kcal/capita/
day. By contrast, the Global Dietary Data-
base (GDD) primarily estimates individu-
al intake and reports separate dairy-related
variables rather than a directly comparable
total dairy-energy measure, while IHME
Global Burden of Disease (GBD) dietary
risk estimates are designed for compara-
tive risk assessment and include milk as
a specific dietary risk rather than total
dairy supply. Nevertheless, intake-based
datasets such as GDD may be valuable
in future studies aimed at distinguishing
dairy subtypes and approximating individ-
ual-level consumption patterns.

The outcome variable was dementia
incidence rate, defined as the number of
new cases per 100,000 people. These data
were obtained from the 2021 IHME da-
taset (IHME, 2023).

IHME, an independent centre based at
the University of Washington, is widely
recognised for its global health monitor-
ing and analytical rigour (IHME, 202.3;
Murray & Frenk, 2008). Three outcome
measures were extracted: overall demen-
tia incidence, male dementia incidence,
and female dementia incidence.

Because dementia arises from multiple
interacting factors, several potential con-
founders were included. Economic afflu-
ence was measured using 2018 per-capita
gross domestic product adjusted for pur-
chasing power parity (GDP PPP) from the
World Bank. Higher economic affluence is
associated with greater longevity, higher
education levels, and increased prevalence
of lifestyle-related conditions such as obe-
sity and diabetes (Talukdar et al., 2020;
The World Bank, 2018; Xu et al., 2017).
It may also affect the ability of health sys-
tems to detect dementia earlier, reflecting
differences in healthcare capacity across
countries (Gaziano et al, 2010). Eco-
nomic affluence and urbanisation were
included as key socioeconomic indicators
because they may influence dementia bur-
den through multiple pathways, including
longevity, lifestyle change, healthcare ac-
cess, and diagnostic capacity.

Genetic vulnerability was assessed
using the Biological State Index (I, ),
a population-level measure intended to
reflect the extent to which deleterious
genetic variants may accumulate within
a population. The index ranges from 0 to
1.0 and was calculated using fertility data
from 2005 (WHO, 2015) and mortality
data from 2009 (WHO, 2012). Its un-
derlying premise is that reduced natural
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selection in modern populations may al-
low deleterious genetic variants to persist
and accumulate, potentially contributing
to population-level genetic vulnerabili-
ty to non-communicable diseases such as
dementia. Higher I, values therefore indi-
cate greater population-level genetic vul-
nerability and have been associated with
increased dementia incidence in prior
ecological research (Beam et al., 2018).

Population ageing was approximated
using life expectancy at birth, obtained
from the World Bank (The World Bank,
2022b). Although dementia can occur at
different life stages, it is concentrated pri-
marily among older adults; therefore, life
expectancy data from 2018 were used as
a proxy for population ageing. While life
expectancy at birth may partly reflect ear-
ly-life mortality, in contemporary popu-
lations much of its variation is driven by
adult and older-age survival. It remains
a widely used and internationally compa-
rable indicator of population longevity in
cross-national analyses (Cambois et al.,
2023; You et al., 2025).

Urbanisation, defined as the percent-
age of the population living in urban are-
as in 2018 (The World Bank, 2018), was
also obtained from the World Bank. Ur-
ban settings may influence dementia risk
through changes in lifestyle and health-re-
lated behaviours. Modernisation and in-
dustrialisation are associated with shifts
in diet, including greater intake (You &
Henneberg, 2016a; 2016b), increased
consumption of processed foods high in
salt, sugar, and fat (Smith et al., 2012),
and generally lower levels of physical ac-
tivity (Allender et al., 2008). At the same
time, urban areas often provide better ac-
cess to health services, which may facil-
itate earlier recognition and diagnosis of
dementia and thereby influence reported
incidence figures.

All variables were collated and man-
aged in Microsoft Excel® 2016 prior to
analysis. Within this ecological frame-
work, each country or population was
treated as one observational unit. The
number of countries included in specific
analyses varied across variables because
complete data were not consistently
available for every indicator, reflecting
reporting gaps across United Nations-af-
filiated data sources.

Statistical analyses
The association between national
dairy availability and dementia incidence

(total, male, and female) was investigated

through a staged analytical strategy.

1. Preliminary Data Screening: Initial
visual assessments were undertaken
by producing scatterplots in Microsoft
Excel® 2016 to explore broad patterns
between dairy supply and dementia
incidence and to detect potential out-
liers or inconsistencies in reporting,
thereby supporting data reliability.

2. Correlation Analyses: Both Spear-
man’s rho and Pearson’s r correlation
coefficients were calculated to deter-
mine the magnitude and direction of
relationships among dairy supply, de-
mentia incidence indicators, econom-
ic development (GDP PPP), genetic
vulnerability (I, ), life expectancy (Age-
ing), and urbanisation. These analyses
provided an overview of how dementia
outcomes align with development-re-
lated variables at the global level.

3. Adjusted Correlation Models: Partial
correlations were then used to ex-
amine the association between dairy
supply and dementia incidence while
statistically adjusting for GDP PPR
I, Ageing, and urbanisation. This
allowed assessment of whether dairy
supply remained related to dementia
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incidence independent of major demo-
graphic and socioeconomic influences.
. Principal Component Analysis (PCA):
To examine shared variance among
key variables, PCA using Kaiser’s crite-
rion (eigenvalues > 1) was conducted.

. Regression Modelling: Regression di-
agnostics were used to assess multi-
collinearity, residual normality, and
homoscedasticity using tolerance,
variance inflation factors (VIF), and
inspection of residual plots. Multiple
linear regression analyses were then
conducted to examine predictors of
total, male, and female dementia inci-
dence. Dementia incidence was spec-
ified as the dependent variable, with
dairy supply and prespecified devel-
opment-related indicators entered as
independent variables. Enter models
were treated as the primary analyses
to assess the simultaneous contribu-
tion of all covariates, whereas stepwise
models were used only as an explora-
tory model-reduction approach. Entry
and removal criteria for stepwise re-
gression were set at p < 0.05 and p >
0.10, respectively. Changes in R? and
standardised beta coefficients were
examined to assess the independent
contribution of dairy supply after ad-
justment for demographic and socio-
economic factors. Because the primary
inferential analyses were based on lin-
ear models, the polynomial trendline
in Figure 1 was included for descriptive
visualisation only and was not inter-
preted as a formal test of non-linearity.
. Regional Stratified Analyses: To exam-
ine whether the association between
dairy supply and dementia incidence
varied across population contexts, cor-
relation analyses were also conducted
within selected subgroup classifica-
tions. These regional and subgroup

analyses were treated as explorato-
ry and were used to assess variation
across economic, geographic, and
cultural groupings. Because sever-
al subgroup sample sizes were small
and multiple comparisons were per-
formed, these findings were interpret-
ed cautiously as hypothesis-generating
rather than confirmatory. Countries
were stratified according to several
international frameworks, including

World Bank income groups (high,

upper-middle, lower-middle, and low

income) (World Bank, 2022); United

Nations designations of developed

and developing countries (United Na-

tions Statistics Division, 2013), WHO
regional groups: Africa, the Ameri-
cas, Eastern Mediterranean, Europe,

South-East Asia, and the Western Pa-

cific (WHO, 2025b), cultural, political,

and economic blocs: Asia Cooperation

Dialogue (Asia Cooperation Dialogue,

2018), Asia-Pacific Economic Coop-

eration (Asia-Pacific Economic Coop-

eration, 2015), the Arab World (The

World Bank, 2015), English-speak-

ing countries (official government

sources), Latin America (The United

Nations Educational Scientific and

Cultural Organization, 2014), Latin

America and the Caribbean (The

United Nations Educational Scientif-

ic and Cultural Organization, 2014),

OECD member states (OECD, 2015),

and the Southern African Develop-

ment Community (Southern African

Development Community, 2015).

All statistical analyses were carried out
using Statistical Package for Social Sciences
version 31 (SPSS Inc., Chicago, IL, USA)
alongside Microsoft Excel® 2016. A signif-
icance threshold of p < 0.05 was applied,
with results also presented at the p < 0.01
and p < 0.001 levels where relevant.
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Results

To our knowledge, this is among the first
global ecological analyses to investigate
whether total dairy supply predicts de-
mentia incidence across countries. A pos-
itive association was observed, supported
by correlation, regression, and partial cor-
relation analyses, with dairy supply re-
maining a modest independent predictor
after accounting for ageing, economic af-
fluence, genetic burden, and urbanisation.
Regional comparisons revealed marked
variability, indicating that the dairy—de-
mentia relationship is context dependent
rather than universally uniform.

Visual trend analysis of dairy supply
and dementia incidence

Figure 1 shows a positive association be-
tween total dairy supply and dementia inci-
dence across countries. Visual inspection of

500

the scatterplot suggested that higher per cap-
ita dairy availability generally correspond-
ed with higher dementia incidence rates.
A polynomial trendline was included for
descriptive visualisation only and was not
intended as a formal test of non-linearity.
The scatterplot also suggested clustering by
level of development, with many low- and
middle-income countries concentrated at
lower levels of both dairy supply and de-
mentia incidence, whereas higher-income
countries tended to cluster at higher lev-
els of both variables. Overall, the visual
pattern was consistent with the correla-
tion and regression analyses, supporting
a positive association between dairy supply
and dementia incidence at the global level.
However, the distribution of observations
also suggested that this relationship may
be influenced by broader development-re-
lated factors, including ageing, economic
affluence, and biological ageing burden.
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Figure 1. Scatterplot showing the association between total dairy supply and dementia incidence across

countries. Note: Dairy supply (kcal/capita/day, 2019-2021) was sourced from the Food and Agriculture

Organization Corporate Statistical Database, and dementia incidence (new cases per 100,000 in 2021)

came from the Institute for Health Metrics and Evaluation
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Global correlation patterns among
dairy supply, dementia incidence,
and development factors
Dairy supply was moderately and posi-
tively correlated with dementia incidence
across all groups. Higher total dairy supply
was associated with higher total dementia
incidence (Pearson r = 0.54), as well as
male and female incidence (both r = 0.53;
all p <0 .001). Dairy supply was also mod-
erately correlated with GDP per capita, I,
Ageing, and urbanisation (r range 0.45-
0.53, p < 0.001), indicating that countries
with greater dairy availability tended to be
more affluent, more urbanised, and to have

The three dementia incidence indica-
tors were very highly inter-correlated (r =
0.98-0.99, p < 0.001), and each showed
strong positive associations with GDBP,
I, ageing, and urbanisation (r generally
> 0.50, p < 0.001), suggesting a shared
pattern across sociodemographic devel-
opment and dementia burden. Spearman
coefficients were very similar in mag-
nitude to the Pearson correlations (e.g.
dairy vs total dementia p = 0.54; dairy
vs Ageing p = 0.55; all p < 0.001), sup-
porting the robustness of these positive
monotonic relationships and indicating
that results were not driven by linearity

higher life expectancy. assumptions or outliers.
Table 1. Correlation matrix of dairy supply and dementia indicators. Values in bold indicate statistical
significance
Variable 1 2 3 4 5 6 7 8

1. Dairy total

mean 2019-2021 1 0.537 0.5347*

2. Dementia

incidence, total 0.543 !

0.984***

3. Dementia

L 0.546*** 0.983*** 1
incidence, male

4. Dementia
incidence, female

5. Affluence

0.539*** 0.990*** 0.974***

0.560*** 0.777*** 0.793***
6. Genetic . . .
vulnerability 0.597 0.848 0.870
7. Ageing

0.551*** 0.829*** 0.859***

8. Urbanisation

0.459*** 0.525*** 0.549**

0.773*** 1

0.844*** 0.895*** 1

0.818*** 0.880*** 0.930*** 1

0.534*** 0.468*** 0.473*** 0.528*** 0.452***

0.994*** 0.604*** 0.606*** 0.741*** 0.502***

0.972*** 0.623*** 0.631*** 0.775*** 0.526***

1 0.595*** 0.594*** 0.725*** 0.493***

0.567*** 0.733*** 0.649***

0.876*** 0.523***

0.604***

0.523*** 0.720*** 0.630*** 0.640*** 1

Notes: Pearson coefficients appear above the diagonal and Spearman’s rho below, with pairwise deletion

applied (N = 168-204). Bolded values indicate statistically significant associations. *** p < 0.001

(2-tailed). Dairy supply (kcal/capita/day, 2019-2021) came from the Food and Agriculture Organ-

ization Corporate Statistical Database; dementia incidence (new cases per 100,000 in 2021) from

the Institute for Health Metrics and Evaluation. Genetic vulnerability (I

2018), affluence (GDP

bs/

PPP, 2018), ageing (life expectancy at birth, 2018), and urbanisation (percentage urban, 2018) were

sourced from the World Bank.
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Partial correlations
Partial correlations showed that the posi-
tive association between dairy supply and
dementia incidence weakened after ac-
counting for development-related factors
but remained statistically significant.
Controlling for affluence reduced the cor-
relations to around .036, and further ad-
justment for biological state, ageing, and
urbanisation lowered them to approxi-
mately 0.25-0.27 across total, male, and

female outcomes. Across all models, the
direction and significance of the associ-
ations were consistent, indicating that
dairy supply contributes a modest inde-
pendent effect beyond key socioeconomic
and demographic influences. These find-
ings highlight that broader development
conditions explain much of the variation
in dementia incidence, while dairy avail-
ability still plays a small but meaningful
role.

Table 2. Partial correlations between dairy supply and dementia incidence under different adjustment mod-

els. Values in bold indicate statistical significance

Adjustment Model Dairy - Dairy - Dairy =
(Control Variables stabilised) Dementia Dementia Dementia n
Total Male Female
Full model: Affluence + Genetic vulnerability 0.256*** 0.249*** 0.267*** 162
+ Ageing + Urbanisation
Affluence + Genetic vulnerability + Ageing 0.256*** 0.249*** 0.265*** 163
Affluence + Genetic vulnerability 0.276*** 0.269*** 0.284*** 164
Affluence only 0.358*** 0.356*** 0.362*** 166
Unadjusted (Pearson 1) 0.537*** 0.534*** 0.534*** 173

Notes: Partial correlation coefficients (r) are shown.

>k k

p < 0.001 (2-tailed). Dairy supply (kcal/capita/day,

2019-2021) came from the Food and Agriculture Organization Corporate Statistical Database; demen-
tia incidence (new cases per 100,000 in 2021) from the Institute for Health Metrics and Evaluation.
Genetic vulnerability (I, 2018), affluence (GDP PPE, 2018), ageing (life expectancy at birth, 2018), and
urbanisation (percent urban, 2018) were sourced from the World Bank.

Principal component analysis
Principal component analysis demon-
strated that the country-level variables
shared a strong underlying structure.
Sampling adequacy was acceptable
(KMO = 0.756), and Bartlett’s test indi-
cated sufficient intercorrelations among
variables (y2(10) = 512.20, p < 0.001).
Only one component met the Kaiser cri-
terion (eigenvalue = 3.34), accounting
for 66.7% of the total variance, suggest-
ing a dominant latent dimension. Age-
ing, GDP per capita, I, , and urbanisation

showed high communalities (0.58-0.85)
and strong factor loadings (0.76-0.92),
while dairy supply displayed a moderate
loading (0.70). This pattern indicates
that dairy availability is embedded with-
in a broader cluster of socioeconomic
and demographic characteristics. Over-
all, the extracted component appears to
represent a socioeconomic—development
index, reflecting shared variance among
development-related indicators that
co-occur with higher dairy supply across
countries.
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Table 3. Principal component analysis of dairy supply and country-level factors

Measure / Variable

Value / Loading

KMO Measure of Sampling Adequacy
Bartlett’s Test of Sphericity
Extraction Method

Number of Components Extracted
Eigenvalue (Component 1)

Variance Explained (Component 1)

0.756
x2(10) = 512.20, p < 0.001
Principal Component Analysis
1
3.34
66.7%

Variable

Communality (Extraction)

Component Loading

Dairy supply, total

Affluence

Genetic vulnerability (I, |
Ageing (Life expectancy at birth)

Urbanisation

0.489 0.699
0.703 0.839
0.715 0.846
0.850 0.922
0.579 0.761

Notes: Only one component had an eigenvalue > 1, so no rotation was applied. Dairy supply (kcal/
capita/day, 2019-2021) came from the Food and Agriculture Organization Corporate Statistical

Database; dementia incidence (new cases per 100,000 in 2021) from the Institute for Health Met-

rics and Evaluation. Genetic vulnerability (I, 2018), affluence (GDP PPP, 2018), ageing (life ex-

pectancy at birth, 2018), and urbanisation (percent urban, 2018) were sourced from the World

Bank. Bolded values indicate key PCA results and do not denote statistical significance, except for

Bartlett’s test p value.

Multiple linear regression analyses
(enter and stepwise methods)
Regression diagnostics indicated no major
violation of model assumptions. Although
some covariates were moderately to
strongly intercorrelated, tolerance and
variance inflation factor (VIF) values re-
mained within acceptable limits, and in-
spection of residual plots suggested approx-
imate normality and homoscedasticity.

Multiple linear regression analyses
showed that ageing was the strongest in-
dependent predictor of dementia incidence
across all models. The full enter models
were treated as the primary analyses be-
cause they retained all prespecified co-
variates simultaneously. In these models,

ageing remained highly significant across
total, male, and female dementia incidence
outcomes (B = 0.596-0.754, p < 0.001),
whereas affluence, genetic vulnerability
(I), and urbanisation were not signifi-
cant independent predictors (p > 0.05).
Adding dairy supply improved model fit
across all three outcomes, increasing ex-
plained variance by approximately 2% to
4% (AR? = 0.022-0.033) and reducing the
standard error of the estimate. Dairy sup-
ply also remained an independent predictor
of dementia incidence in the adjusted enter
models (total: B = 0.209, p < 0.001; male:
B = 0.190, p = 0.001; female: p = 0.223,
p < 0.001), although its effect size was
modest relative to ageing.



Wenpeng You, Maciej Henneberg, Shuhuan Feng

26

1000 > d 4.x 'T0°0 > d 4, '50°0 > d , 5109772 SundIPaId JUEIYTUSTS A[[eIIISTILIS IBIIPUT SAN[EA PAP[OY *

“'1) xapuy 21838 [EOS0T0Iq {(8TOT ‘mOnESIUEq

-1 “qaaiq 3e £oue1dadxd oI ddd dAD) qUued PHOM ‘(1TOT ‘“@oUSPIOUT BIIUSWIIP) UONBN[BAY PUEB SOLIIA YI[BOH 10J 93Insu] o3 ‘(1707-610¢ ‘A[ddns
A1tep) aseqere( [ed1sTIBIS 23810dI10D) UONBZIUESIO 2IMNOUISY PUE POO] A1) :SIIINOS BIB(] "20OUPIIUT eHUAWp put A[ddns LI1ep waamiaq UONBII0SSE
Ieaul] pajsnipe aanisod e SunesIpur se p3a1diojur aq PNOYS SINSAI I} TeIUT] 2IIM S[OPOUT [BTIUIJUI [[B ISTIEIAF "SAUWI0IINO [[B I0] PUOIIS PAINUD
A1ddns A1rep pue ISIJ pa1ojus SUrdSe ‘S[Opow 9stmdals o3 U "93eWISd 93 JO I011d PIEPUEIS Y3 PIdNPaI pue (£€0°0—~7T0°0 = V) SSWO0IINO [[B SSOIOE
1y [opowr pasoxduat A1ddns Lirep Surppy "s10301paid juopuadopur JUBOYIUSTS 10U 9I9M UONBSTUB(IN pUE
‘30UIPIOUT BHUSWIP S[BWDJ PUB ‘S[ew ‘Te303 Jo 10301paid juspuadopur 1sa3u01Is 9y SEM SUISSE ‘S[OPOW 193U 9} SSOIOY [orordde UononpaI-[pow

£1078101dX0 UB SB A[UO PISTL 9TOM S[9POW ISIMdADIs Sea1aym ‘sasATeue Arewrid oY) Se PaIear) 9I0M S[OPOW I9JUY "PISN SEM UOISSIISII TeaUT] o[dII[NA :SIION.

;ﬁ

1) A1[IqeIoUNA d1IAUSS ‘D0UIN[JJe SLIIIYM

(T100°0> “977T0) £1ddns £1req

Ajddns Ai1te Sura : . : : : PO
I re + Surady {100°0> ‘865°0) Surady /€00 ST'T8 S¥S0 1SS0 TPLO T [9POIN ISIMJALS
Suraly (100°0> “£1.°0) Sutady - 1TSS T1S0 #IS0 LIZO T TPPO ASIMJILS
. ‘ *0) £1ddns £i1te
A1ddns £ite Suras (100°0> “€2T°0) 41 v : : : . : A1ddns £ite 7 TOpO
1 e + Supsy {(100°0> “965°0) Sy €200 €0T8 9¥S0 0950 8¥L0 I Te( + ¢ [PPON IALNA
. uonestueqin) ‘Surady ‘LIIqerauna
Surafy (100°0> ‘65.°0) Susy - 6898 LIS0 LTG0 9TLO oo \SN_H%&E.;ME%% bmm
J[EWI] ‘QOUPIOUT BHUIWA(]
£ddns Arre] + SuSy (100°0 881°0) £1ddns Aireqy 9700 90°'TF  L19°0 TTY0 880 7 PPOW ASTMATLS
: : {100°0> ‘€£9°0) Sudy
Surady (100°0> “T£,°0) Sursdy - 1€TP €650 9650 TLLO T [PPOW ASIMJALS
‘0 *0) £1ddns Ar1e
A1ddns Aire Surag (100°0 061°0) £ rd : : : : : A1ddns Aire 17 TOPO
1 re + Surady {100°0> ‘pS2°0) Uy TC00 TGOF 0T90 T1€90 +6.°0 | e + T [PPO WALNA
P . . . . uonesmueqin) ‘Suraly ‘Aiiqeraurna
Surasy (100°0> ‘968°0) Suresy = 6LTE 0090 6090 0820 oot wﬂ%ﬁﬁ N
S[EW ‘0USPIOUT BHIUSWS(J
£1ddns Lire( + Susy (100°0> Z1T°0) A1ddns &e@ o0 109 9960 1260 9520 T 19PON ASTMJALS
: ’ {100°0> ‘€29°0) Suady
Surdy (100°0> ‘veL°0) Suady - €TY9 9850 8€S0 PEL0 T [OPO ASIMJALS
. ‘ *0) £1ddns £ite
A1ddns £1te Surad (100°0> “602°0) 41 rd : : : : : A1ddns £1te 17 TOpO
I re(] + Susy {100°0> “p£9°0) SudY /T00 60°T9 9950 6450 1920 I Te( + ¢ [PPOIN JA.LNA
, uonestueqin ‘Surady ‘Aiqeourna
Surdy (100°0> ‘88.°0) SuBy - 9€'69 I¥S0 TSSO eVL0 i \@ow%cz.;w%o%@mm bmm
8201 ‘90U_PIOUT BHUIW(]
paureIay S10301paLg asmdag (d ‘g) s10301paIqg JUBOYIUSTS AV s A CIpy A NI [9POIN Q SwooInQ

(sosAeue £103810[dX0 SB S[opow as1mdals ‘sasAeue Arewtid se S[OPOU 19IUD) JOUIPIOUT BHIUIWP SUNIIPaId S[OpOU UOTSSaI3I 1eaul] (A MIN "t S[qEL



Dairy and dementia risk 27

Stepwise models were conducted
as an exploratory model-reduction ap-
proach and produced a materially sim-
ilar pattern. In each case, ageing was
retained at the first step and dairy sup-
ply at the second step, with statistical-
ly significant improvements in explan-
atory power for total, male, and female
dementia incidence. The consistency
between the enter and stepwise models
supports the robustness of the findings
and suggests that the substantive inter-
pretation was not dependent on the step-
wise selection procedure. Because the
primary inferential analyses were based
on linear regression models, these find-
ings should be interpreted as evidence
of a positive adjusted linear association
rather than as confirmation of non-line-
ar or threshold effects.

Regional and economic variability
in the dairy-dementia relationship
Exploratory subgroup analyses showed
that the correlation between dairy sup-
ply and dementia incidence varied across
global classifications. Significant posi-
tive correlations were observed in some
middle- and higher-income settings and
in selected regional groupings, includ-
ing the Americas, Latin America, Latin
America and the Caribbean, APEC, and
English-speaking countries. However, no
significant associations were observed in
several other groups, including low-in-
come countries, the Arab World, Eastern
Mediterranean, and several European
classifications. Some Asian subgroup-
ings showed inverse or negative trends,
although these findings should be inter-
preted cautiously given the small sample
sizes in several groups and the large num-
ber of comparisons undertaken. Overall,
the subgroup analyses suggest possible
contextual variation in the dairy—-demen-

tia relationship, but these findings are
exploratory and should be regarded as
hypothesis-generating.

Discussion

This global ecological study examined
whether country-level dairy supply pre-
dicts dementia incidence after account-
ing for major demographic and devel-
opment-related factors. Overall, higher
total dairy supply was associated with
higher dementia incidence, although
the strength of this relationship varied
across regional and cultural groupings.
Stronger associations were observed in
the Americas, Latin America, the Carib-
bean, APEC, and English-speaking
countries, rather than uniformly across
the most affluent or highly urbanised
settings. These findings both converge
with and diverge from existing litera-
ture, underscoring the complexity of
dairy-dementia relationships across in-
take levels, dairy types, and population
contexts.

At the crude level, total dairy kcal
supply showed moderate positive corre-
lations with total, male, and female de-
mentia incidence (r = 0.53-0.54). These
associations remained statistically sig-
nificant after adjustment for GDP PPB
Biological State Index (I, ), ageing, and
urbanisation, although they were atten-
uated (partial r = 0.25-0.27). Multiple
regression models further showed that
dairy supply contributed a small but
independent proportion of variance in
dementia incidence (AR? = 0.02-0.04),
whereas ageing remained the dominant
predictor. This pattern suggests that dairy
availability is part of a broader cluster of
development-related exposures associat-
ed with dementia rather than a stand-
alone causal factor (Villoz et al., 2024).
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Although the independent contribu-
tion of dairy supply was modest, it may
still matter at the population level be-
cause dietary exposures are widespread
and potentially modifiable (FAO, 2025).
However, its effect was small relative to
ageing and should not be interpreted as
a strong stand-alone clinical predictor
or as a basis for individual dietary rec-
ommendations (Townsend et al., 2024).
Rather, dairy supply is better understood
as one contextual factor embedded with-
in broader demographic and develop-
ment-related processes.

Compared with individual-level evi-
dence, our ecological findings appear par-
tially discordant with studies reporting
neutral or protective effects of dairy intake.
The systematic review and meta-analysis
cited in the Introduction reported that
higher dairy consumption was associated
with a lower risk of cognitive decline or
dementia, although findings varied by sex,
age, region, and dairy type (Villoz et al.,
2024). Several cohort studies have also
suggested that fermented or low-fat dairy
products may benefit cognitive function,
potentially through anti-inflammatory, an-
tioxidant, and gut-brain mechanisms (An-
dersen & Alpass, 2024; Gao et al., 2025a;
2025b). In contrast, our country-level
analysis indicated that greater total dairy
supply was, on average, associated with
higher dementia incidence, particularly
in upper-middle and high-income settings
and in regions such as the Americas, Latin
America, and the Caribbean.

Several methodological and contextu-
al factors may explain this discrepancy.
First, our exposure was total dairy ener-
gy supply rather than individual intake.
FAOSTAT food supply data reflect per
capita availability and do not account
for wastage, unequal distribution, or
within-country heterogeneity (Balances,

2013). Countries with high dairy sup-
ply also tend to have older populations,
stronger diagnostic systems, and more
developed health services, all of which
may increase recorded dementia inci-
dence. The PCA findings, in which dairy
supply loaded moderately on a single “de-
velopment” component alongside afflu-
ence, ageing, I, , and urbanisation, sup-
port the view that dairy availability may
partly function as a marker of broader so-
cioeconomic and demographic transition
rather than a discrete causal exposure
(Abu Hatab et al., 2019; Delgado, 2003).

Interpretation of the findings must
also consider dairy heterogeneity. Be-
cause total dairy supply was analysed as
a single aggregated exposure, the study
could not distinguish between ferment-
ed and non-fermented dairy products or
between low-fat and high-fat dairy prod-
ucts. These subtypes may relate differ-
ently to cognitive health (Villoz et al.,
2024), and the observed positive associ-
ation may therefore reflect the combined
influence of heterogeneous dairy expo-
sures rather than a uniform effect of all
dairy products. Fermented or lower-fat
dairy products may support cognitive
health through anti-inflammatory and
antioxidant actions, gut-brain modu-
lation, and bioactive compounds that
benefit neuronal and vascular function
(Anderson & Alpass, 2024; Gao et al,,
2025a; 2025b). By contrast, high-fat
dairy products may contribute to hyper-
insulinemia, endothelial dysfunction,
oxidative stress, and systemic inflam-
mation, all of which are implicated in
dementia pathogenesis (Ataei Kachouei
et al., 2025; Ghosh et al., 2017). As total
dairy supply was analysed as an ecologi-
cal aggregate, the present findings likely
reflect the net effect of multiple, poten-
tially opposing, mechanisms.
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Relatedly, our analysis combined but-
ter and ghee, cream, and milk (excluding
butter) into a single measure of total dairy
energy consumption. This differs from
many epidemiological studies that sep-
arate high-fat from low-fat dairy, or fer-
mented from non-fermented products (Lee
et al., 2018; Suzuki et al., 2024, Villoz et
al., 2024). Existing evidence suggests that
these subtypes may have opposing effects:
fermented dairy and low-fat products may
confer neuroprotective benefits, whereas
high-fat dairy may contribute to vascular
and metabolic pathways linked to demen-
tia (Anderson & Alpass, 2024; Suzuki et
al., 2024; Villoz et al., 2024). The positive
association observed at the population
level is therefore compatible with the pos-
sibility that, in countries with high dairy
availability, total supply is dispropor-
tionately characterised by energy-dense,
high-fat products consumed within West-
ernised dietary patterns rich in saturated
fat, refined carbohydrates, and processed
foods, which have been repeatedly linked
to increased dementia risk (Ellouze et al.,
2023; Li et al., 2022; Pongutta, 2025).

The regional patterns observed here are
broadly consistent with the more nuanced
findings of the meta-analysis (Villoz et al.,
2024). We found significant positive corre-
lations between dairy supply and dementia
incidence in upper-middle- and high-in-
come countries and in groupings such
as the Americas, Latin America, Latin
America and the Caribbean, APEC, and
English-speaking countries. In contrast,
no significant associations were observed
in low-income countries, Africa, the Arab
World, the Eastern Mediterranean, or Eu-
ropean-based groups (EU, EEA, and WHO
Europe), while some Asian groupings
(ACD and SEA) showed inverse or nega-
tive trends. The meta-analysis similarly
reported stronger inverse associations in

Asian cohorts, where dairy intake is gen-
erally low to moderate, and no clear pat-
tern in European cohorts, where intake
is high (Villoz et al., 2024). Although the
scatterplot suggested possible curvature,
the present study did not formally test
non-linear effects. Accordingly, the find-
ings are best interpreted as indicating that
the association between dairy supply and
dementia incidence may vary across die-
tary and population contexts, rather than
as evidence confirming a threshold or cur-
vilinear relationship. This interpretation
is also consistent with broader dietary lit-
erature showing that the health effects of
specific foods often depend on background
diet and intake range (Fabiani et al., 2023;
Jacobs Jr & Steffen, 2003). In populations
more closely adhering to Mediterranean or
MIND dietary patterns, where dairy intake
is generally modest and plant-based foods,
fish, and unsaturated fats are emphasised,
protective effects against cognitive decline
and Alzheimer’s disease have been report-
ed consistently (Fu et al., 2022; Tse et al.,
2025). Our results do not contradict such
evidence; rather, they suggest that, at the
macro level, high dairy supply may co-oc-
cur with departures from these protective
patterns. The subgroup analyses should
nevertheless be interpreted with caution.
These analyses were exploratory, involved
a large number of comparisons, and in-
cluded several groupings with relatively
small sample sizes. Accordingly, isolated
significant findings, particularly inverse
associations observed in some smaller
Asian subgroupings, may reflect sam-
pling instability or multiple-testing effects
rather than robust underlying differences
(Cuijpers et al., 2021; Wang et al., 2021).
These results should therefore be regarded
as hypothesis-generating and require con-
firmation in future studies using larger and
more comparable regional datasets.
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Our findings also align with broad-
er demographic literature emphasising
the dominant roles of ageing and genet-
ic predisposition in dementia risk (Kim
et al., 2009; Stocker et al., 2018; WHO,
2025a; You et al., 2022). Ageing emerged
as the strongest predictor in all regression
models (B ~0.60-0.80), exceeding the con-
tributions of affluence, genetic vulnerabil-
ity, urbanisation, and dairy supply. This
is consistent with global burden evidence
showing that population ageing is the pri-
mary driver of rising dementia incidence
worldwide (WHQO, 2025a). The Biological
State Index further reflects how reduced
natural selection in developed populations
may permit the accumulation of deleteri-
ous alleles contributing to non-communi-
cable diseases, including dementia (You
et al., 2022). Dairy supply added a modest
but statistically significant contribution
on top of these factors, suggesting that
diet-related exposures may modulate risk
within a broader, largely non-modifiable
landscape of ageing and genetic vulnera-
bility. Although economic affluence and
urbanisation were positively associated
with dementia incidence in the correla-
tion analyses, they were not retained as
independent predictors in the final regres-
sion models, suggesting that their effects
are largely embedded within broader de-
mographic and development-related con-
ditions.

Sex-specific findings were also broadly
consistent with existing literature (Beam
et al., 2018). Sex-specific analyses showed
that the association between dairy sup-
ply and dementia incidence was similar
in males and females. Higher dementia
prevalence and incidence in women have
been attributed to ageing, hormonal tran-
sitions, decreasing fertility, social roles,
and gender equity (Han et al., 2023; You,
2025a, 2025b). More broadly, sex differ-

ences in dementia risk have been widely
reported, with women generally showing
higher prevalence and, in many settings,
higher incidence than men (Beam et al.,
2018; Huque et al., 2023). Proposed ex-
planations include longer life expectan-
¢y, hormonal and reproductive factors,
genetic susceptibility, and social deter-
minants such as education, caregiv-
ing roles, and gender inequality (You,
2025b). Although we did not find strong
evidence that dairy supply differentially
affects male versus female dementia in-
cidence at the population level, the con-
sistently higher female rates reinforce
the importance of examining dementia
patterns separately for males and fe-
males and support the need for future
sex-stratified individual-level studies,
particularly those assessing interactions
between diet, hormonal status, and ge-
netic risk such as APOE4 (Gong et al.,
2023; O’Shea et al., 2024; Valencia-
Olvera et al., 2023).

Study limitations

Several limitations should be considered.
First, as an ecological analysis based on
country-level data, this study cannot
support individual-level causal inference.
The observed associations reflect popu-
lation-level patterns and may not apply
to individual dairy consumption or de-
mentia risk. Residual confounding is also
possible, particularly from unmeasured
country-level factors such as education,
healthcare access, physical activity, and
other dietary components. In addition,
IHME dementia incidence estimates are
modelled and may be influenced by di-
agnostic capacity, especially in low- and
middle-income countries where underdi-
agnosis remains common.

Second, total dairy supply was analysed
as a single aggregated ecological indicator
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and therefore did not distinguish between
fermented and non-fermented products
or between low-fat and high-fat dairy. FA-
OSTAT Food Balance Sheets reflect food
availability rather than actual intake and
do not account for household wastage, un-
equal distribution, or within-country vari-
ation in consumption. The dairy variable
should therefore be interpreted as an indi-
cator of population-level availability rather
than individual intake. Intake-based data-
sets such as the Global Dietary Database
and THME dietary risk estimates may be
useful in future studies to examine dairy
subtypes and better approximate individu-
al-level dietary patterns.

Third, stepwise regression was used
only as an exploratory model-reduction
approach because it can produce unsta-
ble models and inflate Type I error; en-
ter models were therefore treated as the
primary analyses. In addition, although
the scatterplot suggested possible curva-
ture, non-linear effects were not formally
modelled. The findings should therefore
be interpreted as showing a positive ad-
justed association at the population level
rather than a confirmed threshold or cur-
vilinear relationship.

Finally, the subgroup analyses in-
volved multiple comparisons across
heterogeneous country groupings, sever-
al with small sample sizes, and should
therefore be regarded as exploratory and
hypothesis-generating.

Despite these limitations, this study
adds an important ecological perspective
to the literature on dairy and cognitive
health. While cohort studies and me-
ta-analyses often suggest possible bene-
fits of specific dairy products or moderate
intake (Camfield et al., 2011; Lee et al,,
2018; Villoz et al., 2024), the present
findings indicate that, at the country lev-
el, higher dairy availability tends to clus-

ter with demographic and lifestyle con-
ditions associated with higher dementia
incidence. These results support caution
in extrapolating benefits from specific
dairy patterns to unqualified increases
in total dairy consumption and are more
consistent with broader whole-diet ap-
proaches, such as Mediterranean and
MIND patterns, in which modest dairy
intake is embedded within a cardiometa-
bolically favourable dietary context (Lou-
rida et al., 2019; Morris et al., 2015).

Conclusion

This study shows that global dairy sup-
ply is positively associated with dementia
incidence, although this relationship is
largely explained by broader demograph-
ic and socioeconomic development rath-
er than dairy supply alone. The findings
extend existing evidence by highlighting
regional heterogeneity, variation across
population contexts, and the importance
of interpreting dairy within the broader
context of dietary patterns and demo-
graphic transition. However, because this
was an ecological study based on coun-
try-level data, the results should not be
interpreted as evidence of individual-level
causality and may not apply to individual
dairy consumption or dementia risk. Be-
cause total dairy supply was analysed as
a single aggregated exposure, the study
could not distinguish potentially diver-
gent effects of fermented versus non-fer-
mented dairy products or low-fat versus
high-fat dairy products. Future research
using individual-level longitudinal data,
together with more detailed assessment
of dairy types, intake levels, and overall
dietary patterns across regions, will be es-
sential to clarify whether, and under what
conditions, dairy consumption may con-
tribute to dementia prevention or risk.
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Abstract

INTRODUCTION

Data on the growth and development of the young generation constitute a reliable indicator of the health
and nutritional status of societies. They can be used as a tool for monitoring the social and economic
situation of the population as a whole and for identifying groups at risk within it.

STUDY AIM

The aim of this paper was to present the empirical material underlying the centile estimation of body height
and body mass in Polish children and adolescents, to describe the centile modelling procedure, and to report
the resulting age-specific distributions of the analysed somatic traits.

MATERIALS AND METHODS

Our study has a cross-sectional design and is distinguished by both its large sample size and nationwide
coverage. A total of 23,988 students were measured (11,880 boys and 12,108 girls) in 405 schools across
all regions of Poland between May 2024 and June 2025. Body height and body mass were measured and
analysed statistically.

REsurrs
The results for body height and body mass are presented as centile charts shown against raw-data
scatterplots and supplemented with tables of centile values.

CONCLUSIONS
The results presented here may provide a basis for the development of up-to-date reference systems for
basic somatic traits in school-aged children and adolescents aged 6-18 years.
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Introduction

Data on the growth and development of
younger generations constitute a reliable
indicator of the health and nutritional
status of societies. They can be used to
monitor the overall social and economic
situation of the populations and to iden-
tify at-risk groups for potential interven-
tions (WHO, 1995). Measurements of
body height and body mass are among
the fundamental tools used to assess
physical development and nutritional
status at the population level. Studies of
children and adolescents aged 5-19 years
from more than 190 countries showed
that between 2000 and 2025, the pre-
valence of obesity increased from 3%
to 9.4% and exceeded underweight pre-
valence globally except in Sub-Saharan
Africa and South Asia (UNICEF 2025).
Findings from nationwide studies in Po-
land (Jarosz et al., 2016; Mazur, 2024)
confirm these global trends. Recent in-
ternational evidence also indicates unfa-
vourable trends in excessive body mass
among children and adolescents world-
wide, including in Europe (NCD-RisC,
2024).

Growth and maturation parameters
are widely used as indicators of inter-
generational changes and of the biolog-
ical effects of living conditions at the
population level. Previous studies have
documented long-term changes in body
height, body mass, and maturation tim-
ing in children and adolescents in Po-
land (Gomula et al., 2021; Kulaga et al.,
2011), as well as in many other Euro-
pean countries (Fiholzer et al., 2025;
Jaliusson et al., 2013; Pop et al., 2021;
Roelants et al., 2009; Saari et al., 2011)
and globally, particularly in industri-
alized regions (Cole & Mori, 2018;
NCD-RisC, 2020). More recent reports,

however, suggest that the pace of these
changes may differ from that observed
in earlier decades (Kryst et al.,, 2022;
Pastor-Fajardo et al., 2020; NCD-RisC,
2020). These observations support the
need for updated empirical data describ-
ing the current somatic characteristics
of younger populations.

The health status and physical de-
velopment of children and adolescents
are shaped by multiple biological, en-
vironmental, and social factors, which
should be considered when interpreting
population-level somatic data (Bielicki,
1986; Charzewski et al., 2003; Koziet,
Nowak-Szczepaniska, & Gomuta, 2014).
For this reason, nationwide empirical
material collected according to a stand-
ardized protocol is of particular impor-
tance for developing up-to-date cen-
tile-based descriptions of basic somatic
traits.

In many countries, measurements
of basic somatic traits serve as growth
references used to support the assess-
ment of growth and developmental sta-
tus in children and adolescents. These
cross-sectional studies are typically up-
dated every 10-15 years, as illustrated
by research conducted in Finland (Saari
et al.,, 2011), Norway (Jaliusson et al.,
2013), Switzerland (Eiholzer et al.,
2025), Romania (Pascanu et al., 2016;
Pop et al., 2021), China (Li et al., 2009),
and Poland (Kutaga et al., 2011; Palcze-
wska & Niedzwiedzka, 2001). In more
than 140 countries lacking up-to-date
data for assessing growth in school-aged
children and adolescents, WHO growth
references are used (de Onis et al., 2007).
In Europe, WHO growth references have
been adopted in several countries, in-
cluding Portugal, Albania, and Moldova.
In Poland, the most recent nationwide
reference studies based on a random
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sample of children and adolescents
were conducted between 2007 and 2012
within the OLAF and OLA projects, and
their findings were published as the Pol-
ish 2010 and 2012 reference systems
for school-aged and preschool children,
respectively (Kutaga et al., 2011; 2013;
2015).

The data analysed in the present
paper were collected as part of the pro-
ject “Centile Charts for Body Height,
Body Weight, and Body Mass Index in
Children and Adolescents in Poland”,
funded by the Ministry of Science and
Higher Education under the Science
for Society II programme. The project
was designed to obtain a nationwide
empirical dataset for the development
of up-to-date centile distributions of
basic somatic traits in school-aged
children and adolescents. Field exami-
nations were conducted in 2024-2025
in schools across all regions of Poland,
using a standardized student selection
procedure based on the assumptions
previously applied in the OLAF project,
along with a standardized anthropo-
metric measurement protocol.

Against the background of the broad-
er objectives of the project, the present
paper focuses on a specific scope of data
analysis and result presentation. The
aim of this paper is to present the empir-
ical material underlying the centile esti-
mation of body height and body mass in
Polish children and adolescents, includ-
ing the relationship between the age and
territorial structure of the study sample
and that of the nationwide population,
as well as to describe the method used
to develop centile distributions and to
present the results of centile modelling
for the analysed somatic traits.

The results presented in this paper
provide an empirical basis for further

work on updated reference systems for
basic somatic traits in Polish school-aged
children and adolescents. Additional
analyses based on the same dataset will
be presented separately.

Materials and methods

The research project was reviewed by
the Research Ethics Committee operat-
ing at the Institute of Sport — National
Research Institute (approval No. KEBN-
24-100-AP). Field examinations were
conducted in 405 schools across all re-
gions of Poland between May 2024 and
June 2025. The school selection proce-
dure was based on the sampling frame-
work previously applied in the OLAF
project (Kutaga et al., 2011), which was
designed to approximate the population
structure of children and adolescents in
Poland. The original OLAF school list
served as the starting point for sample
construction in the present study, and
approximately 76% of the schools in-
cluded in the current survey had also
participated in the OLAF project. Some
schools from the original list could not
be retained, mainly because of changes
in the educational system following the
abolition of lower secondary schools. To
preserve, as far as possible, the assump-
tions of the original sampling frame-
work and territorial and environmental
comparability, these schools were re-
placed by the nearest schools enrolling
students in the relevant age range.
Student selection followed a multi-
stage systematic sampling procedure. At
the school level, one class group from
each educational level was selected.
Within the selected class group, every
third student was chosen from the class
register, separately for girls and boys. Af-
ter the candidates had been identified,
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written informed consent was obtained
from the parents or legal guardians of
minors and from students who were of
legal age. In the absence of consent, the
next student on the list was invited to
participate, and the procedure was con-
tinued until the target number of partic-
ipants had been reached or the list had
been exhausted. At each educational
level within a participating school, the
plan was to include, within the select-
ed class group, at least 3 students of
each sex in primary schools and at least
6 students of each sex in post-primary
schools, as well as 2 reserve students in
each case.

The study had a cross-sectional de-
sign and was conducted in school set-
tings according to a standardized meas-
urement protocol. Measurements were
performed by a team of 20 experienced
anthropologists, each responsible for ex-
aminations in a designated region of the
country. Before the start of data collec-
tion, all examiners underwent training in
measurement techniques and error iden-
tification procedures.

The exact age of each participant on
the day of examination was calculated as
the difference between the examination
date and the date of birth, expressed in
days. For descriptive purposes, age was
converted into decimal years (dividing
the number of days by 365.25), whereas
the continuous age variable used in mod-
elling was expressed in months (age in
years X 12).

Anthropometric techniques
Anthropometric measurements were
performed during morning hours on
a single day in each school among stu-
dents selected for the study who were
present on the examination day. This
approach helped reduce within-day vari-

ation in the recorded values. Body height
was measured in duplicate with a GPM
anthropometer. Measurement error was
calculated separately for each examiner.
The Type A evaluation of standard uncer-
tainty yielded values ranging from 0.01
to 0.03 cm, indicating very high repeata-
bility of body height measurements. Par-
ticipants were measured barefoot, with
heels together, standing upright, shoul-
ders and hips aligned, arms hanging free-
ly, and the head positioned in the Frank-
furt plane. Height was recorded to the
nearest 0.1 cm. Body mass was measured
in light underwear to the nearest 0.05 kg
using a certified electronic medical scale
(Charder MS6110).

Exclusion criteria
The exclusion criteria were consistent
with those applied in the previous project
(Kutaga et al., 2011) and included ma-
jor postural abnormalities, genetic syn-
dromes (e.g., Down syndrome, Turner
syndrome), cancer, and other chronic
diseases affecting growth. Additional ex-
clusion criteria included previous growth
hormone treatment or a diagnosis of
growth hormone deficiency; systemic
steroid therapy for conditions such as
asthma or arthritis, or following renal
transplantation; diabetes, cerebral palsy,
cystic fibrosis, renal disease, congenital
adrenal hyperplasia, congenital heart de-
fects associated with impaired physical
fitness; and thyroid hormone supple-
mentation. Children wearing a plaster
cast that could not be removed for meas-
urement were also excluded, as its pres-
ence could affect measurement accuracy.

Statistical analysis
Body height and body mass were analysed
using generalized additive models for lo-
cation, scale, and shape (GAMLSS). This
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framework generalizes the LMS method
(Cole, 1988; Cole & Green, 1992) by al-
lowing the modelling of not only location
and scale parameters but also distribu-
tional skewness (v) and kurtosis/heavy
tails (), which typically improves the
fit to anthropometric data, particular-
ly during puberty (Rigby & Stasinopou-
los, 2005). GAMLSS-based approaches
are widely used in the development of
growth references and normative centile
charts (e.g., Ortega et al., 2023; Tomkin-
son et al., 2018; WHO, 2006).

Data preparation and modelling

assumptions
Data were initially recorded on paper
forms and subsequently entered into
a computer database (Excel). Standard
quality control procedures were applied
to identify and correct missing values,
implausible records, duplicates, and out-
liers. The sample size (approximately
12,000 observations per sex, ages 6-19
years) was within the range discussed as
adequate for constructing reference cen-
tiles across childhood and adolescence
(Cole, 2021). Considering age expressed
on a continuous scale in years, the den-
sity of observations across age supported
the chosen degree of smoothing and the
use of model diagnostics based on Q-tests
and worm plots (Pan & Cole, 2004; Rig-
by & Stasinopoulos, 2005; Stasinopoulos
etal, 2017).

Selection of the distribution family
To select the most appropriate distribu-
tion family, we applied a multi-stage com-
parative procedure based on the infor-
mation criteria AIC (Akaike, 1998), BIC
(Schwarz, 1978), GAIC6 and GAICI5
(Rigby & Stasinopoulos, 2005). Four dis-
tribution families commonly used in an-
thropometric modelling were considered:

NO, BCCG, BCPE and BCT. For each
outcome, five independent random sub-
samples comprising 33% of the dataset
were drawn (subset validation). Within
each subsample, we computed informa-
tion-criterion deltas (AAIC, ABIC, AGA-
IC6, AGAIC15) as differences relative to
the best model in that draw (i.e., the low-
est value of a given metric) (Burnham &
Anderson, 2002). The deltas were then
min-max normalized within each metric
and draw:

Ai —Ain

A

max ~ “min

Norm(A;) =

where j denotes the evaluated distribu-
tion family (NO, BCCG, BCPE, BCT).

Based on these values, a Weighted
Information-Criteria Index (WICI) was
computed for the BCCG, BCPE and BCT
families:

WICI, = 0,35 x Norm(AAIC), + 0,35 X
Norm(ABIC) +0,15 x Norm(AGAIC6)7
+0,15 x Norm(AGAIClS)

where j denotes the evaluated family
(BCCG, BCPE, BCT). WICI was re-
stricted to BCCG/BCPE/BCT to pre-
vent extremely large deltas for NO from
dominating the min-max scaling and
reducing the resolution of comparisons
among shape-parameter families.

The NO family was treated as a base-
line model and was allowed to be se-
lected in each draw if it minimized the
total sum of deltas AAIC+ABIC+AGA-
IC6+AGAICI5. In each of the five sub-
samples, the best family was defined as
the one with the lowest WICI (or NO in
the case of the baseline rule).

The final choice of distribution family
followed a majority rule: we selected the
family identified as best in at least three
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out of five draws. This threshold corre-
sponds to the classical majority rule used
in resampling procedures and reduces
the impact of individual outlying draws
(Efron & Tibshirani, 1993). If no family
met this criterion, a fallback procedure
was applied by selecting the family with
the lowest mean WICI across draws.
This approach was intended to ensure
stability and reproducibility of the select-
ed distribution family across the entire
age range.

All analyses were performed using
R (version 4.4.1; R Core Team) with
the packages gamlss, gamlss.dist, and
gamlss.add. The analytical workflow was
implemented in custom modular R code,
and reproducibility was ensured through
the use of configuration files and a fixed
random seed.

Full GAMLSS model estimation
Final models were fitted using GAMLSS,
with the distribution family selected as
described above. Age (in months) was
modelled as a continuous covariate using
penalized B-splines (pb) for the location
parameter (u) and, where applicable, for
the scale and shape parameters (o, v, 1),
yielding smooth age-specific trajecto-
ries in line with recommendations for
modelling anthropometric traits (Cole
& Green, 1992; Rigby & Stasinopoulos,
2005).

Model validation and diagnostics
Model fit was evaluated using diagnos-
tic tools commonly recommended for
GAMLSS (Rigby et al., 2019; van Buuren
& Fredriks, 2001). Local diagnostics in-
cluded Q-statistics and worm plots.
Global diagnostics comprised residual
Q-Q plots, residuals versus fitted val-
ues, residuals versus age, and residual
histograms. We assessed variance stabil-

ity, potential residual trends, and overall
agreement between the residual distribu-
tion and the assumed theoretical model,
both for the full sample and across age
intervals.

Construction of centile charts
Based on the final model, the parameters
, o, v and t were predicted on an age grid
with a step of 0.5 months. Selected cen-
tiles (39 5% 10t 15h 25h 50t 75h
85%, 90, 95% and 97%) were then com-
puted as:

Cp = qust (p/ K, G, V, T)

where q,,, denotes the quantile function
of the selected distribution family (e.g.
qBCCG, gBCPE, qBCT). Results were
stored in tabular form with columns cor-
responding to age, C3, C5, C10, Cl15,
C25, C50, C75, C85, C90, C95, and
C97, which served as the basis for plot-
ting the centile curves.

Results

A total of 23,988 students were meas-
ured (11,880 boys and 12,108 girls).
There were 145 children under 6 years of
age (65 boys and 80 girls) and 110 partic-
ipants older than 18 years (63 boys and
47 girls, respectively). The numbers of
participants by age category are present-
ed in Table 1.

Overall project coverage of the popu-
lation of children and adolescents in Po-
land (Project/Poland; as of 31 December
2024, Statistics Poland (GUS)) within
the school-age range (6-18 years) was
approximately 0.45%. Excluding the
boundary age groups (6 and 18 years),
coverage was relatively stable and ranged
from approximately 0.41% to 0.57% de-
pending on age and sex (Table 2).



Body height and mass of children and adolescents in Poland 47

Table 1. Numbers of boys and girls in Poland by single-year age groups (as of 31 December 2024) and study
participants, including population coverage (%) for each age-sex group

Project coverage

Poland Project (% of population)
Years Total IS Q Total I Q % 3 Q
5 376235 193241 182994 113 52 61 0.03 0.03 0.03
6 394546 203065 191481 963 477 486 0.24 0.23 0.25
7 413447 212224 201223 1725 862 863 0.42 0.41 0.43
8 397373 204014 193359 1959 965 994 0.49 0.47 0.51
9 388864 199717 189147 1925 958 967 0.50 0.48 0.51
10 391768 201074 190694 2043 984 1059 0.52 0.49 0.56
11 384808 197494 187314 1923 976 947 0.50 0.49 0.51
12 404112 207785 196327 1948 938 1010 0.48 0.45 0.51
13 403700 207601 196099 1936 962 974 0.48 0.46 0.50

14 427402 219643 207759 2333 1156 1177 0.55 0.53 0.57
15 431473 220925 210548 2240 1131 1109 0.52 0.51 0.53
16 425435 217734 207701 1844 916 928 0.43 0.42 0.45

17 396544 203123 193421 1789 855 934 0.45 0.42 0.48
18 375848 192539 183309 1096 569 527 0.29 0.30 0.29
19 360994 184567 176427 147 76 71 0.04 0.04 0.04
20 348832 178704 170128 2 1 1 0.00 0.00 0.00
21 342203 174751 167452 2 2 0 0.00 0.00 0.00

Total 6663584 3418201 3245383 23988 11880 12108 0.36 0.35 0.37

Categories >20 years were rare (n=2 each) and are shown for completeness. Totals are shown in bold.

Table 2. Comparison of participant counts by age category using age at examination and reference age
(31 December 2024)

N N (ref. age, AN A%
(exam age) 31 Dec 2024) [1]-12] (vs ref.)
(1] 2] (3] [4]

Age & Q Total ) Q Total ) Q Total ) Q Total
4 0 1 1 0 0 0 0 1 1 — — —
5 65 79 144 52 61 113 13 18 31 25.0 29.5 274
6 521 527 1048 477 486 963 44 41 85 9.2 8.4 8.8
7 861 844 1705 862 863 1725 -1 -19 -20 -0.1 -2.2 -1.2
8 928 1013 1941 965 994 1959 -37 19 -18 -3.8 1.9 -0.9
9 966 941 1907 958 967 1925 8 -26 -18 0.8 -2.7 -0.9

10 999 1040 2039 984 1059 2043 15 -19 -4 1.5 -1.8 -0.2
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Table 2 (cont.)

N N (ref. age, AN A%
(exam age) 31 Dec 2024) [1]-12] (vs ref.)

(1] 2] (3] 4]
Age & Q Total ) Q Total ) Q Total ) Q Total
11 941 998 1939 976 947 1923 -35 51 16 -3.6 5.4 0.8
12 932 960 1892 938 1010 1948 -6 -50 -56 -0.6 -5.0 -2.9
13 998 1014 2012 962 974 1936 36 40 76 3.7 4.1 3.9
14 1062 1093 2155 1156 1177 2333 -94 -84 -178 -8.1 -7.1 -7.6
15 1118 1096 2214 1131 1109 2240 -13 -13 -26 -1.1 -1.2 -1.2
16 986 954 1940 916 928 1844 70 26 96 7.6 2.8 5.2
17 851 875 1726 855 934 1789 -4 -59 -63 -0.5 -6.3 -3.5
18 589 626 1215 569 527 1096 20 99 119 3.5 18.8 10.9
19 60 47 107 76 71 147 -16 -24 -40 -21.1 -33.8 -27.2
20 2 0 2 1 1 2 1 -1 0 — — —
21 1 0 1 2 0 2 -1 0 -1 — — —
All 11880 12108 23988 11880 12108 23988 0 0 0 0.0 0.0 0.0

[1] Age at examination was calculated from the date of birth and the measurement date as the number of
completed years on the examination day.

[2] Reference age as of 31 December 2024 was defined as the number of completed years on 31 December
2024 (Gléwny Urzad Statystyczny, n.d.). Two boys declined to provide their date of birth and were
therefore excluded from this comparison.

[4] Because percentage indices are unstable for small cell counts, A% was not reported for categories where
N (age as of 31 Dec 2024) < 30 (marked as “—").

For comparisons of the age structure
of the study sample with population data
from Statistics Poland (GUS), reference
age was defined as the number of com-
pleted years as of 31 December 2024. In
contrast, statistical analyses were based
on age at examination (calculated from
the date of birth and the measurement
date) as a continuous variable. To assess
differences arising from these two age
definitions, we compared the numbers of
participants by age category obtained us-
ing both methods (Table 2) and calculated
the agreement between age categories, and
the extent of +1-year shifts (Table 3). The
percentages for 5=—1 and d=+1 describe
the net balance of shifts in age-group ag-

gregation resulting from the use of dif-
ferent reference points. As a summary
measure, we used the difference between
the proportion shifted to an older catego-
ry and that shifted to a younger category,
which was 1.22 percentage points in boys
(17.02% — 15.80%) and 1.95 percentage
points in girls (17.86% — 15.92%).

To verify the comparability of the
study sample with voivodeship-lev-
el school-age populations (Table 4), we
used the reference age as of 31 Decem-
ber 2024 and restricted analyses to ages
6-19 years, consistent with the popula-
tion data range and the school-age peri-
od. Analyses of test outcomes were based
on age at examination.
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Table 3. Agreement between age categories using age at examination and reference age (31 December 2024)

Boys

Girls

3 (age-category

% of participants

5 (age-category

% of participants

difference) difference)
Age
category o6=-1 6=0 o6=+1 -1 0 +1 6=-1 6=0 6=+1 6=-1 6=0 o=+1
(exam age)

4 0 0 0 0.00 0.00 0.00 1 0 0 0.01 0.00 0.00

5 29 36 0 0.24 0.30 0.00 34 45 0 0.28 0.37 0.00
6 154 351 16 1.30 295 0.13 157 355 15 1.30 2.93 0.12
7 195 569 97 1.64 479 0.82 185 562 97 1.53 4.64 0.80

8 158 631 139 1.33 531 1.17 206 663 144 1.70 5.48 1.19
9 182 645 139 1.53 543 1.17 197 598 146 1.63 494 1.21
10 182 662 155 1.53 5.57 1.30 179 698 163 148 576 1.35
11 165 636 140 1.39 5.35 1.18 218 0616 164 1.80 5.09 1.35
12 164 610 158 1.38 5.13 1.33 173 635 152 143 524 1.26
13 185 650 163 1.56 5.47 137 198 659 157 1.64 5.44 1.30
14 170 744 148 143 626 1.25 183 768 142 1.51 6.34 1.17
15 123 768 227 1.04 646 191 132 753 211 1.09 6.22 1.74
16 143 650 193 1.20 547 1.62 140 641 173 1.16 529 143
17 143 565 143 120 4.76 1.20 130 590 155 1.07 4.87 1.28
18 28 414 147 0.24 3.48 124 29 393 204 0.24 325 1.68
19 0 48 12 0.00 0.40 0.10 1 42 4 0.01 0.35 0.03
20 1 1 0 0.01 0.01 0.00 0 0 0 0.00 0.00 0.00
21 0 1 0 0.00 0.01 0.00 0 0 0 0.00 0.00 0.00
Total 2022 7981 1877 17.02 67.18 15.80 2163 8018 1927 17.86 66.22 15.92

11 880 100 12 108 100

d=age category (completed years) at examination — age category (completed years) as of 31 Dec 2024; —1:

one age category younger, 0: same age category, +1: one age category older. Totals are shown in bold.

Table 4. Population counts and project coverage (%) by voivodeship for boys and girls aged 6-19 years (as
of 31 December 2024)

Project coverage

Poland Project (% of population)
Voivodeship Total I Q Total 3 Q Total 1) Q
Dolnoslaskie 402765 206164 196601 1472 742 730 0.37 0.36 0.37
ggjﬁlefgé 297906 152888 145018 1067 534 533 0.36 0.35 0.37
Lubelskie 295784 151172 144612 1673 725 948 0.57 0.48 0.66
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Table 4 (cont.)

Project coverage

Poland Project (% of population)
Voivodeship Total 3 Q Total ) Q Total I} Q
Lubuskie 146504 75246 71258 543 267 276  0.37 035  0.39
Eodzkie 331262 170315 160947 1325 653 672  0.40 0.38  0.42
Matopolskie 526505 270341 256164 2816 1375 1441 0.53 0.51  0.56
Mazowieckie 852430 437601 414829 2216 1159 1057 0.26 026  0.25
Opolskie 126401 64912 61489 875 428 447  0.69 0.66 0.73
Podkarpackie 314395 161192 153203 1576 800 776 050 0.50  0.51
Podlaskie 167112 85729 81383 871 459 412 052 0.54  0.51
Pomorskie 373492 191919 181573 1879 915 964 050 0.48  0.53
Slaskie 614851 314944 299907 1643 804 839  0.27 026 0.8
Swictokizyskie 162091 83259 78832 1490 746 744  0.92 090  0.94
ﬁiﬁ;ﬁf};" 205130 105431 99699 1073 533 540 052 051  0.54
Wielkopolskie ~ 547987 281989 265998 2248 1122 1126 0.41 040  0.42
I%;‘i)or‘iﬁg 231699 118403 113296 1104 563 541  0.48 048  0.48
Total 5596314 2871505 2724809 23871 11825 12046 0.43 0.41  0.44

Totals are shown in bold.

Overall, project coverage of the pop-
ulation of children and adolescents
across voivodeships (Project/Poland) was
0.43% and was consistent across most
regions (approximately 0.35-0.57%; Ta-
ble 4). Higher coverage was observed in
Swictokrzyskie (0.92%) and Opolskie
(0.69%), whereas the lowest coverage
was found in Mazowieckie (0.26%) and
Slaskie (0.27%). Differences in coverage
between voivodeships will be accounted
for through the application of weighting
factors to reduce the potential impact of
unequal regional coverage on the devel-
opment of reference data.

The results for body height and body
mass measurements were presented as
centile charts shown against raw-da-
ta scatterplots and supplemented with

tables of centile values, as this form of
presentation was considered more appro-
priate for GAMLSS modelling and better
reflected the empirical distribution of the
analysed somatic traits than descriptions
based solely on classical descriptive sta-
tistics. Figures 1,2 and Table 5,6 present
individual measurements of body height,
whereas Figures 3,4 and Table 7,8 show
body mass measurements for boys and
girls examined in the project. The points
represent raw observations, whereas the
lines depict selected centile curves (P3—
P97) estimated using GAMLSS models
over the age range 6-18.5 years, providing
a descriptive summary of the study pop-
ulation. Corresponding model parameter
estimates and selected centile values are
provided in the accompanying tables.
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Figure 1. Body height of boys by age (5-20 years; N = 11,879) in the 2024-2025 Institute of Sport — NRI
study. Points represent individual observations, and lines represent selected smoothed centile curves
(P3-P97) estimated using GAMLSS. The curves were fitted only for the age range of 6.0-18.5 years, for
which the number of observations was sufficient to ensure stable estimation. These curves characterize
the study sample and should not be interpreted as a nationwide reference scale
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Table 5. Model parameters and selected centile values for boys’ body height by age

BCT distribution Centile values for selected age [cm)]

Age
(years)

60 117.59 0.037 -1.69 2521 109.8 112.2 1147 117.6 120.7 123.7 127.0
6.5 121.20 0.038 -1.51 25.21 113.0 1155 1182 121.2 1244 127.6 131.2
7.0 12481 0.039 -1.35 2521 116.0 118.8 121.6 124.8 1282 131.6 135.3
7.5 128.09 0.040 -1.18 2521 118.8 121.7 124.7 128.1 131.7 1352 139.1
8.0 13093 0.041 -0.98 2521 121.2 1242 1274 130.9 134.7 1384 1424
8.5 133.58 0.042 -0.75 2521 1233 126.6 1299 133.6 137.5 141.3 1454
9.0 136.36 0.043 -0.56 25.21 125.6 129.0 132.5 136.4 140.4 1444 148.6
9.5 139.32 0.043 -0.40 2521 1281 131.7 1353 139.3 1435 1476 152.0
10.0 142.25 0.044 -0.27 2521 130.5 1343 138.0 142.2 146.6 150.8 155.3
10.5 144.83 0.045 -0.16 2521 1327 136.6 140.5 144.8 1493 153.7 158.3
11.0 147.38 0.046 -0.09 2521 134.8 138.8 1429 147.4 152.1 156.5 161.3
11.5 150.34 0.047 -0.05 2521 137.2 1414 1456 1503 1552 159.9 164.8
12.0 153.81 0.048 0.07 2521 1399 1443 148.8 153.8 159.0 163.8 169.1
12.5 157.73 0.050 0.34 2521 142.8 147.7 152.4 157.7 163.1 168.2 173.6
13.0 16191 0.050 0.76 2521 146.1 151.3 1564 161.9 167.5 172.7 178.1
13.5 166.03 0.049 1.27 2521 149.7 1552 160.4 166.0 171.6 176.7 1819
14.0 169.57 0.047 1.75 2521 153.2 158.8 164.0 169.6 1750 1799 184.8
145 17239 0.045 2.09 2521 156.5 161.9 167.0 172.4 177.6 182.2 186.8
15.0 174.57 0.042 2.19 2521 1594 164.6 169.5 174.6 1795 1839 188.3
155 176.16 0.040 2.07 2521 161.8 166.7 171.3 176.2 180.9 1851 189.4
16.0 177.25 0.038 1.78 2521 163.6 168.2 172.6 177.2 181.8 1859 190.1
16.5 178.04 0.037 1.38 2521 1650 1694 173.6 178.0 182.5 186.5 190.7
170 178.72 0.036 0.94 2521 1662 170.3 1744 178.7 183.1 187.1 191.3
17.5 179.13 0.036 0.50 2521 166.8 170.8 174.8 179.1 1835 187.6 191.9
18.0 179.29 0.036 0.11 2521 167.0 171.0 1749 179.3 183.7 1879 1924
18.5 179.43 0.037 -0.19 2521 167.1 171.1 175.0 179.4 184.0 1883 1929

mu sigma  nu tau 3 10 25 50 75 90 97

Values shown are model-based estimates obtained using GAMLSS under the BCT distribution. The mod-
el was fitted with age expressed in months and treated as a continuous variable. The table presents
model parameter estimates and centile values for selected age points between 6.0 and 18.5 years. The
symbols mu, sigma, nu and tau denote the parameters of the distribution assumed in the fitted model.
Bolded values indicate the median (50t centile).



Body height and mass of children and adolescents in Poland 53

205 4 body height [cm]

200 A

195 4

190 A

180 -

170 A

160

155 A

150 A

145 A

140 -

135 A

130 4

125 A

115 A

105 4

age [years]
100 T T T T T T T T T T T T T T d
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Figure 2. Body height of girls by age (5-20 years; N = 12,102) in the 2024-2025 Institute of Sport — NRI
study. Points represent individual observations, and lines represent selected smoothed centile curves
(P3-P97) estimated using GAMLSS. The curves were fitted only for the age range of 6.0-18.5 years, for
which the number of observations was sufficient to ensure stable estimation. These curves characterize
the study sample and should not be interpreted as a nationwide reference scale
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Table 6. Model parameters and selected centile values for girls’ body height by age

BCT distribution Centile values for selected age [cm)]

Age
(years)

60 116.11 0.036 -0.30 20.19 108.1 110.5 113.1 116.0 119.0 121.8 124.7
6.5 120.07 0.038 -0.52 20.19 111.6 1142 1169 120.1 1234 1264 129.6
7.0 123.75 0.039 -0.68 20.19 1148 117.5 1204 123.8 127.3 130.6 134.
7.5 126.84 0.040 -0.74 20.19 117.4 1203 1233 126.9 130.6 134.1 137.7
8.0 129.51 0.041 -0.69 20.19 119.7 122.6 125.8 129.5 1334 137.0 140.8
8.5 13229 0.042 -0.59 20.19 122.0 125.1 1284 132.3 136.3 140.1 144.0
9.0 13526 0.043 -0.47 20.19 1245 127.8 131.2 135.2 1394 1434 1474
9.5 138.30 0.044 -0.33 20.19 127.0 130.5 134.1 138.3 142.7 146.8 151.0
10.0 141.34 0.045 -0.10 20.19 1294 133.1 1369 141.4 1459 150.2 154.5
10.5 14439 0.046 0.23 20.19 131.8 1357 139.8 144.4 149.1 1535 1579
11.0 147.65 0.046 0.65 20.19 1344 138.6 1429 147.7 1525 1569 161.3
11.5 151.15 0.046 1.16 20.19 137.3 141.8 146.3 151.2 156.1 160.4 164.6
12.0 154.59 0.044 1.67 20.19 140.5 145.2 149.7 154.7 1594 163.6 167.6
12.5 157.57 0.042 2.07 20.19 143.6 148.3 152.8 157.6 162.2 166.2 170.0
13.0 159.86 0.040 2.24 20.19 146.2 150.8 155.2 159.9 1644 1682 1718
13.5 161.47 0.039 2.13 20.19 148.3 152.7 157.0 161.5 1658 169.6 173.2
14.0 162.52 0.038 1.75 20.19 149.8 154.0 158.1 162.6 1669 170.6 174.3
14.5 163.24 0.037 1.21 20.19 1509 1549 1589 163.3 167.6 171.5 1752
15.0 163.81 0.037 0.66 20.19 151.8 155.7 159.5 163.9 1682 172.2 176.0
155 164.28 0.037 0.20 20.19 152.7 1563 160.1 164.3 168.7 172.6 176.6
16.0 164.66 0.036 -0.17 20.19 153.3 156.8 160.5 164.7 169.0 173.0 177.0
16.5 16493 0.036 -0.46 20.19 153.8 157.2 160.8 164.9 169.2 1732 177.3
170 165.08 0.036 -0.75 20.19 154.0 1574 160.9 165.1 1694 1734 177.6
17.5 16526 0.036 -1.07 20.19 1543 157.6 161.2 165.3 169.6 173.7 178.0
18.0 165.39 0.036 -1.44 20.19 154.6 1579 161.3 165.4 169.8 1739 1783
18.5 16527 0.036 -1.82 20.19 154.7 1579 161.3 1653 169.6 173.8 178.2

mu sigma  nu tau 3 10 25 50 75 90 97

Values shown are model-based estimates obtained using GAMLSS under the BCT distribution. The mod-
el was fitted with age expressed in months and treated as a continuous variable. The table presents
model parameter estimates and centile values for selected age points between 6.0 and 18.5 years. The
symbols mu, sigma, nu and tau denote the parameters of the distribution assumed in the fitted model.
Bolded values indicate the median (50t centile).
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Figure 3. Body mass of boys by age (5-20 years; N = 11,879) in the 2024-2025 Institute of Sport — NRI
study. Points represent individual observations, and lines represent selected smoothed centile curves
(P3-P97) estimated using GAMLSS. The curves were fitted only for the age range of 6.0-18.5 years, for
which the number of observations was sufficient to ensure stable estimation. These curves characterize

the study sample and should not be interpreted as a nationwide reference scale
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Table 7. Model parameters and selected centile values for boys’ body mass by age

BCCG distribution Centile values for selected age [kg]

(yﬁffs} mu  sigma  nu tau 3 10 25 50 75 90 97
6.0 21.88 0.143 -1.36 - 17.4 18.6 20.0 21.9 24.3 27.0 30.6
6.5 23.33  0.152 -1.31 - 18.3 19.6 21.2 23.3 26.1 29.2 33.4
7.0 2493 0.162 -1.25 - 19.3 20.7 22.5 24.9 28.0 31.7 36.5
7.5 26.56 0.171  -1.20 - 20.2 21.9 23.8 26.6 30.1 34.3 39.9
8.0 28.15 0.181 -1.14 - 21.1 22.9 25.1 28.2 32.1 36.8 43.2
8.5 29.72 0.190 -1.07 - 22.0 23.9 26.4 29.7 34.1 39.4 46.6
9.0 31.45 0.200 -1.01 - 22.9 25.1 27.7 31.5 36.4 42.3 50.4
9.5 33.43 0.208 -0.96 - 24.0 26.4 29.3 33.4 38.9 45.5 54.6
10.0 3556 0.215 -0.92 - 25.2 27.8 31.1 35.6 41.6 48.9 58.9
10.5 37.54 0.218 -0.89 - 26.5 29.3 32.7 37.6 44.0 51.8 62.5
11.0 3943 0.219 -0.85 - 27.7 30.7 34.3 39.5 46.2 54.4 65.5
11.5 41.52  0.219 -0.80 - 29.1 32.2 36.1 41.5 48.6 57.1 68.4
12.0 44.12 0.219 -0.73 - 30.8 34.2 38.4 44.1 51.6 60.4 71.9
12.5  47.22 0.218 -0.65 - 32.9 36.6 41.1 47.2 55.1 64.2 75.9
13.0 50.67 0.215 -0.57 - 35.2 39.2 44.1 50.7 59.0 68.4 80.2
13.5 5421 0.211 -0.51 - 37.8 42.1 47.3 54.2 62.8 72.5 84.4
140 57.58 0.205 -0.47 - 40.4 45.0 50.4 57.6 66.5 76.2 88.1
145 60.66 0.198 -0.46 - 43.0 47.7 53.3 60.7 69.7 79.5 91.4
150 63.35 0.191 -0.49 - 45.5 50.3 55.9 63.4 72.4 82.3 94.2
15,5 6559 0.185 -0.54 - 47.7 52.5 58.1 65.6 74.6 84.5 96.4
16.0 67.38 0.179 -0.58 - 49.5 54.3 59.9 67.3 76.3 86.1 98.0
16.5 68.81 0.175 -0.61 - 51.0 55.8 6l.4 68.8 77.7 87.5 99.3
17.0 70.04 0.172 -0.61 - 52.1 56.9 62.6 70.0 79.0 88.8 100.6
17.5 71.06 0.172 -0.61 - 52.9 57.8 63.5 71.0 80.1 90.0 101.8
18.0 71.88 0.172 -0.60 - 53.5 58.4 64.3 71.9 81.0 91.0 102.9
18.5 72.61 0.171 -0.59 - 54.1 59.1 64.9 72.6 81.8 91.8 103.8

Values shown are model-based estimates obtained using GAMLSS under the BCCG distribution. The mod-
el was fitted with age expressed in months and treated as a continuous variable. The table presents
model parameter estimates and centile values for selected age points between 6.0 and 18.5 years. The
symbols mu, sigma, nu and tau denote the parameters of the distribution assumed in the fitted model.
Tau is not estimated for the BCCG distribution. Bolded values indicate the median (50* centile).
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Figure 4. Body mass of girls by age (5-20 years; N = 12,102) in the 2024-2025 Institute of Sport — NRI
study. Points represent individual observations, and lines represent selected smoothed centile curves
(P3-P97) estimated using GAMLSS. The curves were fitted only for the age range of 6.0-18.5 years, for
which the number of observations was sufficient to ensure stable estimation. These curves characterize

the study sample and should not be interpreted as a nationwide reference scale
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Table 8. Model parameters and selected centile values for girls’ body mass by age

BCCG distribution

Centile values for selected age [kg]

Age

(years| mu sigma nu tau 3 10 25 50 75 90 97
6.0 20.61 0.148 -1.65 - 16.4 17.5 18.8 206 230 259 299
6.5 2247 0.158 -1.57 - 17.6 18.8 204 22,5 252 28.7 335
7.0 24.22.  0.167 -1.48 - 18.7 20.1 21.8 24.2 27.4 31.3 37.0
7.5 2581 0.176 -1.39 - 19.7 212 231 25.8 294 338 40.1
80 2730 0.183 -1.30 - 20.5 222 243 273 312 36.1 43.1
85 28.89 0.190 -1.21 - 215 233 256 289 332 385 46.1
9.0 30.60 0.197 -1.11 - 224 245 270 306 353 41.1 49.2
9.5 3239 0.204 -1.00 - 234 257 285 324 375 438 52.5
10.0 3424 0.211 -0.87 - 244 269 300 343 399 466 55.6
10.5 36.22 0.216 -0.75 - 254 282 316 362 423 494 588
11.0 38.52 0.220 -0.63 - 26.7 29.7 334 385 450 52.6  62.2
11.5 41.20 0.220 -0.53 - 284  31.7 357 41.2 481 55.9  65.7
12.0 44.06 0.214 -0.46 - 30.5 340 383 441 51.2 59.1 68.7
12.5 46.72 0.204 -0.43 - 32.8 365 409 46.7 538 6l.6 71.0
13.0 4896 0.192 -0.44 - 350 388 432 49.0 560 63.6 72.6
13.5 50.78 0.181 -0.51 - 37.1 40.8 451 50.8 57.6 65.0 73.8
14.0 5233 0.171 -0.62 - 39.0 42,6 468 523 59.0 66.2 749
145 53.62 0.163 -0.76 - 40.7  44.1 48.2 53.6 602  67.3 76.1
150 54.64 0.158 -0.88 - 419 453 493 54.6 6l1.1 68.3 77.2
15,5 55.39 0.155 -0.98 - 42.8  46.2  50.1 55.4 619 69.1 78.2
16.0 5594 0.155 -1.06 - 43.4 467 50.6 559 62.5 69.9 79.3
16.5 56.33 0.157 -1.14 - 43.7  47.0 51.0 56.3 63.1 70.8 80.7
170 56.63 0.159 -1.21 - 43.8 472 51.2  56.6 63.6 71.6 82.2
175 5690 0.161 -1.28 - 440 474 514 569 640 72.4  83.6
180 57.21 0.162 -1.36 - 44.3  47.6 51.7 57.2 644 73.0 84.8
185 57.55 0.162 -1.44 - 447  48.0 52.0 57.6 64.8 73.7 86.0

Values shown are model-based estimates obtained using GAMLSS under the BCCG distribution. The
model was fitted with age expressed in months and treated as a continuous variable. The table

presents model parameter estimates and centile values for selected age points between 6.0 and 18.5

years. The symbols mu, sigma, nu and tau denote the parameters of the distribution assumed in

the fitted model. Tau is not estimated for the BCCG distribution. Bolded values indicate the median

(50 centile).
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Discussion

The tradition of research on the physi-
cal development of children and adoles-
cents in Poland dates back to the 1930s,
when the Department of Anthropology
of the Central Institute of Physical Ed-
ucation in Warsaw conducted the first
large-scale project investigating the de-
velopment and physical fitness of Polish
youth (Mydlarski, 1934). This line of re-
search was continued in the 1950s, with
the aim of determining the extent of de-
terioration in the physical development
of the post-war generation of children
and adolescents in Poland (Trze$niowski,
1961). Subsequent nationwide represent-
ative studies on the physical develop-
ment and fitness of schoolchildren were
carried out in 1979 (Trze$Sniowski, 1990),
1989 (Przeweda & Tize$niowski, 1996),
1999 (Przeweda & Dobosz, 2005, 2007),
and 2009 (Dobosz, 2012; Dobosz et al.,
2015). At the same time, detailed somat-
ic measurements of adults, school-aged
children, and adolescents throughout the
country were conducted by anthropolo-
gists from the Committee of Anthropol-
ogy of the Polish Academy of Sciences in
Wroctaw, established to implement the
Polish Anthropological Nationwide Field
Investigations project. Over a period of
60 years, five editions of this project were
completed (Bielecki et al., 2012; Gomula
et al., 2021; Koziet et al., 2014).

At the beginning of the present cen-
tury, population reference scales for in-
fants as well as school-aged children and
adolescents in Poland were still based on
studies of Warsaw populations (Palczew-
ska & Niedzwiedzka, 2001). The most
recent nationwide studies based on a ran-
dom sample of children and adolescents
were conducted between 2007 and 2012
within the OLAF and OLA projects, and

their results were presented as the Pol-
ish 2010 and 2012 reference systems
for school-aged children and adolescents
and for preschool children, respectively
(Kutaga et al., 2011, 2013, 2015).

The present study has a cross-section-
al design and lies at the intersection of the
social and medical sciences. Its particular
strengths include both the large sample
size and the nationwide coverage. In order
to obtain a sample that reflected as closely
as possible the structure of the population
of children and adolescents in Poland, the
study was conducted in a substantial pro-
portion of the schools previously included
in the OLAF project (Kutaga et al., 2011).
The sampling methodology also drew on
the assumptions adopted in the third,
fourth, and fifth editions of the nation-
wide anthropological surveys of children
and adolescents, which were carried out
in the same areas of the country (Koziet
etal., 2014).

An additional strength of the data col-
lected in the project, and a guarantee of
the quality of the measurements of basic
anthropometric traits, is that they were
performed by a small team of 20 anthro-
pologists experienced in conducting this
type of research. The Type A standard
uncertainty of measurement ranged from
0.01 to 0.03 cm. In previous nationwide
studies, anthropometric measurements
were performed by large teams of trained
students, representatives of the medical
community (Koziel et al., 2014; Kulaga
et al., 2011, 2013), or physical educa-
tion teachers (Dobosz, 2012; Dobosz et
al., 2015; Przeweda & Dobosz, 2005,
2007; Przeweda & Tize$niowski, 1996;
TrzeSniowski, 1961, 1990).

In the analyses of study outcomes,
age at examination was used, calculated
on the basis of the full date of birth and
the date of measurement. In contrast,
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analyses of participant counts and com-
parisons of the sample age structure with
nationwide data (Gtéwny Urzad Staty-
styczny, 2025) were based on reference
age, defined as completed years of age
as of 31 December 2024, in accordance
with the definition used in official statis-
tics. Differences between these two age
definitions were assessed on the basis
of shifts in counts and flow indicators
across age categories (Tables 2 and 3).
In the age range of 6-19 years, these dif-
ferences were small (1.22 and 1.95 per-
centage points) and resulted mainly from
shifts between adjacent categories (+1
year), which indicates that the use of ref-
erence age does not materially distort the
description of the sample age structure in
population comparisons. This approach
justifies relating the study results to of-
ficial statistics using the age categories
applied by Statistics Poland (GUS).

At the same time, the analysis of
counts by age category (6-18 years) re-
vealed both underrepresentation and
overrepresentation of some age groups
relative to the nationwide population.
Lower relative counts were observed
among boys and girls aged 6 and 18
years, whereas higher relative counts
were found among 14-year-old boys and
among 10- and 14-year-old girls. Even
more pronounced differences concerned
the territorial structure of the sample.
The highest relative share of study partic-
ipants was recorded in the Swictokrzyskie
voivodeship (0.92%), which was approx-
imately 3.5 times higher than the corre-
sponding values observed in the Slaskie
and Mazowieckie voivodeships. These
differences do not automatically justify
the conclusion that the obtained results
fail to reflect the distribution of the ana-
lysed somatic traits in a large nationwide
sample. They do, however, indicate the

need for further analyses and the appli-
cation of statistical weights to adjust the
sample structure to the population struc-
ture. This step appears necessary for the
development of reliable reference scales
for body height and body mass in the
contemporary Polish population, as well
as for assessing the agreement between
the unweighted characteristics presented
in this paper and the estimates obtained
after weighting-based correction of the
sample structure.

In Poland, multiple reference systems
for the assessment of physical develop-
ment continue to be used in parallel,
including older charts based on Warsaw
data (Palczewska & Niedzwiedzka, 2001)
and more recent nationwide references
developed within the OLAF/OLA studies.
Kutaga and Kotowska (2025) showed that
the nationwide references from 2010 and
2012, developed using the LMS method
accounting for distributional skewness,
provide computationally consistent re-
sults near key diagnostic cut-off points,
such as the 3rd centile for body height
and the 95th centile for BMI, whereas
older Warsaw references may lead to in-
consistencies in the estimation of cen-
tiles and Z-scores.

Against this background, the approach
used in our project represents a further
methodological step forward. GAMLSS
models generalize the LMS framework
and allow the distribution family to be se-
lected on the basis of information criteria
and goodness-of-fit diagnostics, including
worm plots and Q-statistics. This makes
it possible to achieve a better fit of the
model to the empirical shape of the dis-
tributions of somatic traits. In addition,
the short period of data collection reduces
the risk of within-study secular trends.
The variation in cohort and voivodeship
coverage identified in the present study
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provides a basis for the construction of
weights and for adjusting the sample
structure to the population structure,
which will facilitate the development of
updated nationwide reference data for the
assessment of growth and development in
school-aged children and adolescents.

It should be emphasized that the
centile modelling results presented in
this paper were based on a large na-
tionwide sample; however, the analyses
were performed without the application
of weighting procedures correcting for
differences between the structure of the
study sample and that of the nation-
al population. Therefore, the resulting
curves should currently be interpreted
primarily as a description of the empir-
ical distribution of the analysed somatic
traits in the study sample. Although the
sample size within particular age ranges
was sufficient for stable modelling using
the GAMLSS approach, a fuller align-
ment of the estimates with the structure
of the nationwide population will require
the application of weighting procedures
in further analyses.

Conclusions

The present study, based on a cross-sec-
tional design, is characterized by a large
sample size and nationwide coverage.
The high quality of the measurements
of basic anthropometric traits in children
and adolescents was ensured by their col-
lection within a short period by a small
team of experienced anthropologists. The
methods used for data analysis are con-
sistent with contemporary standards of
statistical analysis. The results presented
here provide a basis for the development
of updated reference systems for basic so-
matic traits in school-aged children and
adolescents aged 6-18 years.
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Abstract

INTRODUCTION AND STUDY AIM
The aim of the study is to assess the magnitude of changes in sexual dimorphism with respect to selected
morphological traits and the results of physical fitness tests between the ages of 8 and 50.

MATERIAL AND METHODS

The data come from the Krakéw Longitudinal Growth Study and pertain to the somatic development and
physical fitness of individuals born in 1970 and 1972, conducted in Krakéw from 1976 and 1980 up to 2022.
The Mollison Index was used to calculate sexual dimorphism.

Resurrs

The females were shorter, lighter and thinner than the males in all analysed age groups, and differed only
with regard to body height in the 13-year-olds. They were characterised by lower stronger hand strength and
lower limb explosiveness throughout the analysed period. With the exception of 8-year-olds, the females
had smaller arm circumference, shoulder width and thigh circumference than the males at ages 32 and 50,
and at age 17, the girls demonstrated larger thigh circumference. Up until adolescence, the girls had greater
body fat under the scapula, on the triceps and in the abdomen compared to the boys. However, in both
32-34- and 50-year-olds, the men exhibited greater body fat under the scapula and in the abdomen.

CONCLUSIONS

A high degree of sexual dimorphism occurs during developmental age — at the end of the adolescence
period, especially for fat folds on the triceps and abdomen. Greater dimorphism is observed later, in early
adulthood, i.e., at the age of 32-34 years, in terms of height and body weight, as well as body mass index,
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circumferences — of the arm and thigh, shoulder width, and performance test results. In adulthood (around
the age of 50), a noticeable decrease in the degree of sexual dimorphism is observed, which results from the

nature of involutional changes.

Keyworps: morphological characteristics, physical fitness tests results, longitudinal study, childhood,

adolescence, adulthood

Introduction

Dimorphism in humans, as established
in the 1950s, is based on genetic deter-
minism of development. Biologically, an
individual’s masculinity or femininity is
established on the basis of XX chromo-
somes in females and XY chromosomes
in males. The resulting different ratios
between androgens and oestrogens se-
creted by both sexes determine the course
of prenatal and postnatal development,
leading to biological male and female
development. It is worth noting that hu-
mans, compared to the majority of pri-
mates, exhibit slight dimorphism, but it
is nevertheless visible from birth (Greil,
2006). Human sexual dimorphism rela-
tes to body structure, biochemical and
physiological properties, neurohormonal
activity, as well as behavior patterns and
lifestyle.

During prenatal life and early child-
hood, body composition variation is
small. Immediately after birth, morpho-
logical dimorphism is primarily expressed
by shorter length and birth weight, and
greater body fat in girls than in boys (Greil,
2006). Developmental differences related
to sex during this period are estimated to
be only 2-3% (Perenc & Radochonska,
2012). During childhood, on average up
to 6 years of age, sexual dimorphism re-
mains slight, and its intensity is observed
at the onset of puberty (Wells, 2007). The
sexual dimorphism that intensifies during
puberty is mainly the result of different
developmental rates (growth and mat-
uration) in both sexes. On average, girls

develop earlier than boys, therefore, be-
tween the ages of 9 and 14, they become
significantly taller and heavier. After the
pubertal growth spurt (at approximately
age 14), girls’ development slows down,
while remaining rapid for their peers.
This is due to the fact that the pubertal
growth spurt begins later and lasts longer
in boys than in girls. This different pace of
development leads to the typical morpho-
logical differences between adults of the
opposite sexes developing during this pe-
riod — males become taller and heavier
than females (Greil, 2006). Differences in
body proportions also develop during this
period — girls are taller than boys and be-
gin to have a relatively wider pelvis. Boys,
on the other hand, begin to have relative-
ly longer lower limbs and comparatively
wider shoulders than their peers. Differ-
ences in body composition also emerge
during this period. Girls experience an
increase body fat, while boys demonstrate
an increase in lean body mass — particu-
larly muscle and bone mass (Wells 2007;
Sterkowicz & Zak, 2010). A consequence
of these morphological variances are sex
differences related to the physiology of
movement. Females have a higher heart
rate, lower stroke volume, cardiac output,
haemoglobin, red blood cell counts, maxi-
mal oxygen uptake and vital lung capacity
(Sterkowicz & Zak, 2010). At the end of
puberty and the onset of young adulthood,
dimorphism becomes most apparent and
is estimated at approximately 8% (Greil,
2006; Perenc & Radochonska, 2012).
After late adulthood, women experience
apparent biological masculinisation and
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oestrogen dominance appears in men
(Wolanski, 2006). However, this does not
eliminate dimorphism, but rather changes
it. According to some researchers, dimor-
phism decreases in old age (Wells, 2007),
while others believe it increases (Wolanski,
2006). The ambiguous results of research
on changes in body dimorphism with age
may be related to the fact that they were
obtained based on cross-sectional studies
(Higg & Jylhiva, 2021; Xiao et al., 2020).
However, little is known about changes in
dimorphism within populations through-
out their lifetime.

The population of Krakéw undergoes
regular monitoring of parameters related
to body size, proportions, and physical
fitness (Chrzanowska et al., 1988; 2002;
Gotgb et al., 2003; Jasicki, 1938; 1948;
Kowal et al., 2011; 2013; Kryst et al,,
2023; Woronkowicz et al., 2012; Zeglen
et al, 2020 and others). These were
mostly cross-sectional studies.

Conducted since the 1976s and 1980s
by the Department of Anthropology at the
Institute of Biomedical Sciences of the
University School of Physical Education,
two series of continuous studies, which
were merged in 2004 as the Krakéw Lon-
gitudinal Growth Study (KLGS), have
enabled the analysis of numerous issues,
including ontogenetic changes and sex-
ual dimorphism in the distribution of
subcutaneous fat a 12-year longitudinal
study of children and adolescents from
Krakéw (Chrzanowska & Suder, 2008);
predicting the timing of reaching matu-
rity and peak height velocity (Malina et
al., 2021); age at pubarche and the risk
of developing cardiometabolic complica-
tions among men aged 50-52 from KLGS
(Spring et al.,, 2024); predicting adult
height in boys: the Zarow method and
a comparative analysis of different meth-
ods (Zaréw, 2001); body build and phys-

ical activity in adults and it’s biological
development in childhood youthfulness
(Zaréw et al., 2006) childhood and ado-
lescence changes in physical fitness and
body composition of women and men ex-
amined in 2004 and 2022 - a longitudi-
nal study (Zaréw et al., 2024) and many
other research problems.

The aim of this article is to assess the
magnitude of changes in sexual dimor-
phism in certain morphological traits
and physical fitness test results from
ages 8 to 50, using the example of the
KLGS. The following research question
was formulated: How does the course
and magnitude of changes in sexual di-
morphism in ontogeny (at ages 8-50) in
terms of selected morphological traits and
tests of static and explosive strength of the
upper and lower limbs, considered indica-
tors of human health condition? The pre-
sented analysis of the results is primarily
descriptive and partially explanatory.

Material and methods

Approval was for this research was ob-
tained from the Bioethics Committee at
the District Medical Chamber in Krakéw
for the study in 2022 (Consent No. 65/
KBL/OIL dated April 11, 2022). The re-
search material consists of data from
KLGS on the somatic development and
physical fitness of people born in 1970
and 1972, conducted in Krakéw in the
years 1976-2022 (KLGS 1976-2022) by
research teams of the Department of An-
thropology, Institute of Biomedical Sci-
ences at the University School of Phys-
ical Education in Krakéw (currently the
University of Physical Culture):
e 1* series of annual examinations in
the years 1976-1988 (age 6-18);
e 2 geries of annual examinations in
1980-1990 (age 8-18);
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The first series of studies concerned
people born in 1970; at the age of 6 there
were 485 boys and 455 girls, and by the age
of 18, 180 boys and 145 girls remained.
The second series of studies involved
people born in 1972, and at the age of
8 there were 460 boys and 360 girls, and
by the age of 18, 178 boys and 108 girls
remained. The decrease in the number of
participants in subsequent years is a nat-
ural consequence of longitudinal studies:
* two combined series of women and

men examined in 2004 (age 32-34);

* re-examination, after 18 years, of the
same women and men in 2022 (age
50-52).

In total, 103 females and 122 males
participated in the study in 2004, and in
2022, 47 and 67, respectively. Of these
participants, 35 females and 47 males
were present for both measurements in
2004 and 2022. No morphological selec-
tion of the women or men who partic-
ipated in the 2022 study was observed
in comparison to the 2004 trial, as the
height of 103 females examined in
2004 was 165.2 cm, and 37 examinees
were 164.4 cm tall; and, respectively,
178.1 cm for 122 males and 178.3 cm
for 53. In terms of body mass, the values
were 59.8 kg and 58.5 kg for the females,
and 80.7 kg and 79.6 kg for the males.

The study included data (Table 1) on
the morphological characteristics of 83
females and 92 males aged 8 to 17 and
67 and 70 for physical fitness tests. Fewer
boys and girls participated in the physical
fitness tests due to the inability to per-
form a given test on the day of the exami-
nation for various reasons (e.g., tempora-
ry injury). And in the studies conducted
in 2004 and 2022, 35 females and 49
males participated. No exclusion criteria
were applied in subsequent years of the
study. Spontaneous selection occurred —

e.g., absence on the day of the study for
various reasons, change of residence, not
accepting the invitation to participate in
the study despite multiple email, phone,
and mail invitations, deaths, etc. All
participants were residents of the city of
Krakow. The studied sample represen-
ted the average population of the city of
Krakow.

Table 1. The number of subjects included in our
study (KLGS 1976-2022).

Morphological Physical fitness
Age characteristics tests results
(in years)
Females Males Females Males
8* 83 92 67 70
13* 83 92, 67 70
17* 83 92 67 70
32-34 35 47 35 47
50-52 35 47 35 47

*Age was calculated according to the following rule:
for example, eight-year-olds were considered to
be people aged from 7.50 to 8.49 years, and sim-
ilarly for the categories of 13- and 17-year-olds.

The following measurements were
performed. Physical fitness tests includ-
ed handgrip strength of stronger hand
in both the right and left hand, and
standing broad jump. Physical fitness
tests were conducted according to the
instructions of the ICSPFT test (Larson,
1974). Anthropometric measurements
included:

e Dbody height — measured according to
Martin’s technique using an anthro-
pometer (GPM, Switzerland, to the
nearest 1 mm);

e body mass — using an electronic scale,
and since 1994 using a body composi-
tion analyser, Tanita TBF-300 (Japan),
to the nearest 0.01 kg;
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e thigh and mid-upper-arm (MUAC, in
relaxation) circumferences measured
with a non-stretchable anthropomet-
ric tape;

e of triceps, subscapular and abdominal
skinfold thickness — measured with
a skinfold caliper (Harpenden type
with constant pressure of 10g/mm?,
to the nearest 1 mm)

e shoulder width - measured with
a large spreading calliper (GPM,
Switzerland, to the nearest 1 mm).
Body mass index (BMI) was calcu-

lated as the proportion of body mass in

kilogrammes to body height expressed
in metres squared. The level of sexual
dimorphism was calculated via Molli-
son’s Index (MI): MI = (X{-Xm)/SDm

(Drozdowski, 1998), where: Xf mean

value of the parameter for females, Xm

mean value of the parameter for males,

SDm standard deviation of the parame-

ter for males. Negative values of the in-

dex indicate a lower level of development
of a given trait in women.

Basic descriptive statistics (means and
measures of variability) were calculated.
The statistical significance of the differ-
ences between the analysed sexes was es-
timated using the Student’s t-test for inde-
pendent samples. For variables where the
assumption of homogeneity of variances
was found to be violated — as verified using
Levene’s test — the Welch-corrected Stu-
dent’s t-test was used, which accounts for
unequal variances. The calculations were
performed using the Statistica 13.0 package.

Results

Table 2 shows the arithmetic means and
standard deviations, which were the basis
for calculating MI. The degree of sexual
dimorphism according to MI of selected
somatic features and physical fitness
tests is presented in Figures 1-3.

Table 2. Characteristics of body features and motor skills at various stages of ontogeny of the KLGS 1976-

2022 study.
Girls N = 83; Boys N = 92 Women N = 35; Men N = 47
8 yrs. 13 yrs. 17 yrs. 32-34 yrs. 50-52 yrs.
Mean; SD Mean; SD Mean; SD Mean; SD Mean; SD
Body height [cm]

Women 127.0; 5.6 156.0; 7.2 163.7; 6.0 164.4; 5.9 164.2; 5.9
Men 127.4; 5.3 155.8; 8.4 175.0; 6.5* 178.3; 5.8 178.0; 5.9*
Body mass [kg|
Women 25.3; 4.3 44.2;7.7 55.1; 6.4 58.5; 7.2 66.4; 10.9
Men 26.1; 3.8 44.7; 8.7 64.7; 7.8* 79.6; 10.7* 88.1; 16.0*
Body Mass Index [kg/m?|
Women 15.6; 1.9 18.1;2.2 20.6; 2.0 21.6; 2.5 24.6; 3.9
Men 15.9; 1.7 18.3; 2.3 21.1; 2.0 25.0; 2.9* 27.8; 4.6
Stronger hand grip strength [kG]

Women 10.9; 3.0 23.3; 4.5 30.9; 6.0 37.4; 3.9 34.4; 4.5
Men 13.1; 4.0* 28.2; 6.7* 50.1; 9.0* 60.2; 6.9* 55.9; 7.4*
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Table 2 (cont.)

Girls N = 83; Boys N = 92

Women N = 35; Men N = 47

8 yrs. 13 yrs. 17 yrs. 32-34 yrs. 50-52 yrs.
Mean; SD Mean; SD Mean; SD Mean; SD Mean; SD
Standing broad jump [cm]|
Women 121.3;17.4 161.8; 17.1 173.3; 17.3 163.9; 19.3 140.8; 19.8
Men 125.9;17.3 177.5; 20.9* 218.4; 20.9* 212.2; 24.4* 182.1; 19.5*
Arm circumference [cm]

Women 18.5; 1.7 22.1;2.3 25.2; 1.8 26.3; 2.3 28.5; 3.1
Men 18.4; 1.7 22.4; 2.4 27.4;2.2* 31.0; 2.5* 32.4;3.7*
Thigh circumference [cm]

Women 38.4; 3.8 48.1; 4.5 54.0; 3.6 53.0; 3.7 55.8; 5.1
Men 37.6; 3.7 46.2; 4.6 53.2; 3.8 56.9; 4.2* 57.0; 5.3
Biacromial diameter [cm]

Women 27.4; 1.4 32.8; 1.7 35.3; 1.4 35.8, 1.3 36.3; 1.8
Men 27.9; 1.3* 33.2; 2.2 39.3; 2.1 40.9; 1.6* 41.5; 1.7*
Triceps skinfold [mm]

Women 10.1; 3.5 11.5; 3.9 14.0; 4.1 13.7; 5.0 18.3; 5.4
Men 8.3;2.4* 9.2;3.1* 7.5;2.3* 9.0;3.3* 12.2; 5.4*
Subscapular skinfold [mm]

Women 7.4; 3.8 9.1,3.7 12.1; 4.5 13.7; 6.2 19.8; 7.1
Men 5.9;2.2 7.3; 3.1 8.5; 2.4 15.3; 6.2 20.6; 7.0
Abdominal skinfold [mm)]

Women 8.5; 5.4 10.3; 5.5 15.1;5.5 13.2; 6.6 20.1; 6.5
Men 6.9;3.7* 8.0; 4.8* 8.6; 3.6 17.0; 7.5 21.77.8

* statistically significant differences (p<0.05) between 8, 13 and 17-year-old boys and girls

Sexual dimorphism in body height,
mass and BMI, as well as two physical
fitness tests results, for individuals aged
8, 13, 17, 32-34 (2004 series) and 50-
52 (2022 series) are presented in Figure
1. We considered that the age of 8 years
is a good moment to indicate the pre-
pubertal period for both boys and girls,
13 years old is the period of adolescence,
and 17 years old is practically the end
of the pubertal period. The developmen-
tal status of children aged 6 and 7 was

not included in this study (Gotab et al.,
1993).

The results obtained for the females
were normalised to the arithmetic mean
and standard deviation of the males. Data
analysis revealed that the females were
shorter, lighter and slimmer compared
to the males in all of the analysed age
groups. The exception was height among
the 13-year-olds, when girls were slightly
taller than boys. The smallest differences
between the sexes for all analysed traits
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were found at age 13, at 0.02, 0.05 and  dimorphism increased until age 32-34,
0.07 standard deviations, respectively.  while at age 50-52, it decreased for all the
In subsequent years, the level of sexual traits under analysis.

Body height - 8 years
13 years
17 years * -1.74
32-34years * -2.40 _
50-52 years * -2.34 —
Body mass - 8 years
13 years
17 years
32-34 years *-1.97
50-52years

Body Mass Index - 8 years

13 years
17 years
32-34years
50-52years *-0.70 -
Stronger hand grip strength - 8 years * -0.55 Z
13 years *-0.73 Z
17 years *-2.13 ?——

*
32-34 years-3.30)

1

50-52years =% -2.91

|

Standing broad jump - 8 years

.
b
N
N

13 years * -0.75

-3,5 -3 -2,5 -2 -1,5 -1 -0,5 0 0,5
* Statistical significance of differences, p < 0.05 [SD]

|

Figure 1. Mollison’s Index results for height, body mass and BMI, as well as strength of stronger hand and stand-
ing long jump at ages 8, 13, 17, 32-34 and 50-52 part of the Krakéw Longitudinal Growth Study.
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Statistically significant differences be-
tween the sexes were found for body
mass and height in the 17-year-old
groups and for all analysed characteris-
tics in the 32-34- and 50-52-year-old
groups (p<0.001). Based on the results
of physical fitness tests, it was found
that throughout the analysed period,
the females were characterised by lower
strength in the stronger arm and lower
explosive strength in the lower limbs.
The level of dimorphism in explosive

Arm circumference - 8 years

13 years

17 years

32-34years

50-52years

Thigh circumference - 8 years

13 years

17 years

32-34 years

50-52years

Biacromial diameter - 8 years

13 years

17 years

*

32-34 years -3.19

50-52 years #-3.06

* -1.88

* -1.90

strength of the lower limbs increased
throughout the analysed period, reach-
ing its highest value in the 50-year-old
group (2.67 standard deviations). How-
ever, the level of dimorphism in arm
strength increased until the age of 32~
34 and then began to decline. Statisti-
cally significant differences between the
sexes were found for both characteristics
in all age groups (p<0.001). The excep-
tion was explosive strength of the lower
limbs in the 8-year-old group.

l 0.06

-0.12 l

*-1.00

* -1.05

0.22

0,41%

0.21

* -0.93

-3,5 -3

* Statistical significance of differences, p=< 0.05

-2,5

-2 -1,5 0 -1 -0,5

o

0,5 1

[SD]

Figure 2. Mollison’s Index results for arm and thigh circumference as well as biacromial diameter at ages 8,
13, 17, 32-34 and 50-52 part of the Krakéw Longitudinal Growth Study.
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It was found that throughout the
analysed period, with the exception
of 8-year-olds, the females had small-
er upper arm circumferences than the
males (Fig. 2). The level of dimorphism
was lowest in the youngest age group,
reaching 0.06 standard deviations. In
subsequent years, the level of dimor-
phism increased, reaching a maximum
value of 1.88 standard deviations in
32- to 34-year-olds, after which it de-
creased to 1.03 standard deviations.
Differences between the sexes were sta-

Triceps skinfold thickness - 8 years

13 years

17 years

32-34 years

50-52years

Subscapular skinfold thickness - 8 years
13 years

17 years

32-34 years

50-52years

Abdominal skinfold thickness - 8 years
13 years

17 years

32-34 years

50-52years

tistically significant (p<0.001), except
for the 8- and 13-year-olds. Based on
the results, it was found that until the
age of 17, the girls had larger thigh cir-
cumferences. The level of dimorphism
in this trait was small, with statisti-
cally significant differences found only
in the 13-year-olds (p<0.01). With age,
the males began to dominate in this
trait and the level of dimorphism in-
creased statistically significantly among
32-34-year-olds (p<0.001), and then
slightly decreased.

- 0.75%*
- 0.74%

2.83 *

1.42 %

1.50 *

-1,5

* Statistical significance of differences, p = 0.05

05 0 05 1 1,5 2 25 3 3,5
[SD]

Figure 3. Mollison’s Index results for body fatness at ages 8, 13, 17, 32-34 and 50-52 part of the Krakow

Longitudinal Growth Study.
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It was demonstrated that through-
out the analysed period, the females had
smaller shoulder widths than the males.
The level of dimorphism in this trait
during childhood was low, reaching its
lowest value in the 8-year-olds. In subse-
quent years, the level of dimorphism in
this trait increased, reaching its highest
values at ages 32-34, before decreasing
slightly. Statistically significant differenc-
es were found in all age groups except for
the 13-year-olds.

Analysing differences in body fat levels
and fat distribution (Fig. 3) revealed that
until adolescence, the girls demonstrated
greater body fat than the boys in the sub-
scapular, triceps and abdominal regions.
In 8-year-olds, the level of dimorphism
was 0.68, 0.74 and 0.43 for standard de-
viations, respectively, and the differences
between the sexes were statistically sig-
nificant (p<0.05). In 13-year-olds, the
level of dimorphism remained similar,
but in adolescence, it reached the highest
values of 0.9, 2.82 and 1.82 for standard
deviations, respectively. The differences
were statistically significant (p<0.001). In
adults, the level of dimorphism decreased,
reaching the lowest values in the latter
age group. Importantly, both in the 32—
34- and 50-year-olds, the men had higher
levels of subscapular and abdominal fat.
Statistically significant differences were
found in triceps (p<0.001) and abdominal
skinfold thicknesses (p<0.05) in the age
range of 32-34, whereas in 50-year-olds,
these variations were only noted in triceps
skinfold thickness (p<0.001).

Discussion

Analysis of the results from our longitu-
dinal research on body height and mass
revealed that the females were, on aver-
age, lighter, shorter (with the exception of

the average height of girls at age 13) and
slimmer than the males throughout al-
most the entire ontogenetic period under
review. However, the level of dimorphism
in these traits during childhood and the
onset of puberty was not statistically sig-
nificant. Among 17-year-olds (the stage
of puberty completion), sex differences
in body mass, height and BMI became
statistically significant and increased up
until the age of 32-34, when they were
most pronounced. They then decreased
slightly after the next two decades, at the
age of 52.

It is well known that at birth, boys
are approximately 1 cm (approx. 1-2%)
longer and slightly heavier than girls
(Wells, 2007). During childhood, dimor-
phism of body height and mass remain
slight until the onset of puberty. There-
fore, girls are shorter than boys until
about 9 years of age, and then, during the
pubertal period—between 9 and 12 years
of age—they begin to exceed their peers
by approximately 0.1%-0.6%. This is due
to the earlier onset of the pubertal growth
spurt in boys. The height advantage in
boys, leading to a more pronounced lead
in this trait in adulthood, begins at 0.4%
after age 13 and becomes more marked
with each subsequent year. It is most no-
ticeable in early adulthood (19-30 years),
when women are 7.4%-7.6% shorter than
men of the same chronological age. This
height difference decreases once more in
later adulthood. By age 60, women are
only 6.0% shorter than men (Greil &
Lange, 2007). Our results are therefore
consistent with other data. Similar re-
sults were obtained in Germany, where in
cross-sectional research conducted among
children and adults from birth to age 60,
it was shown that the level of height di-
morphism increased until age 30, after
which it began to decrease (Greil & Lange,
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2007). Similarly, in Austrian research
conducted among individuals between 20
and 85 years, it was demonstrated that
the level of height dimorphism was the
highest in the youngest age group, and
began to decrease starting approximately
age 30. Interestingly, in these studies, it
has been demonstrated that the level of
body mass dimorphism increases with
age, but the rate of change in body mass
and height results in a decrease in BMI
dimorphism (Peter et al., 2014).

A slightly varying result was achieved
in a Norwegian cross-sectional study,
conducted among  20-80-year-olds.
These researchers showed that the level
of height dimorphism increased through-
out the analysed period, while the level
of body mass dimorphism decreased
from around the age of 30 (Droyvold et
al., 2006). Contrastingly, in longitudinal
research conducted in the USA, it was
noted that the level of height dimorphism
among individuals above the age of 50 in-
creased with age (Gallowye et al., 1990),
while in research performed in the Neth-
erlands, the opposite phenomenon was
exhibited. It was shown that the level
of height dimorphism increased until ap-
proximately the age of 30, and then be-
gan to slightly decrease (Nooyens et al.,
2008). In a longitudinal study conducted
in Sweden, It has been shown that the
level of body dimorphism in terms of
body massiveness (assessed using BMI)
initially increased until around the age of
30 and then began to decrease (Caman et
al., 2013). Similar results were obtained
in a Norwegian study, which found that
body mass dimorphism in individuals
aged 20-35 did not change, but began to
increase around the age of 35, whereas
the level of body massiveness dimor-
phism slightly decreased (Nooyens et al.,
2008).

Analysing differences in body fat lev-
els and its distribution, we noted that up
until adolescence, the examined girls had
greater body fat under the scapula, on
the triceps and in the abdomen than the
men. The level of body fat dimorphism
increased during the analysed period,
reaching its highest values in adoles-
cence. In adults, the level of dimorphism
decreased with age, reaching the lowest
values in the oldest group. Importantly,
in both the 32-34- and 50-year-olds, men
had greater body fat under the scapula
and in the abdomen (Fig. 3). These re-
sults appear to confirm the observations
of the researchers mentioned earlier.

It is known that body fat decreas-
es in both sexes between the ages of 1
and 6, and then increases more rapidly
in girls and to a lesser extent, in boys.
During puberty, an even greater contrast
in the pattern of body mass gain is evi-
dent between girls and boys. In this pe-
riod, girls experience primarily increased
body fat, with a slight increase in lean
mass, while for boys, the opposite phe-
nomenon is observed. These differences
are primarily due to steroid hormone
levels. In adults, women exhibit greater
lower limb fat than men, with similar
levels of upper limb and trunk fat (Wells,
2007). Therefore, in our study, we found
that the level of dimorphism in body fat
began to decrease after puberty. The in-
crease in abdominal fat in males is also
consistent with the observations of other
authors. In research conducted in the
Netherlands, it was shown that males
accumulate abdominal fat after puberty
(Seidell et al., 1988). Similar results were
obtained in Japan, where researchers
demonstrated that post-pubertal men ac-
cumulate abdominal fat 2.5 times more
intensely than pre-menopausal women.
Visceral fat accumulation in women
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increases only at the onset of menopause
(Kotani et al., 1994). In our study, the
increased abdominal fat in the men may
have been due to the fact that the exam-
ined women were just entering the phase
of menopause.

In our research, we used arm strength
measurements to analyse ontogenetic
changes in physical fitness among males
and females in terms of sex differences
(this measurement is considered one of
the best biomarkers (predictors) related to
the aging process with regard to the mus-
culoskeletal system (Rezaei, 2024). We
noted that the males had greater strength
in their stronger arm than the females.
The differences between the sexes were
smallest in the youngest age group, in-
creasing with age up to 32-34 years. In
the oldest participants, these differences
slightly decreased (Fig. 1). Similar results
were achieved in the USA for research
carried out among adults aged 18-85. It
was demonstrated that men dominated
in this trait throughout the analysed pe-
riod, and the strength of both the domi-
nant and non-dominant arms decreased
with age. However, sex differences re-
mained similar until age 70, and their
reduction was observed later than in our
study, around the age 75 (Wang, 2018).
In the case of research conducted in the
UK, it was also observed that both men
and women had similar arm strength un-
til puberty. After this period, the strength
in men increased more rapidly, reaching
its peak between the ages of 29 and 39. In
women, the increase in arm strength was
less rapid after puberty, reaching its peak
between the ages of 26 and 42. In sub-
sequent years, arm strength in women
and men, as well as the sex-related dif-
ferences, decreased (Dodds, 2014). This
declining dissimilarity may be related to
the fact that the aging process of mus-

cle tissue, which results in a decrease in
muscle mass and, consequently, muscle
strength, begins—on average—around
the age of 45 (Janssen, 2000). However,
the process of muscle strength loss is
greater in men than in women (men lose
more muscle strength than the latter)
(Goodpaster et al., 2006).

However, our observations regarding
the level of sexual dimorphism meas-
ured using another criterion of physical
fitness—explosive lower limb strength—
showed that its level increased with age,
reaching its highest level (Fig. 1) in young
people, i.e., at the age of 17, after girls
had completed puberty and before boys
had finished growing in height.

Similar results were obtained in
Spain, where the influence of selected
factors (e.g. sex, age, level of physical
activity) was analysed on the standing
long jump distance. The study results
indicated that sex played a significant
role in differentiating this characteristic,
which is likely due to differences in body
composition (lean body mass content),
muscle strength and neuromuscular as
well as glycolytic efficiency (Mayhew et
al., 1990). It is probable that age has sig-
nificant impact on standing long jump
distance in children, as their central ner-
vous system is maturing, which may play
a role in muscle strength. Anthropomet-
ric factors (i.e. body height and mass) and
kinematic variables may also significant-
ly influence performance of fitness tests
in children (Fernandez-Santos et al.,
2017). However, in adults, cognitive de-
cline appears to take time to manifest it-
self in changes related to physical perfor-
mance (i.e. slower movements or reduced
strength due to the natural aging process)
(Grosprétre et al., 2018; Marin-Jimenez
et al., 2024). Our study results seem to
confirm these relationships and show
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that age-related changes in physical fit-
ness dimorphism are similar to changes
in overall body composition (body height,
mass and their proportions — BMI), as
well as shoulder width and upper arm
circumference. Although there is greater
trunk fat in adulthood (32-34 years) and
in old age (50-52 years), males still clear-
ly dominate the results of fitness tests.

Undoubtedly, the study has a few lim-
itations. Its drawbacks include the small
sample size and the restricted number of
analysed anthropometric characteristics.
The influence of socio-economic factors
on dimorphism was also not taken into
account, because the population came
from areas with standard housing condi-
tions, school facilities, and relatively ho-
mogeneous living conditions, presenting
a certain population model characteris-
tic of larger industrial centers in Poland
(Bochenska and Chrzanowska, 1993). Its
advantage, however, is that it is a longi-
tudinal study conducted annually from
age 6 and 8 to age to 18, then at age 30—
32 and later, at 50-52 years of age.

Conclusions

Based on the conducted research and the

assessment of sexual dimorphism in in-

dividuals aged 8, 13, 17, 32-34 and 50-

52, it can be concluded that:

1. Sexual dimorphism increased during
development, reaching its highest level
at the end of adolescence, particularly
in terms of traits related to the differ-
ently developed fat and muscle distri-
bution in both sexes.

2. Final dimorphism, however, devel-
ops later (as confirmed by our studies
of people aged 32-34) and concerns
bone characteristics (body height,
shoulder width), relative body mass
and circumferences.

3. In adulthood, at the threshold of ag-
ing (approximately at the age of 50),
a significant reduction in the de-
gree of sexual dimorphism is noted,
which results from the nature of
involutional changes that differ be-
tween the sexes.
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Abstract

BACKGROUND

The atlas (C1) vertebra joins the cervical column to the cranial base and differs anatomically from other
cervical vertebrae. Skeletal analysis may provide the only way to assess biological sex and age in poorly
preserved and decomposed remains to estimate their biological profile. It is thus essential that methods are
devised that allow such estimates from a wide range of bones.

Amm
This study applies Cone Beam Computed Tomography (CBCT) to evaluate whether the C1 vertebrae can
be used in estimating age and sex.

MATERIALS AND METHODS

CBCT of 61 male and 61 female subjects from South India with an age range of 20-60 years were included
in the study, and C1 vertebrae were measured using axial and coronal sections. Data were analysed to gen-
erate an equation to predict age according to independent variables using linear regression, while discrimi-
nant analysis was used to derive an equation that classifies the values into either biological sex.

REsurrs

Male subjects showed higher maximum anteroposterior diameter, maximum transverse diameter, and the
distance between the base of the skull and the anterior tubercle than females (p=0.001). The highest
standard error for males was observed in the maximum anteroposterior diameter. The base of the skull to
the anterior tubercle had the highest standard error among female subjects. The base of skull to posterior
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tubercle had the lowest standard error for males, while the angulation from the transverse to the ante-
rior tubercle had the least standard error for females. The accuracy of sex classification was 89.3%. How-
ever, parameters did not demonstrate sufficient reliability for age estimation.

CONCLUSION

The presented parameters may be used for sex determination in forensic identification and other medico-legal
practices. In contrast, these parameters are not reliable for age estimation in our sample.

Keyworps: forensic identification, forensic anthropology, morphometrics, vertebral morphology

Introduction

When examining unidentified skeletal re-
mains, sex and age estimation are crucial
components of constructing a biological
profile. According to studies on sex predic-
tion, the skull and pelvic bones have a high
accuracy rate (Sertel-Meyvaci et al. 2024).
Yet, due to a range of circumstances in
the burial site or other occurrences, like
disarticulation, scattering, and commin-
gling, skeletal remains discovered in
archaeological or forensic contexts are
frequently damaged or lacking. The de-
velopment of techniques that enable the
determination of sex and age from a vari-
ety of skeletal components is crucial, es-
peciallywhen dental elements are missing
in the exhumed or decomposed remains
(Marlow & Pastor, 2011). While major
bones (such as the skull, pelvis, femur)
are frequently recovered at crime scenes,
where the vertebrae are also discovered,
they may have potential in biological pro-
file reconstruction (Sertel-Meyvaci et al.,
2024; Singla et al., 2015). In many situa-
tions, including mass disasters, vertebrae
are often best-preserved skeletal bones
(Hora & Sladek, 2018). The atlanto-oc-
cipital joint, where the occipital bone ar-
ticulates with the first cervical vertebra,
the atlas (C1), permits head motions. Be-
cause of its unique shape, it may be easily
identified from the other vertebrae. Since
vertebral dimension measurements are
thought to be some of the most accurate
indicators of sex, following pelvic meas-

urements (Hora & Slddek, 2018), in this
study we focus on the C1 atlas.

With the advent of 3D Cone Beam
Computed Tomography (CBCT) imaging,
concomitant high-resolution images al-
low accurate and reproducible analysis of
the morphometric parameter of skeletal
structures overcoming the limitations of
2D imaging, along with true 1:1 anatomic
representation and economical advantage
when compared to Computed Tomogra-
phy (CT) and/or 2D imaging (MacDonald
& Telyakova, 2024). The C1 atlas verte-
brae can be clearly visualised in a 3D full
Field of View (FOV) maxillofacial CBCT
scans (Oliveira, 2025), which are the ima-
ging mode in our study. The aim is to ana-
lyse whether CBCT scans of C1 vertebrae
can be useful in age and sex estimation,
especially in forensic contexts.

Materials and methods

Ethics clearance for this study was ob-
tained from the AB Shetty Memorial In-
stitute of Dental Sciences Institutional
Ethics Committee (Ref. No. ETHICS/
ABSMIDS/594/2025). Full CBCT FOV
images spanning the period of April 2024
to April 2025 were obtained from the ar-
chives of the Department of Oral Medi-
cine and Radiology at our institution.
The Department of Oral Medicine and
Radiology uses the CBCT unit Planmeca
Promax 3D Mid variant. Images for 122
subjects were obtained and categorised
into two groups: 61 males (mean age
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36.1 = 13.7 years) and 61 females (mean
age 35.4 = 12.9 years), constituting age
ranging from 20 to 60 years. All these
subjects met the inclusion criteria: i.e.
having full FOV images and falling in the
20-60 years age range. Patients with his-
tory of mandibular fractures, and scans
with errors, metal artifacts, and/or other
pathology were excluded from the study.
Planmeca Promax 3D Mid software was
used to view the CBCT images.
Measurements of the atlas and from
the base of the skull were taken using the
axial and coronal sections in the CBCT
images (Table 1; Figures 1-2). The distance
in millimetres between the axial sections
for the parameter AB represents the max-
imum transverse width of the atlas verte-
bra and CD represents the maximum an-

teroposterior width of the atlas vertebra.
Subsequently, the distance in millimetres
in the coronal section the parameter DF
represents the vertical distance from the
anterior tubercle to the base of the skull
and CE represents the vertical distance
from the posterior tubercle to the base of
the skull. Also angle ACB and angle ADB
were measured.

The data were analysed using SPSS
for Windows v. 26.0, IBM Corp., Ar-
monk, NY. Sexes were compared using
discriminant analysis. Linear regres-
sion was used to generate the equation
predicting age according to independent
variables. An equation classifying values
into either sex was obtained using discri-
minant analysis. p < 0.05 was the level of
statistical significance.

Table 1. Description of the atlas measurement landmarks. See Figures 1 and 2 for illustration of the meas-

urements.
SL NO Landmark Description
1. Landmark A The most lateral point of the right transverse processes
2 Landmark B The most lateral point of the left transverse processes
3 Landmark C  Most anterior point on the anterior tubercle
4. Landmark D Most posterior point on the posterior tubercle
5 Landmark E  Base of the skull-anterior in line with C
6 Landmark F Base of the skull-posterior in line with D

Figure 1. Image of the atlas with landmarks used for measurements. AB: Maximum transverse width,

CD: Maximum anteroposterior width in mm, Angle ACB, and Angle ADB. See Table 1 for anatomical

definitions of the landmarks.
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Figure 2. Composite image of the atlas (a-b) and the base of the skull (c-d) with landmarks used for measure-
ments in this study. DF: Anterior tubercle to base of skull, CE: Posterior tubercle to base of skull. The DF
and CE measurements shown are in mm. See Table 1 for anatomical definitions of the landmarks.

Results

Sex comparison
When comparing the sexes, for morpho-
metric measurements in millimetres
(mm) scale, the male participants demon-
strated significantly higher values for
maximum anteroposterior diameter (40.5
+ 2.7 mm vs. females 36.8 = 3.9 mm;

p = 0.001), maximum transverse diam-
eter (75.7 £ 4.5 mm vs. females 67.3
+ 4.1 mm; p = 0.001), and distance
from the base of the skull to the anteri-
or tubercle (median 11.6 mm vs. females
10.5 mm; p = 0.001) than the female
participants. Other anatomic parameters
were found to be comparable between
males and females (Table 2; Figure 3).

Table 2. Comparison of mean scores of different anatomic parameters of the atlas according to sex.

Parameter Males Females p value
Maximum AP Diameter (CD); mean + sd 40.5 = 2.7 36.8 + 3.9 p =0.001*
Maximum transverse diameter (AB); 757 + 4.5 673 + 4.1 p=0001"
mean + sd
Angulation from transverse to posterior _
tubercle (ACB); mean =+ sd 108.05 = 7.4 1062 =8 p =019
Angulation from transverse to anterior 1421 (136-146.3)  142.4 (139.6-149.1)  p = 0.09

tubercle (ADB); median (IQR)
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Parameter Males Females p value
Base of skull to anterior tubercle (DF); _ t
modian [1QF) 11.6 (10.2-13.9) 10.5(8.2-11.9)  p = 0.001
Base of skull to posterior tubercle (CE); 17.6 (15.2-21.2) 16 (13.6-19.8) p =006

median (IQR)

sd - standard deviation; *statistically significant using unpaired t-test and tMann-Whitney U test, p<0.05

statistically significant

Measurements of atlas

40.5
Maximum AP Diameter (A) 36.8
75(7
Maximum transverse diameter (B) 57.3

108.05
106.2

Angulation from transverse to posterior tubercle (C)

41.2

Angulation from transverse to anterior tubercle (D) 143.7

12.2
10.3

Base of skull to anterior tubercle (E)

20.9

Base of skull to posterior tubercle (F) 17.04

o

20 40 60 80 100 120 140 160

HMales ®Females

Figure 3. Graph illustrating mean scores of the different anatomical parameters of the atlas according to sex.

Age estimation ror of 0.08 was observed in the base of the

In age estimation, p=0.63 indicated that
the model with the parameters used in
the regression analysis was not a good
predictor of age. Only 3.6% of the vari-
ance was explained by the model, which
is low (Table 3). The lowest standard er-

skull to posterior tubercle, and the vari-
able with the highest standard error was
the maximum anteroposterior diameter.
It was found that none of the variables
in the present model had any significant
impact in the prediction of age.

Table 3. Coefficient of dependent variables between residuals and regression with model summary.

SS;?;IZZ df Mean Square F p value R R? SEE
Regression 779.35 6 129.8 0.726 p=0.63
Residuals 20576.6 115 178.9 NS 0.191  0.036 13.3
Total 21356 121

NS - not significant, SEE — Standard Error of the Estimate



90

Thounaojam Sushma Devi, Kumuda Rao, Vidya Ajila, Bidisha Mullick

The equation derived for overall age
estimation was as below:

Age (overall) = 102.77 — 0.828 x max.
anteroposterior width (CD) + 0.33 x
maximum transverse width (AB) - 0.144
x angulation from transverse to posterior
tubercle (ACB) — 0.286 x angulation from
transverse to anterior tubercle (ADB) -
0.08 x base of skull to anterior tubercle
(DF) — 0.065 x base of the skull to poste-
rior tubercle (CE).

The difference between actual age and
predicted age by the equation (standard
error of estimate, SEE), was 13.3 years
(Table 3). A p=0.3 (males) and p=0.5

(females) indicated that the model with
the variables used in the regression anal-
ysis was not a good predictor of age. Only
10% and 9.1% of the variance was ex-
plained by the model for males and fe-
males, which was very low (Table 4). Base
of skull to posterior tubercle had the low-
est SEE for males, while the angulation
from the transverse to the anterior tuber-
cle had the lowest SEE for females. The
highest SEE for males was observed in
the maximum anteroposterior diameter,
while the base of the skull to the anterior
tubercle had the highest SEE among fe-
male participants (Table 5).

Table 4. Coefficient of dependent variables between residuals and regression with model summary for males

and females.

umol A oM F pwlke R R SEE
Males Regression 1192.1 6 198.6 1.06 p=03 0.32 0.1 13.6
Residuals 10106.1 54 187.1
Total 11298.3 60
Females  Regression 916.5 6 152.7 0903 p=0.5 0.302 0.091 13
Residuals 9137.8 54 169.2
Total 10054.3 60
SEE — Standard Error of the Estimate
Table 5. Regression coefficient for variables used in the model.
B SEE t p value
Constant 102.77 67.87 1.5 p=0.133
Maximum AP Diameter (CD) -0.828  0.607 -1.3 p=0.17
Maximum transverse diameter (AB) 0.33 0.35 0.92 p=0.35
Angulation from transverse to posterior tubercle (ACB)  -0.144 0.3 -0.4 p=0.64
Angulation from transverse to anterior tubercle (ADB) -0.286 0.2 -1.1 p=0.24
Base of skull to anterior tubercle (DF) -0.08 0.4 -0.17 p=0.8
Base of skull to posterior tubercle (CE) -0.065 0.08 -0.8 p=0.4

SEE — Standard Error of the Estimate
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Table 6 lists coefficients for variables
used in the regression model for age esti-
mation, which was as follows:

Age (Males) = 231.06 - 1.49 (CD) +
0.75 (AB) - 0.58 (ACB) - 0.83 (ADB) —
0.8 (DF) - 0.053 (CE]

Age (Females) = 71.34 — 0.968 (CD)
+ 0.065 (AB) - 0.073 (ACB) - 0.061
(ADB) + 1.0 (DF) +0.112 (CE)

The SEE was 13.6 years. The observed
difference between actual and predicted
age (~13 years) is consistent with this
expected level of error.

Table 6. Regression coefficient for variables used in the model.

B SEE t p value

Males Constant 231.06 172.5 1.3 p=0.18
Maximum AP Diameter (CD) -1.49 1.5 -09 p=0.33
Maximum transverse diameter (AB) 0.75 0.79 094 p=0.34
Angulation from transverse to posterior tubercle (ACB)  -0.58 0.77 -0.74 p=0.45
Angulation from transverse to anterior tubercle (ADB)  -0.83 0.57 -1.44 p=0.15

Base of skull to anterior tubercle (DF) -0.8 0.65 -1.2 p=0.21
Base of skull to posterior tubercle (CE) -0.053  0.08 -0.6 p=0.54
Females Constant 71.34  76.2 093 p=0.35
Maximum AP Diameter (CD) -0.968  0.66 -14 p=0.14
Maximum transverse diameter (AB) 0.065 0.5 0.12 p=0.9
Angulation from transverse to posterior tubercle (ACB) -0.073 0.3 -0.21 p=20.83
Angulation from transverse to anterior tubercle (ADB) -0.061 0.2 -021 p=0.38

Base of skull to anterior tubercle (DF) 1.006 0.7 1.2 p=0.2

Base of skull to posterior tubercle (CE) 0.112 0.3 0.33 p=0.7

Sex estimation

To compute the overall classification ac-
curacy for sex estimation, 56 of the 61
male individuals and 53 of the 61 female
subjects were correctly classified. Conse-
quently, in total, 109 out of 122 patients
were accurately classified. Hence, 89.3%
of the participants were accurately classi-
fied by the discriminant function based
on their sex as below:

Total accuracy = (56 men + 53 fe-
males) / 122 total cases = 109 / 122 =
0.8934 (89.34%).

For sexual dimorphism, the eigen-
value of 1.183 in the present analysis
suggested that this function was effec-
tive in classifying values based on sex.

In addition, a canonical correlation of
0.736 suggested that the canonical vari-
ates were effective in classifying values
in groups (males and females). A Wilk’s
Lambda of 0.458 indicated that the dis-
criminant explained a moderate propor-
tion of variance and was moderately ef-
fective in classifying values (Table 7).

The discriminant functions at group
centroids for sex estimation were -1.079
for females and 1.079 for males. A di-
scriminant score less than 0 classifies
the values as females, and a discriminant
score more than O classifies the values
as males (eigenvalue = 1.183, correla-
tion = 0.736, Wilks’ Lambda = 0.458,
p=0.001).
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Table 7. Discriminant analysis for the prediction of sex

Variables Coefficients Wilki's Constant
Lambda
Maximum AP Diameter (CD) 0.057
Maximum transverse diameter (AB) 0.218
Angulation from transverse to posterior tubercle (ACB) -0.043
0.458 -13.289
Angulation from transverse to anterior tubercle (ADB) -0.007
Base of skull to anterior tubercle (DF) 0.084
Base of skull to posterior tubercle (CE) 0.007

The canonical functional discrimi-
nant equation was (Table 7):

Sex = 0.057 (CD) + 0.218 [(AB] -
0.043 (ACB) - 0.007 (ADB) + 0.084 (DF)
-0.007 (CE) - 13.29.

The classification accuracy of males
(n=61) was: predicated males 56 (91.8%),
predicated females 5 (8.2%). For females
(n=61), predicated males were 8 (13.1%),
while predicated females were classified
in 53 cases (86.9%).

Discussion

The C1 vertebra is situated in a crucial re-
gion near the medulla oblongata’s essen-
tial centres. It does not have a centrum,
or vertebral body. With a longer posterior
arch and a short anterior arch connecting
them in the front, the vertebral arch has
changed to create a thick lateral mass on
each side. The lower articular surface is
rounded or oval and almost flat, whereas
the upper is kidney-shaped and concave
(Thakur et al., 2022). The atlantal ring is
formed by the superior and lateral mass-
es on each side, as well as the anterior
and posterior arches of the atlas. Three-
fifths of the atlantal ring's circumference
is made up of the posterior arch. A broad
groove for the vertebral artery and venous
plexus is located directly beneath the su-
perior surface of the posterior arch. The

ligamentum flava attaches to the inferior
border, while the posterior atlanto-occip-
ital membrane attaches to the superior
border. A simple spinous process that has
been roughened to accommodate Iiga-
mentum nuchae attachment is the poste-
rior tubercle (Muralimohan et al., 2009).
The present study describes CBCT-de-
rived morphometric parameters of the
C1 vertebra to develop discriminant and
regression functions for sex and age esti-
mation in an adult population aged 20—
60 years, which can be used in forensic
anthropology. In our study, maximum
anteroposterior diameter, maximum
transverse diameter, and distance from
base of skull to anterior tubercle were sig-
nificantly larger in males. The discrimi-
nant function had high accuracy (canoni-
cal correlation = 0.736, Wilks’ Lambda =
0.458, group centroids =1.079), whereas
the age prediction model explained very
little variance (~3.6 % overall), with large
standard errors (~13 years) and were not
statistically significant. In this study, in
the linear dimensions (parameters AB,
CD, and DF) there were notable sex dif-
ferences, with males consistently having
greater measurements than females. Al-
though total size varied by sex, structural
orientation and relative angulation were
constant, as evidenced by the lack of
significant differences in angular meas-
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urements (ACB and ADB) and posterior
distance (CE). These results demonstrate
sexual dimorphism in several C1 verte-
bral morphometric parameters, which
most likely reflects variations in male
and female skeletal development and bio-
mechanical adaptation.

In a previous study by Marino et al.
(1995), examining 100 dry atlases, sex
determination was examined using dis-
criminant function analysis and it could
be made with 77-85%. Similarly, we
analysed 122 C1 vertebrae for the esti-
mation age and sex, showing that sam-
ple size >100 is needed for successful
sex estimation. In a study by Padovan
et al. (2020), atlas measurements sug-
gested sexual dimorphism, with logistic
regression based on two measurements
achieving 81% success in a Brazilian
population. Sertel-Meyvaci et al. (2024)
examined 22 CBCT atlas parameters in
290 individuals of Turkish population
and achieved sex classification accuracies
in the range of 82-91 %. They also found
most dimensions significantly larger in
males (Sertel-Meyvaci et al. 2024).

Our study was performed on a South
Indian population, and we found that the
cross-validated classification accuracy
for sex was 89.3%. Our study values also
depicted increased mean values for male
subjects in parameters AB, CD, and DFE
The systematic review by Rohmani et al.
(2021) showed that vertebrae (especial-
ly cervical vertebrae including atlas and
axis) tend to display measurable sexual
dimorphism, though prediction accuracy
varies across populations, vertebral lev-
els and measurement types. In a study
conducted by Poodendan et al. (2023),
the C1 vertebrae of identified skeletons
(n=104, males [n, 54], females [n, 50])
accurately predicted sex, which our find-
ings also confirm. Future research should

be aimed to validate our model using
a larger, independent sample from the
same population to improve reliability
and forensic applicability. Hence, it may
be derived from this research that these
C1 measurements may be applied only
in sex estimation for forensic utility.

The results of the regression models
for age prediction performed poorly in our
study. The C1 morphometric characteris-
tics only described a very small percentage
of the age variance, according to the coeffi-
cient of determination (R* = 3.6%). More
significantly, SEE of 13 years is above per-
missible limits for forensic age assessment
as the difference is incredibly high. This
kind of inaccuracy renders the derived
equations impractical and untrustworthy
for use in real time forensic applications.
This implies that the specific C1 morpho-
metric characteristics employed in this
study are not appropriate predictors for
determining an adult’s chronological age.
It is suggested that further research may
be focused on population specific studies
with larger sample size to attain a strong
formula in support of these parameters for
age estimation.

Conclusion

Accurate sex estimation is imperative for
successful forensic identification, and the
unique features of the atlas bone make
it advantageous in sex estimation. Our
findings demonstrated that the meas-
urements of the maximum anteroposte-
rior diameter, the maximum transverse
diameter, and the distance between the
base of the skull and the anterior tuber-
cle were significantly higher among male
participants when compared to female
participants. Therefore, the current
model (equation) accurately classified
values into males and females.
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However, the attempts to estimate
chronological age from the same mor-
phometric variables proved weak and
unreliable. Thus, in forensic/archaeolog-
ical contexts, atlas metrics may be valid
for sex estimation when better bones are
not available, but they should be supple-
mented by data for age estimation sup-
ported by research on a larger popula-
tion-specific sample size.
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