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Abstract 

Background Despite well-characterised effects of smoking and alco- 
hol on bone health in older adults, evidence remains limited regard- 
ing their impact on bone quality during peak bone mass acquisition 
in young adults (18–30 years). 
Objectives Analysing the relationship between bone quality, alcohol 
consumption and smoking, considering physical activity (PA) and 
body composition. 
Sample and methods The sample consisted of 1001 Slovak men and 
women aged 18–30 years (mean age, 22±2.35 years). Bone quality 
was measured using a quantitative ultrasound device (Sunlight Min- 
iOmni™), which yielded Z-score data. Body composition variables, 
including skeletal muscle mass (SMM; kg) and per cent body fat 
(PBF; %), were assessed using a bioimpedance analyser (InBody 
770). Additional behavioural factors, including alcohol consump- 
tion, smoking and PA, were collected using the WHO STEPS 2014 
questionnaire. 
Results In the regression analysis, duration of alcohol consumption 
positively predicted bone quality Z-scores (standardised 𝛽 = 0.172, 
95% CI [0.03, 0.10], 𝑝 < 0.001), while cigarette smoking quantity 
was negatively associated (standardised 𝛽 = −0.113, 95% CI [−0.01, 
−0.00], 𝑝 = 0.042). The SNHA confirmed the findings of the previ- 
ous analysis concerning alcohol (𝑟 = 0.19). Conversely, for smoking 
(𝑟 = 0.23), it identified an inverse relationship, noting a positive ef- 
fect on bone health, a finding likely mediated by the association with 
alcohol consumption. 
Conclusion Lifestyle risk factors, including smoking and alcohol con- 
sumption, are associated with bone tissue quality in young adults; 
however, due to the mixed results available in the literature and in 
our study, future studies are required. 

Take-home message for students Alcohol consumption and smoking influence bone tissue in young 
adults. Although smoking and high alcohol consumption are linked to lower bone density, no direct 
causal relationship has been found. Recognising these factors early may help guide strategies for pre- 
venting future bone health issues. Further research on the effects of alcohol and smoking is needed. 
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Abbreviations 

AC Alcohol consumers 
BMD Bone mineral density 
BMI Body mass index 
Cmax Peak blood alcohol concentration 
DAG Directed acyclic graph 
DBP Diastolic blood pressure 
FDR False discovery rate 
NESARC National Epidemiologic Survey on Alco- 
hol and Related Conditions 
OPG Osteoprotegerin 
PA Physical activity 
PBF Per cent body fat 
QUS Quantitative ultrasound 
RANKL Receptor activator of nuclear factor- 
kappa B ligand 
SBP Systolic blood pressure 
SMM Skeletal muscle mass 
SNHA St. Nicolas House Analysis 
SOS speed of sound 
WHO World Health Organisation 
WHR Waist-to-hip ratio 
WHtR Waist-to-height ratio 
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Introduction 

Alcohol and smoking prevalence in 

young adults 

Several significant trends and associations 
are found on the prevalence of alcohol 

consumption and smoking among young 
adults; moreover, these behaviours are 
prevalent in this demographic and often 
occur concomitantly. According to a study 
utilising data from the National Epidemio- 
logic Survey on Alcohol and Related Con- 
ditions (NESARC), approximately 25% of 
young adults (aged 18–25) are current 
smokers, with 7% engaging in non-daily 
smoking. In the same group, 71% were 
current consumers, 39% reported binge- 
drinking at least once a month and 41% 
met the criteria for hazardous alcohol con- 
sumption, with 18% having alcohol use 
disorders. This study underscores a strong 
association between smoking status and 
alcohol use patterns, with daily smokers 
exhibiting more pronounced alcohol use 
behaviours than non-daily smokers or non- 
smokers (Harrison et al. 2008). More recent 
surveillance data indicate that the preva- 
lence of smoking and alcohol consumption 
remains substantial across Europe and in 
specific regional populations. According 
to the European Health Interview Survey, 
approximately 18.4% of adults in the Eu- 
ropean Union reported smoking cigarettes 
regularly, with prevalence rates varying 
between countries (Eurostat 2024). Simi- 
larly, data from the European Union drugs 
agency highlight that around 76.1% of 
young adults (15–34 years) in European 
countries have consumed alcohol at least 
once in the past year, with notable regional 
differences (EUDA 2025). These contem- 
porary data underscore the relevance of 
lifestyle factors such as smoking and alco- 
hol consumption in this population. 

Alcohol and bone tissue 

Alcohol consumption has complex effects 
on human bone tissue, with outcomes 
dependent on the level and pattern of 
consumption, frequency and personal 
characteristics. Heavy and chronic alco- 
hol consumption is detrimental to bone 
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health, primarily by suppressing osteoblast 
differentiation and activity, increasing ox- 
idative stress within bone cells and dis- 
rupting endocrine signalling pathways 
critical for bone remodelling, such as 
alterations in parathyroid hormone, vi- 
tamin D metabolism and sex hormones 
(Chakkalakal 2006; Maurel et al. 2012). 
These mechanisms reduce bone formation, 
increase bone resorption and compromise 
bone strength, ultimately leading to os- 
teopenia, osteoporosis and an increased 
risk of fractures. Additionally, alcohol con- 
sumption during critical periods of bone 
development, such as adolescence, can 
significantly hinder bone growth and de- 
velopment, resulting in decreased peak 
bone mass and density in both cortical and 
cancellous bones (Sampson et al. 1996). 
In adults, heavy alcohol use is known 
to induce secondary osteoporosis due to 
an imbalance in bone remodelling pro- 
cesses, characterised by suppressed bone 
formation and increased bone resorption 
(Mikosch 2014). 
Conversely, light-to-moderate alcohol con- 
sumption may have a protective effect on 
bone health by modulating bone turnover 
markers, favouring increased osteocalcin 
and reduced resorption markers, which 
can help maintain bone mass, particu- 
larly in postmenopausal women and older 
adults. These beneficial effects are hypoth- 
esised to involve favourable hormonal bal- 
ances and anti-inflammatory pathways. 
Importantly, the impact of alcohol on bone 
tissue strongly varies by dose, drinking 
pattern (e.g., binge versus regular mod- 
erate intake) and age and health status, 
underscoring the need for nuanced inter- 
pretation of observational findings (Gad- 
dini et al. 2016). Overall, while moderate 
alcohol consumption may offer some ben- 
efits to bone health, particularly in specific 
populations, heavy and chronic alcohol 
consumption is a significant risk factor for 
bone-related diseases because of its multi- 

faceted adverse effects on bone metabolism 
and structure (Broulík et al. 2010; Cho et al. 
2018). 

Smoking and bone tissue 

Smoking has a significant and deleterious 
impact on human bone tissue, influencing 
bone health through various mechanisms. 
Tobacco smoke increases oxidative stress, 
inducing apoptosis of osteoblasts and im- 
pairing collagen synthesis, which results 
in a defective bone matrix and reduced 
bone quality (Al-Bashaireh et al. 2018). 
Smoking alters endocrine regulation by 
disrupting the parathyroid hormone-vita- 
min D axis and lowering circulating sex 
hormones, such as estrogen and testos- 
terone, both of which are essential for 
maintaining a balance in bone remodelling. 
It also dysregulates the receptor activator 
of nuclear factor-kappa B ligand/osteopro- 
tegerin (RANKL-RANK-OPG) pathway, 
increasing osteoclastogenesis and bone 
resorption (Al-Bashaireh et al. 2018). The 
effect of smoking on BMD has been well 
documented. Smokers generally exhibit 
reduced BMD compared to non-smokers, 
which translates to a higher risk of frac- 
tures, particularly in the hip and spine. 
This risk is dose-dependent and demon- 
strably higher in current smokers than 
in former smokers and non-smokers, em- 
phasising the benefits of smoking cessa- 
tion for bone health (Ward and Klesges 
2001; Yoon et al. 2012). Cigarette smoking 
also exacerbates the risk of perioperative 
complications, such as nonunion, delayed 
union of fractures, infection and soft tissue 
complications. Brief preoperative smok- 
ing cessation can mitigate these risks to 
some extent, underscoring the importance 
of addressing smoking habits in medical 
and surgical settings (Lee et al. 2013). De- 
spite the significant challenges posed by 
smoking on bone health, evidence in the 
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literature suggests that the adverse effects 
of smoking are partly reversible. Smok- 
ing cessation can improve bone mass and 
reduce fracture risk, thereby offering a crit- 
ical intervention strategy for mitigating the 
harmful effects of smoking on bone tissue 
(Al-Bashaireh et al. 2018; Yoon et al. 2012; 
Ward and Klesges 2001). These findings 
highlight the importance of incorporating 
smoking cessation strategies into public 
health efforts to improve bone health and 
prevent smoking-induced bone metabolic 
disorders (Weng et al. 2022). 

Other lifestyle factors and bone tissue 

In addition to smoking and alcohol, other 
lifestyle and physiological factors influence 
bone quality in young adults. Elevated 
blood pressure has been associated with 
altered bone remodelling and increased 
risk of bone fragility through mechanisms 
involving vascular and metabolic dysfunc- 
tion (Hennen et al. 2025). Body compo- 
sition parameters, notably fat mass and 
muscle mass, correlate with bone min- 
eral density and structural bone integrity, 
reflecting the interaction of adiposity, mus- 
cle function and skeletal health (Geraldi 
et al. 2025; Tajaldeen et al. 2022). Physical 
activity is a critical modulator of bone mass 
acquisition and maintenance, enhancing 
bone strength via mechanical loading and 
biochemical signalling during early adult- 
hood (Zhang et al. 2024). Moreover, despite 
extensive research on bone health in older 
adults, early adulthood remains notably 
underexplored, representing a critical gap 
in the literature. This age range, includ- 
ing typical university years, is crucial for 
achieving peak bone mass, which substan- 
tially influences lifelong skeletal health 
and fracture risk (Baxter-Jones et al. 2011; 
Dei and Succu 2024). In addition, univer- 
sity populations provide a unique setting to 
study lifestyle factors such as smoking and 

alcohol consumption, which often begin or 
intensify during this transitional phase, po- 
tentially impacting bone mass acquisition. 
Therefore, the primary research question 
of this study is to investigate whether smok- 
ing and alcohol consumption, considering 
both quantity and duration, are associated 
with bone quality, as measured by radial 
quantitative ultrasound (QUS) Z-scores, in 
young adults. We hypothesise that higher 
smoking and alcohol use will be nega- 
tively associated with QUS Z-scores after 
adjusting for body composition and phys- 
ical activity. This study aims to elucidate 
the complex relationships among these 
lifestyle factors and bone health during 
early adulthood, an understudied and criti- 
cal period for peak bone mass acquisition. 

Sample and methods 

Sample 

A sample of 1001 young Slovaks (303 men, 
698 women), all aged 18 to 30 (22±2.35) 
years, was studied. The participants were 
primarily university students recruited 
through a non-random volunteer and con- 
venience sampling procedure at the labo- 
ratory of the Department of Anthropology 
at Comenius University in Bratislava. The 
Ethics Committee of Comenius University 
Bratislava (protocol number ECH19021) 
approved the sample collection and ana- 
lyses. Written informed consent was ob- 
tained from all participants in accordance 
with the Declaration of Helsinki, as amend- 
ed in October 2013, after they were in- 
formed about the procedures used in the 
experiments. The only exclusion criterion 
applied was age; no other inclusion or ex- 
clusion criteria were applied. 
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Anthropometric analysis and blood 

pressure measurement 

Trained anthropologists collected anthro- 
pometric data using internationally recog- 
nised methods (Lohman et al. 1988). Height 
was measured precisely to the nearest 
0.5cm using a Siber and Hegner anthro- 
pometer. The InBody 770’s integrated 
weight scale accurately recorded body 
weight with a precision of 0.1kg. A tape 
measure (Seca, Hamburg, Germany) was 
used to record their hip and waist measure- 
ments. To determine the body mass index 
(BMI), the weight in kilograms was divided 
by the square of the height in meters. The 
waist-to-hip ratio (WHR) was calculated by 
dividing the waist circumference by the hip 
circumference; for women, a ratio below 
0.84 and for men, below 0.89, is deemed 
ideal (WHO 2000). The waist-to-height 
ratio (WHtR) was calculated by dividing 
the waist circumference by the subject’s 
height; a ratio below 0.5 is generally con- 
sidered ideal for both men and women, 
indicating reduced cardiometabolic risk 
(Gibson and Ashwell 2020). Blood pressure 
and heart rate were assessed in triplicate 
using a digital sphygmomanometer (Om- 
ron M3) and average values were used for 
analysis. 

Body composition analysis 

Body composition, specifically per cent 
body fat (PBF) and Skeletal muscle mass in 
kilograms (SMM), was assessed using the 
InBody 770 analyser (Biospace Co., Repub- 
lic of Korea), which employs segmental 
multifrequency bioelectrical impedance 
analysis. To ensure precise results, mea- 
surements were taken under controlled 
conditions: participants refrained from 
physical activity for eight hours prior, 
avoided significant water and food intake 
for three hours before the test. 

Bone quality measurement 

QUS measurements were performed using 
the Sunlight MiniOmni device at the distal 
radius, with three to five repeated measure- 
ments per participant and daily calibration 
of the device. The measurement was taken 
at the midpoint between the olecranon pro- 
cess of the ulna and the tip of the distal pha- 
lanx of the middle finger, using ultrasound 
gel. The Z-score and speed of sound (SOS; 
m/s) were recorded, with higher readings 
indicating greater bone density. Although 
specific intra-session and inter-rater reli- 
ability statistics for our laboratory were 
not available, similar devices measuring 
at the radius have demonstrated good re- 
peatability and inter-rater reliability, with 
intraclass correlation coefficient values 
close to 0.90 reported in the literature, sup- 
porting the precision and reliability of our 
measurements (Puranda et al. 2025). 
Moreover, QUS and Dual-energy X-ray 
Absorptiometry (DXA) assess related but 
distinct properties of bone tissue. DXA 
directly measures BMD, while QUS evalu- 
ates parameters such as the SOS, which 
reflects both bone density and quality 
attributes. Multiple studies demonstrate 
moderate correlations between QUS and 
DXA measurements, supporting the con- 
vergent validity of QUS (Chanprasertpinyo 
et al. 2023; Natukunda et al. 2025; Swinton 
et al. 2023; Wang et al. 2008); however, dif- 
ferences in sensitivity and specificity indi- 
cate that QUS cannot replace DXA for the 
diagnosis of osteoporosis. Consequently, 
QUS (SOS/Z-score) values should not be 
interpreted as equivalent to DXA BMD and 
this distinction should be considered when 
interpreting our study findings. 

Questionnaire 

Alcohol consumption, smoking and phys- 
ical activity data were collected using the 
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WHO STEPS 2014 questionnaire (version 
3.2), translated into Slovak and admin- 
istered by trained personnel under stan- 
dardised conditions (WHO 2014). In this 
study, the original WHO STEPS instru- 
ment, which has been validated and stan- 
dardised internationally, was translated 
for use in the Slovak population. While 
a formal validation of the instrument in 
the Slovak context was not conducted, we 
implemented reliability checks within our 
sample, including assessments of internal 
consistency (Cronbach’s alpha=0.73 and 
McDonald’s omega=0.81). 
The instrument covered medical history, 
diet and behaviours such as physical activ- 
ity and alcohol consumption. 
In this study, alcohol consumption was 
assessed using the aforementioned self- 
reported WHO questionnaire, measuring 
the average number of standard alcoholic 
beverages consumed per week. This mea- 
sure captures habitual alcohol consump- 
tion behaviour, providing a helpful esti- 
mate of chronic exposure. Additionally, 
we calculated the estimated peak blood 
alcohol concentration using the Widmark 
formula, which takes into account the 
dose, body weight and distribution volume. 
Cmax reflects the highest concentration of 
ethanol in the bloodstream after a drinking 
episode and is biologically informative in 
bone research, as acute peak alcohol expo- 
sure can influence bone cells differently 
than average consumption levels. While 
the WHO questionnaire reflects consump- 
tion frequency and volume, Cmax provides 
insight into acute exposure and potential 
toxicity. This dual quantification approach 
allows for a comprehensive analysis of 
both habitual and peak alcohol effects on 
bone tissue. Although Cmax was not the 
primary analytic exposure, sensitivity anal- 
yses that included Cmax supported the 
robustness of the results. 
The duration of alcohol consumption was 
obtained by including current alcohol con- 

sumers, thus, calculated by subtracting the 
answer to the question ”How old are you?” 
from the answer to the question ”How 
old were you when you started drinking 
alcohol?” and including past alcohol con- 
sumers by subtracting the age at which they 
started consuming alcohol from the age at 
which they stopped drinking. The second 
variable evaluated alcohol consumption 
based on the number of drinks consumed 
per week. 
Peak blood alcohol concentration (Cmax) 
was calculated according to the Widmark 
formula (Burg 1982): (Grams of alco- 
hol/(Body weight in g x R)) x 100. Each 
drink consumed was estimated to corre- 
spond to approximately 14g of alcohol (Na- 
tional Institute on Alcohol Abuse and Alco- 
holism 2024; Kalinowski and Humphreys 
2016). R, the distribution ratio was calcu- 
lated by dividing the total body water by 
the body mass (Forrest 1986; Maskell et al. 
2020). 
Similarly, smoking duration was evaluated 
by including current smokers by subtract- 
ing the number of years of smoking from 
the answer to the question ”How old are 
you?” from the question ”How old were 
you when you started smoking?”, and past 
smokers by subtracting the age at which 
they started smoking from the age at which 
they stopped smoking. The second variable 
evaluated the smoking quantity, measured 
as the number of cigarettes per week. 
Physical activity (PA) was evaluated by the 
minutes of PA per day, as analysed by the 
question ”How much time do you spend on 
average doing sports per day?” 

Statistics 

A p-value threshold of 𝑝 < 0.05 was used 
to determine the statistical significance. 
The data were analysed using jamovi (ver- 
sion 2.7.3) and R (4.4.1, package St. Nico- 
las House Analysis, SNHA). Descriptive 
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statistics, including the student’s t-test and 
Mann-Whitney U test, were used based 
on the data distribution assessed using the 
Kolmogorov-Smirnov test. Moreover, to 
account for the risk of false positives due 
to multiple comparisons, we applied the 
Benjamini-Hochberg procedure to adjust 
𝑝-values in descriptive analyses; 𝑝-values 
were ranked in ascending order and the ad- 
justed value for each test was calculated as 
p×N/rank, where N is the total number of 
tests and rank is the position in the ordered 
list. For values exceeding 1, the adjusted 
𝑝-value was set to 1, and monotonicity 
was ensured by step-up correction. This 
approach controls the false discovery rate 
(FDR), maintaining the expected propor- 
tion of false positives below a set threshold 
(Benjamini and Hochberg 1995). Forward 
linear regression analysis was used to anal- 
yse the predictors, including diastolic blood 
pressure (DBP), PBF, SMM, PA, sex, smok- 
ing and alcohol consumption, of Z-score 
QUS. St. Nicolas House Analysis (Groth 
et al. 2019) was used to visualise and detect 
the interactions among the variables under 
study. A directed acyclic graph (DAG) was 
constructed using DAGitty (Textor et al. 
2016) to clarify the hypothesised causal 
relationships between smoking and alco- 
hol use (both quantity and duration), body 
composition, physical activity, sex and 
bone quality (Z-score). The DAG informed 
variable selection for model adjustment 
and helped to illustrate potential mediator 
and confounder structures in the analyses. 

Results 

The baseline characteristics of the par- 
ticipants, divided first by sex and then 
into alcohol consumers (AC; n=894) and 
abstainers (n=107), are presented in the 
supplement (Table 2 and 3). It includes 

the bone parameter Z-score in men AC 
(-0.30±0.97), men abstainers (-0.27±0.69), 
women AC (-0.21±1.06) and women ab- 
stainers (-0.20±1.17). Moreover, it illus- 
trates body composition parameters, such 
as SMM, PBF, blood pressure and heart rate. 
No statistically significant differences were 
observed between the two groups, regard- 
less of sex, for any of the variables. The only 
statistically significant difference observed 
was in the smoking duration (yrs), where 
men (𝑝 = 0.014) who smoked AC smoked 
for longer (1.49±2.87 years) than those 
who abstained from smoking (0.51±2.05 
years). The same trend was also observed 
in women (𝑝 = 0.001), with AC smokers 
having smoked longer (years: 1.01±2.31) 
than abstainers (years: 0.31±1.39). 
Additionally, among the participants, men 
started consuming alcohol on average 
at the age of 16.26±1.64 yrs, with the 
youngest aged 12 yrs and the oldest 23 yrs. 
A similar trend was observed in women 
(16.37±1.50 yrs), with the youngest and 
oldest being 11 and 21 years old, respec- 
tively. Men drank alcohol for 6.25±2.84 
years, while women drank for 5.30±2.83 
years. 
The baseline characteristics of young 
adults categorised first by sex and then 
into smokers (n=227) and non-smokers 
(n=774) is also presented in the supple- 
ment (Table 3 and 4). It includes bone 
parameters, such as the Z-scores for men 
smokers (-0.31±0.98), men non-smokers 
(-0.32±0.93), women smokers (-0.22±0.99) 
and women non-smokers (-0.20±1.09). 
Additionally, it covers body composition 
parameters, blood pressure and heart 
rate. Statistically significant differences 
were observed mainly in women; smok- 
ers had a higher BMI (p=0.032) and PBF 
(%; 𝑝 = 0.003) than non-smokers. More- 
over, among women smokers, it appeared 
that they drank alcohol longer than non- 
smokers (yrs; 5.72±2.82 vs. 5.17±2.83; 
𝑝 = 0.049). Lastly, in smokers, both men 
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(𝑝 = 0.006) and women (𝑝 < 0.001), a 
higher Cmax is observed compared to non- 
smokers. 
While several statistically significant dif- 
ferences were identified between alcohol 
consumers and abstainers (Table 2, 3) and 
smokers and non-smokers (Table 4, 5), 
most of these differences are of minimal 
clinical significance. For instance, smok- 
ing duration in men differed significantly 
between alcohol consumers (1.49±2.87 
years) and abstainers (0.51±2.05 years, 
p=0.014; effect size =−0.20), but both 
groups exhibit relatively short smoking 
histories, with mean differences of <1 
year, insufficient to substantially mod- 
ify bone metabolism. Similarly, among 
women smokers, PBF was significantly 
higher (28.49±7.37%) than in non-smok- 
ers (26.59±7.24%, 𝑝 = 0.003; effect size 
=−0.16), representing a difference of ap- 
proximately 1.9 percentage points. This 
difference, while statistically reliable, falls 
below clinical thresholds for metabolic 
risk stratification and does not alter health 
recommendations. Blood pressure differ- 
ences between groups were even more triv- 
ial (<2mmHg), well below the 10mmHg 
threshold considered clinically meaningful 
in hypertension guidelines. In summary, 
despite statistical significance in selected 
comparisons, baseline characteristics were 
similar between groups. 
In addition, among the male participants, 
the average age of starting smoking was 
17.03±2.70 years, with the youngest being 
9 years and the oldest 27 years. A similar 
trend was observed in women (17.09±1.90), 
with the youngest being 12 years old and 
the oldest 24 years old. Men and women 
smoked for 5.79±3.87 and 5.92±4.72 years, 
respectively. 
Table 1 presents the findings of the linear 
regression analysis, which accounted for 
5.0% of the variance in the radial QUS 
Z-scores (𝑅2 = 0.050), indicating limited 
explanatory power. The overall model was 

statistically significant (F(9.448)=2.609, 
𝑝 = 0.006). Among the predictors, the 
duration of alcohol consumption in years 
emerged as a significant positive predictor 
of bone mineral density, with a standard- 
ised beta coefficient of 0.172 (𝑝 < 0.001). 
While statistically significant (𝑝 < 0.001), 
the minimal effect size (𝛽 = 0.172, with 
a 95%CI of [0.03, 0.10] per year of alcohol 
consumption) suggests limited practical 
clinical relevance. This suggests that a 
longer history of alcohol consumption 
is associated with higher Z-scores and 
thus higher bone mineral density. Impor- 
tantly, PA was included as a covariate in 
this model and did not show a statisti- 
cally significant relationship with Z-scores 
(𝛽 = 0.007, 𝑝 = 0.893), suggesting that 
the positive alcohol-bone association was 
not mediated or substantially confounded 
by differences in PA levels. Conversely, the 
number of cigarettes smoked per week was 
negatively significantly associated with 
BMD (𝛽 = −0.113, 𝑝 = 0.042), aligning 
with a potential negative impact on bone 
health. Other variables, including physi- 
cal activity, smoking duration and body 
composition parameters (SMM and PBF), 
did not show a statistically significant re- 
lationship with Z-scores QUS. While the 
associations observed between lifestyle fac- 
tors (smoking and alcohol consumption) 
and bone quality were statistically signif- 
icant, the relatively low 𝑅2 underscores 
that many other biological, environmen- 
tal and genetic factors contribute to bone 
health beyond the variables included in 
our model. Therefore, the interpretation 
of our findings emphasises the presence of 
statistically significant relationships rather 
than the magnitude of variance explained. 
In addition, an assessment of potential 
non-linearity and synergistic effects be- 
tween smoking and alcohol consumption 
was examined. Centred variables and corre- 
sponding quadratic terms, as well as their 
interaction, were included in the regres- 
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sion model. None of these terms reached 
statistical significance (all 𝑝 > 0.4), nor did 
the overall model (F-test 𝑝 = 0.78). These 
findings indicate that, in our sample, there 
is no evidence of non-linear or synergistic 
associations between smoking and alcohol 
consumption. 
The SNHA with Pearson’s correlation in 
men revealed several significant associ- 
ations among the variables under study 
(Figure 1). A cluster of closely correlated 
variables grouped the body composition in- 
dices and blood pressure parameters. BMI 
was strongly positively correlated with PBF 
(𝑟 = 0.74). Blood pressure parameters were 
found to be correlated with BMI and PBF. 
Alcohol consumption was strongly associ- 
ated with blood alcohol concentration and 
weakly with WHR (𝑟 = 0.16). Smoking 
behaviour showed a significant interac- 
tion with other lifestyle habits. The dura- 

tion of smoking was strongly correlated 
with the duration of alcohol consumption 
(𝑟 = 0.71), suggesting a co-occurrence of 
these two habits in the studied sample. A 
weaker correlation was observed between 
duration of smoking and the QUS Z-score 
(𝑟 = 0.23), reflecting a potential association 
between smoking and skeletal health. 
SNHA yielded similar results for women 
(Figure 2). Body composition variables and 
blood pressure parameters were closely as- 
sociated. Specifically, BMI showed a strong 
positive correlation with PBF (𝑟 = 0.80) 
and SBP showed a positive correlation 
with BMI of 𝑟 = 0.37. At the same time, 
Cmax was negatively correlated to SBP 
(𝑟 = −0.15), indicating that alcohol con- 
sumption at higher concentrations is asso- 
ciated with lower SBP. 
Smoking behaviour showed a significant 
interaction with other lifestyle factors. The 

Table 1 Association of Z-score QUS with sex, blood pressure, body composition, physical activity, smoking and alcohol consumption in 
young Slovaks (303 men, 698 women, age 22±2.35) 

95 % CI 
Depen- 
dent 

variables 
Predictors VIF 

Unstandard- 
ised 
B 

Standardised 

Lower Upper 𝑝 𝑅2 

Adjusted 

𝑅2 

Sex 
(Women—Men) 4.43 0.148 0.143 -0.27 0.56 0.485 Z-score 

QUS 
DBP (mmHg) 1.07 -0.009 -0.070 -0.02 0.02 0.143 
PBF (%) 1.61 0.002 0.019 -0.01 0.02 0.752 
SMM (kg) 4.00 -0.001 -0.004 -0.03 0.03 0.962 

PA (min/day) 1.30 0.001 0.007 -0.01 0.01 0.893 
Alcohol duration 

(yrs) 1.12 0.064 0.172 0.03 0.10 <0.001* 

Alcohol 
(drinks/week) 1.15 0.000 0.000 -0.02 0.02 0.997 

Smoking 
duration (yrs) 1.50 0.029 0.068 -0.02 0.08 0.230 

Smoking 
(cigarettes/week) 1.46 -0.005 -0.013 -0.01 -0.00 0.042* 

0.050 0.031 

* Indicates statistical significance at 𝑝 < 0.05. Abbreviations: B, beta coefficient; 𝑝, value of statistical significance (linear regression 
analysis, forward method); VIF, Variance Inflation Factor; 𝑅2, coefficient of determination; Z-score QUS, Z-score quantitative ultrasound; 
DBP, Diastolic blood pressure; PBF, Per cent body fat; SMM, Skeletal muscle mass; PA, Physical activity; yrs, years; min/day, minutes 
per day; CI, Confidence Interval 
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Figure 1 St. Nicholas House graph of variables influencing bone density concerning smoking and alcohol consumption of young Slovak 
men. Abbreviations: Pamin, physical activity (minutes/day); PBF, per cent body fat; SMM, Skeletal muscle mass (kg); BMI, Body mass 
index; WHR, waist-to-hip ratio; SBP, Systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); Z, Z-score QUS; Ayrs, 
duration of alcohol consumption (yrs); AlcW, number of alcoholic drinks consumed per week; Syrs, duration of smoking (yrs); Sweek, 
number of cigarettes smoked per week; Cmax, peak blood alcohol concentration. The numbers on the lines of the graph represent the 
Pearson correlation coefficients (r), which indicate the strength and direction of the association between variables. 

duration of smoking was strongly corre- 
lated with the duration of alcohol con- 
sumption (𝑟 = 0.78), suggesting similarly 
to the results found in men a co-occurrence 
of these two habits. A weaker correlation 
was observed between Ayrs and the QUS 
Z-score (𝑟 = 0.19), indicating that those 
who drink longer have better bone quality 
and quantity. 

Figure 3 depicts the directed acyclic graph 
constructed to clarify the hypothesised 
causal relationships among the main vari- 
ables under study. The DAG shows that 
both the quantity and duration of smoking, 
as well as the quantity and duration of al- 
cohol consumption, are linked to Z-score 
both directly and indirectly via multiple 
pathways. Namely, alcohol quantity influ- 
ences smoking behaviour, both in terms 
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Figure 2 St. Nicholas House graph of variables influencing bone density concerning smoking and alcohol consumption of young Slovak 
women. Abbreviations: Pamin, physical activity (minutes/day); PBF, per cent body fat; SMM, Skeletal muscle mass (kg); BMI, Body 
mass index; WHR, waist-to-hip ratio; SBP, Systolic blood pressure (mmHg); DBP, diastolic blood pressure (mmHg); Z, Z-score QUS; 
Ayrs, years of alcohol consumption; AlcW, number of alcoholic drinks consumed per week; Syrs, years of smoking; Sweek, number of 
cigarettes smoked per week; Cmax, peak blood alcohol concentration. The numbers on the lines of the graph represent the Pearson 
correlation coefficients (r), which indicate the strength and direction of the association between variables. 

of amount and duration, illustrating their 
frequent co-occurrence in the sample. The 
model also highlights mediational relation- 
ships: smoking amount predicts smoking 
duration and alcohol quantity predicts 
alcohol duration, with both measures af- 
fecting bone quality. Physical activity and 
PBF are included as important covariates. 
PBF influences physical activity and has a 
direct effect on QUS Z-score, reflecting its 

recognised role in bone remodelling. Phys- 
ical activity, in turn, affects QUS Z-score 
and is influenced by both PBF and smok- 
ing amount, representing behavioural and 
metabolic impacts on bone. Sex is also 
included with a direct path to Z-score, 
accounting for known physiological dif- 
ferences. Overall, the DAG clarifies how 
the constructs measured (quantity vs. du- 
ration) can yield different associations 
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Figure 3 Directed acyclic graph of hypothesised causal relationships between smoking, alcohol, body composition, physical activity and 
bone quality (Z-score) of young Slovak men and women. Abbreviations: Pamin, physical activity (minutes/day); PBF, per cent body fat; Z, 
Z-score QUS; Ayrs, years of alcohol consumption; AlcW, number of alcoholic drinks consumed per week; Syrs, years of smoking; Sweek, 
number of cigarettes smoked per week; Cmax, peak blood alcohol concentration. Legend: Light green nodes, exposure variables; Blue 
node, primary outcome; arrows, hypothesised direction of causal relationship; each path, possible direct or mediated influence among 
the variables. 

depending on the analytical approach, 
explaining the discrepancy between the re- 
sults found in the regression analysis and 
network correlation findings (SNHA). 

Discussion 

The present study investigated the effects 
of alcohol consumption and smoking on 
bone health in a sample of young Slovak 
adults, an age group known for the high 
prevalence of these behaviours. The pri- 
mary aim was to determine how bone 
quality (SOS-derived Z-score), measured 
using QUS, is related to smoking and al- 
cohol consumption habits. This study is 
particularly relevant during the peak bone 
mass acquisition period, typically spanning 
the ages of 18 to 35, during which skeletal 

mass reaches its peak in life. In this phase, 
osteoblast-mediated bone formation typi- 
cally exceeds bone resorption, resulting in 
positive bone balance. This physiological 
state is accompanied by optimal levels of 
sex hormones, particularly estrogen and 
testosterone, which regulate the balance 
between osteoblastic and osteoclastic ac- 
tivity (Bachrach 2001; Falahati-Nini et al. 
2000; Soyka et al. 2000). Within this con- 
text, lifestyle factors such as smoking and 
moderate alcohol consumption are biolog- 
ically plausible to have a less significant 
impact on bone tissue quality compared 
to their effect in older populations, where 
bone resorption surpasses formation and 
skeletal vulnerability to external insults in- 
creases (Taes et al. 2010; Yoon et al. 2012). 
This limited impact of lifestyle factors is 
further reinforced by the relatively short 
durations of smoking and alcohol expo- 
sure in young adults (typically a few years), 
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which further reduces the likelihood of de- 
tectable deleterious effects on bone quality. 
This explains why our standardised effect 
sizes for smoking and alcohol are modest, 
aligning with the biological mechanisms 
and pathophysiology of the skeleton in this 
age range. 

Alcohol and bone health 

Alcohol consumption has significant ef- 
fects on bone tissue, with the impact vary- 
ing based on the level and pattern of alco- 
hol intake. Chronic excessive alcohol con- 
sumption is associated with an increased 
risk for osteoporosis, characterised by an 
osteopenic skeleton and increased frac- 
ture risk. This is mainly due to decreased 
bone formation rather than increased bone 
resorption, as alcohol negatively affects 
osteoblast activity and suppresses the dif- 
ferentiation of bone marrow cells into os- 
teoblasts, which are crucial for bone remod- 
elling and formation (Chakkalakal 2006). 
However, our findings in this young adult 
population diverge substantially from this 
established literature. Contrary to the well- 
documented adverse effects of heavy and 
chronic alcohol use on bone mineral den- 
sity (Broulík et al. 2010; Cho et al. 2018), 
our linear regression analysis revealed that 
the duration of alcohol consumption was 
a positive predictor of Z-score (𝛽 = 0.172, 
𝑝 < 0.001); the SNHA also confirmed 
these results in women. This result aligns 
with previous studies that have observed 
a protective or beneficial effect of light to 
moderate alcohol intake on bone health, 
particularly in specific populations, such 
as postmenopausal women (Gaddini et al. 
2016; Godos et al. 2022). However, criti- 
cal methodological considerations must 
accompany the interpretation of this find- 
ing. Our cross-sectional design prevents 
establishing causation, and the positive as- 
sociation is likely explained by substantial 

confounding rather than a true protec- 
tive effect of alcohol. Specifically, several 
unmeasured or inadequately measured fac- 
tors may explain the observed positive asso- 
ciation through confounding mechanisms 
such as the nutritional status, since our 
study lacked a detailed dietary assessment. 
In the Slovak cultural context, moderate 
alcohol consumption typically occurs in 
food-accompanied, social dining settings 
rather than isolated alcohol consumption. 
Social drinkers likely have higher overall 
caloric and micronutrient intakes (calcium, 
vitamin D, protein), directly supporting 
bone health. Beyond nutritional patterns, 
social alcohol consumption habits in this 
population may also correlate with higher 
levels of physical activity and mechanical 
loading, another confounding factor that 
impacts bone health. Regarding PA as a 
potential confounder, we explicitly exam- 
ined this possibility given the central role 
of mechanical loading in bone adaptation 
(Frost 1987). Notwithstanding the theoreti- 
cal plausibility of PA as a pathway linking 
alcohol consumption to bone outcomes, 
our regression analysis showed that PA 
was not a significant predictor of QUS 
Z-scores (𝑝 = 0.893) and did not materially 
alter the positive alcohol-bone associa- 
tion when included in the multivariable 
model. Furthermore, baseline character- 
istics revealed no significant differences 
in physical activity levels between alcohol 
consumers and abstainers (𝑝 > 0.40 across 
both sexes). These findings suggest that 
PA does not explain the observed positive 
association between alcohol duration and 
bone quality in our sample. However, this 
does not exclude the possibility that other 
unmeasured activities impacting mechani- 
cal loading, such as occupational physical 
activity or sport-specific impacts, may con- 
tribute to the observed associations. These 
confounding mechanisms may operate 
differentially across sexes, as evidenced 
by the subtle sex-specific patterns we ob- 
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served in the associations between lifestyle 
factors and bone quality. Although both 
men and women showed the protective 
effect of alcohol duration on radial QUS 
Z-scores, the correlation strength differed, 
suggesting that sex hormones may modu- 
late the relationship between alcohol and 
skeletal metabolism. To explain these dif- 
ferential responses, it is noteworthy that 
in men, estrogen plays a dominant role 
in regulating bone resorption, while both 
estrogen and testosterone are important in 
maintaining bone formation. Specifically, 
estrogen predominantly acts on trabecu- 
lar bone through estrogen receptors alpha 
and beta, suppressing osteoclast activity 
and bone resorption, whereas testosterone 
exerts its effects on cortical bone through 
androgen receptors, promoting periosteal 
apposition and bone strength (Falahati- 
Nini et al. 2000; Khosla et al. 2001). It is 
possible that in a young adult population 
with a relatively short history of alcohol 
consumption, the pattern of alcohol con- 
sumption is more aligned with light to mod- 
erate intake rather than chronic heavy use, 
which could explain the observed positive 
association. These results were confirmed 
by the SNHA, where a positive correlation 
(r=0.19) was observed in women between 
the duration of alcohol consumption and 
the Z-score QUS. However, this finding 
also highlights the complexity of alcohol’s 
effects on bone tissue and underscores the 
need for more research into the specific 
type, quantity and pattern of alcohol con- 
sumption in this age group. The diversity in 
alcohol’s impact, from potential benefits at 
low to moderate levels of consumption to 
detrimental effects with heavy alcohol con- 
sumption, suggests that further research 
is needed to delineate the dose-response 
impact and to develop guidelines that pro- 
tect bone health while considering alcohol 
consumption, especially since there are 
no uniform international guidelines avail- 
able. The unexpected positive association 

between alcohol duration and bone health 
in our young sample may be explained by 
distinct physiological mechanisms oper- 
ating during early adulthood. During late 
adolescence and young adulthood (18–30 
years), individuals are still approaching or 
have recently achieved peak bone mass. 
At this life stage, bone formation typically 
exceeds bone resorption. Thus, light-to- 
moderate alcohol consumption at this age 
may not yet induce the oestrogen-sup- 
pressive and calcium-malabsorptive effects 
characteristic of chronic heavy alcohol con- 
sumption in older populations (Bachrach 
2001; Benton et al. 2022; Soyka et al. 2000; 
Sripanyakorn et al. 2009). Additionally, the 
positive association observed in our study 
may reflect a cohort effect, where indi- 
viduals with longer alcohol consumption 
histories are more likely to have better so- 
cial integration, greater physical activity, or 
improved nutritional status, all factors that 
support bone accretion during the peak 
bone mass acquisition phase (Tsao et al. 
2024). 

Cultural and dietary factors 

influencing bone health in the Slovak 

population 

The Slovak Republic possesses distinc- 
tive dietary and lifestyle patterns that 
may influence the bone health outcomes 
observed in this study of young adults. 
Central European populations, including 
Slovaks, traditionally maintain moderate 
to high consumption of dairy products, 
which represent significant sources of di- 
etary calcium and phosphorus essential 
for bone development during peak bone 
mass acquisition. The literature shows 
that Slovak consumers’ spending on food 
and non-alcoholic beverages comprises 
approximately 23.1% of household expen- 
diture, with recent decades showing in- 
creased consumption of dairy products, 
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fruits and vegetables, indicating a grad- 
ual shift toward healthier dietary patterns 
(Kubicová and Kádeková 2016; Mertens 
et al. 2019; Stefler et al. 2016; Ivaničová 
et al. 2024) . However, vitamin D levels in 
the Slovak population remain low. A cross- 
sectional study of medication-free Slovak 
adults revealed that 41% of the population 
exhibited insufficient or deficient 25-hy- 
droxyvitamin D levels ( ≤ 30ng/ml), with 
physical inactivity, elevated blood pressure 
and smoking status strongly associated 
with lower vitamin D concentrations (Se- 
bekova et al. 2016). This finding aligns with 
broader Central European patterns, where 
vitamin D deficiency is highly prevalent 
across the region. The Czech Republic, 
with dietary patterns similar to those of 
Slovakia, demonstrated even higher defi- 
ciency rates among adolescents and young 
adults (6–30 years: 77.9% with vitamin D 
insufficiency), particularly during the win- 
ter and spring months (Holmannova et al. 
2025). These seasonal variations in vitamin 
D status may significantly impact skeletal 
metabolism during the critical period of 
peak bone mass acquisition in young adult- 
hood, particularly through effects on the 
RANKL-RANK-OPG signalling pathway 
and parathyroid hormone regulation (Lips 
et al. 2019; Mertens et al. 2019). 
Regarding alcohol consumption patterns, 
Slovakia exhibits characteristics that are 
distinct from those of other European 
regions. The Central European alcohol 
consumption pattern typical of Slovakia is 
characterised primarily by beer consump- 
tion, with increasing trends in fruit spirits 
consumption in recent decades. This cul- 
tural context of moderate, habitual alcohol 
consumption may partially explain the 
positive association observed in our study 
between longer alcohol duration and better 
bone health outcomes in young adults, as 
this pattern likely reflects social integration 
and potentially superior nutritional sta- 
tus compared to abstinence (Popova et al. 

2007). These population-specific factors, 
including traditional dairy-based dietary 
components, widespread vitamin D insuffi- 
ciency, particularly during winter months 
and culturally distinct alcohol consump- 
tion patterns emphasising social context, 
should be considered when interpreting 
the results of this cross-sectional study and 
when generalising findings to other Euro- 
pean or non-European populations. 

Smoking and bone health 

Cigarette smoking is a significant risk fac- 
tor for reduced BMD and osteoporosis. It 
contributes to bone deterioration through 
various pathways, including hormonal 
and metabolic disruptions (Ratajczak et al. 
2021). Moreover, smoking during young 
adulthood has notable implications for 
bone health, potentially impacting bone 
mass acquisition and increasing the risk of 
osteoporosis later in life (Taes et al. 2010). 
Our analysis confirmed our hypothesis re- 
garding the negative impact of smoking on 
bone health. The number of cigarettes 
smoked per week was identified as a 
significant negative predictor of Z-score 
(𝛽 = −0.113, 𝑝 = 0.042). This result is 
consistent with a large body of literature 
that demonstrates the harmful effects of 
tobacco smoking on BMD and fracture risk 
by altering calcium absorption, sex hor- 
mone regulation and increasing oxidative 
stress (Al-Bashaireh et al. 2018; Ward and 
Klesges 2001; Yoon et al. 2012). At the cel- 
lular level, smoking effects were consistent 
across sexes in our study, reflecting the 
universally detrimental impact of tobacco 
exposure through the RANKL-RANK-OPG 
pathway dysregulation. Tobacco smoke 
compounds, including cadmium and other 
toxins, directly impair osteoblast differen- 
tiation and promote osteoclast activation 
through the RANKL-RANK-OPG pathway, 
exacerbating bone resorption. RANKL, 
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expressed by osteoblasts, binds to RANK 
receptors on osteoclast precursors, promot- 
ing their differentiation and activation. In 
contrast, OPG acts as a decoy receptor, in- 
hibiting this process. Smoking exposure 
increases the RANKL/OPG ratio, thereby 
promoting enhanced osteoclast activity 
and bone resorption (Al-Bashaireh et al. 
2018; Shahbaz et al. 2025; Xie et al. 2024). 
In younger populations, these structural 
impairments are important, as smoking 
during the peak bone mass acquisition 
phase compromises the establishment of 
optimal skeletal strength, with a long-term 
increase in fracture risk. However, the 
relationship between smoking intensity 
and bone tissue is more nuanced than 
this straightforward dose-response pattern 
might suggest. The SNHA exhibited con- 
trasting results, showing elevated Z-score 
QUS values among individuals with a pro- 
longed smoking duration (r=0.23). This dis- 
crepancy, where regression analysis identi- 
fied smoking quantity as a negative predic- 
tor while the SNHA revealed weak positive 
correlations with smoking duration, re- 
flects the complex associations between 
cumulative exposure (duration) and cur- 
rent smoking intensity (cigarettes/week). 
The DAG clarifies this distinction: smok- 
ing amount may predict both duration and 
quantity, but their independent effects on 
bone differ. Individuals with longer smok- 
ing histories may have established com- 
pensatory metabolic adjustments or may 
represent a cohort with inherently more 
resilient bone structure. Furthermore, the 
chronic and long-term effects of smoking 
on bone tissue may not be fully evident in 
a younger population, potentially leading 
to the observed association with improved 
bone health, which could be misleading. In 
addition, in this analysis, the correlations 
between bone tissue and smoking in both 
men and women were weak and likely in- 
fluenced by the stronger association with 
the duration of alcohol consumption. 

While the regression analysis identified 
alcohol duration and smoking quantity as 
statistically significant predictors of QUS 
Z-scores, the extremely low coefficient of 
determination (𝑅2 = 0.050) demands care- 
ful interpretation: these lifestyle factors 
account for only 5.0% of the variance in 
bone tissue quality in our sample of young 
adults, indicating they are minor contrib- 
utors to skeletal outcomes. This limited 
explanatory power reflects the inherent 
multifactorial nature of bone health during 
the acquisition of peak bone mass. Unmea- 
sured determinants, such as genetic predis- 
position, nutritional biomarkers (including 
vitamin D and calcium availability), hor- 
monal profiles (including sex hormones, 
parathyroid hormones and growth factors), 
bone turnover markers and biomechanical 
loading, likely account for the majority of 
skeletal variation. Notably, despite statis- 
tical significance, the narrow confidence 
intervals for both predictors (alcohol dura- 
tion: 95%CI [0.03,0.10]; smoking quantity: 
95%CI [−0.01,−0.00]) underscore the min- 
imal practical effect sizes, particularly for 
smoking. Although statistically significant, 
smoking and alcohol consumption show 
limited clinical relevance in this young 
population compared to other skeletal de- 
terminants. 

Public Health Implications and 

Prevention Strategies 

Given the high prevalence of smoking 
and alcohol consumption among young 
adults, our findings highlight several im- 
portant public health implications. Inte- 
grating bone health assessments into rou- 
tine health screenings for young adults, 
particularly within university populations, 
could facilitate the early identification of 
individuals at risk (Guglielmi and Terlizzi 
2009; Nicholson et al. 2025). Since smoking 
exerts a dose-dependent adverse impact on 
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bone quality, cessation of smoking can fa- 
cilitate a partial restoration of bone density, 
thereby diminishing the risk of fractures 
later in life (Al-Bashaireh et al. 2018; Yoon 
et al. 2012). Therefore, public health initia- 
tives should prioritise smoking cessation 
interventions for young adults. Despite 
the observed positive associations with 
light-to-moderate alcohol intake, public 
messaging must stress that alcohol is not 
recommended for bone health benefits, 
given its known risks at high consumption 
levels and among vulnerable populations. 
In conclusion, addressing broader determi- 
nants, such as nutrition, physical activity 
and maintaining a healthy body composi- 
tion, is crucial for the effective prevention 
of future bone conditions. Ongoing re- 
search and the formulation of age-specific 
guidelines to promote bone health in young 
adults are essential. 

Limitations 

The cross-sectional design prevents the 
establishment of causality; future studies 
are necessary to determine the temporal 
relationships between smoking, alcohol 
consumption and bone health. Addition- 
ally, the sample consisted primarily of 
university students recruited through con- 
venience sampling, which limits the gen- 
eralizability of the findings to the broader 
young adult population in Slovakia. Uni- 
versity students systematically differ in 
socioeconomic status, health behaviours 
and lifestyle clustering compared to non- 
university peers, potentially explaining 
the modest effect sizes observed in our 
analyses. Future research should employ 
representative, population-based sampling 
across diverse socioeconomic strata. The 
self-reported nature of the questionnaire 
data on smoking, alcohol consumption 
and physical activity introduces the possi- 
bility of reporting bias, which could influ- 
ence the accuracy of our results. Another 

limitation is that we did not investigate 
other smoking types, such as vaping, but 
only cigarette smoking. Finally, several un- 
measured variables likely influence bone 
outcomes, including nutritional biomark- 
ers (such as vitamin D and calcium), hor- 
monal profiles (including sex hormones 
and parathyroid hormones), bone turnover 
markers and mechanical loading. More- 
over, although PA was included as a covari- 
ate in our regression model, a fundamental 
limitation is the reliance on self-reported 
PA as a sole indicator for mechanical load- 
ing, which may not comprehensively rep- 
resent the full spectrum of mechanical 
loading. Occupational PA, habitual move- 
ment patterns and sport-specific impacts, 
are not adequately captured by this assess- 
ment. As a result, it is not possible to rule 
out the possibility of residual confound- 
ing due to aspects of PA that are either 
unmeasured or not measured adequately, 
and future studies should employ more 
comprehensive assessments of mechani- 
cal loading using objective measurements. 
Future research should address these limi- 
tations and expand the sample to include a 
more diverse population. 

Conclusion 

The present study revealed the contrasting 
effects of smoking and alcohol consump- 
tion on bone health in young Slovak adults. 
We found that smoking had an adverse im- 
pact, with the number of cigarettes smoked 
per week being a significant predictor of 
lower bone mineral density. This finding 
is consistent with the established litera- 
ture and underscores the need for public 
health initiatives to promote smoking ces- 
sation. Conversely, our analysis showed an 
unexpected positive association between 
the duration of alcohol consumption and 
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bone tissue quality. This result may be 
due to the prevalence of light-to-moderate 
alcohol consumption in this young popula- 
tion, which aligns with previous research 
suggesting a beneficial effect of moderate 
alcohol intake. 
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Appendix 

Supplementary Tables 

Table 2 Baseline body composition and bone quality characteristics of alcohol consumers and teetotallers of Slovak young women 
(n=698, 18–30 years) 

Alcohol consumers 
(n=623) 

Abstainers 
(n=75) 95% CI 

Mean SD Mean SD Effect 
size Upper Lower p p FDR 

Age 21.31 2.29 21.62 2.15 -0.02 -0.18 0.30 0.811 b 0.936 
Height (cm) 166.73 6.07 165.98 6.28 0.12 -0.12 0.37 0.321a 0.803 

Body mass (kg) 60.90 10.89 59.89 12.29 -0.11 -0.16 0.33 0.134b 0.670 
BMI 21.84 3.59 21.68 4.00 -0.08 -0.20 0.29 0.264b 0.990 
WHR 0.74 0.06 0.74 0.06 -0.08 -0.14 0.35 0.285b 0.855 
WHtR 0.42 0.05 0.41 0.05 0.01 -0.23 0.26 0.908a 0.973 

PBF (%) 26.94 7.31 27.44 7.25 0.03 -0.31 0.18 0.669b 1.000 
SMM (kg) 23.89 3.09 23.17 3.20 0.23 -0.01 0.47 0.061a 0.458 

DBP (mmHg) 69.61 8.00 70.41 9.33 0.03 -0.34 0.15 0.707 b 1.000 
SBP (mmHg) 117.29 11.11 116.86 11.20 -0.02 -0.21 0.28 0.795b 0.994 
Pulse (bpm) 79.74 12.90 81.16 12.77 -0.11 -0.35 0.13 0.376a 0.806 
SOS (m/s) 4076.13 115.51 4081.15 114.36 -0.04 -0.29 0.20 0.725a 0989 
Z-score QUS -0.21 1.06 -0.20 1.17 -0.00 -0.25 0.24 0.977a 0.977 

Smoking duration 
(yrs) 1.01 2.31 0.31 1.39 -0.16 0.07 0.56 0.001*b 0.015* 

Physical activity 
(min/day) 66.99 41.90 69.00 59.44 0.05 -0.44 0.05 0.405b 0.759 

* 𝑝 < 0.05; a student t test; b Mann-Whitney U; CI, confidence interval; FDR, False Discovery Rate; BMI, Body mass index; WHR, 
waist-to-hip ratio; WHtR, waist-to-height ratio; PBF, percent body fat; SMM, skeletal muscle mass; DBP, diastolic blood pressure; SBP, 
systolic blood pressure; SOS, speed of sound; QUS, Quantitative Ultrasound; yrs, years; min/day, minutes per day 
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Table 3 Baseline body composition and bone quality characteristics of alcohol consumers and teetotallers of Slovak young men 
(n=303,18-30 years) 

Alcohol consumers 
(n=271) 

Abstainers 
(n=32) 95% CI 

Mean SD Mean SD Effect 
size Upper Lower p p FDR 

Age 22.63 2.45 22.22 2.19 0.09 -0.11 0.29 0.366a 0.784 
Height (cm) 180.58 7.25 181.89 7.45 0.01 -0.19 0.21 0.334a 0.835 

Body mass (kg) 77.92 13.60 79.90 16.81 -0.00 -0.20 0.20 0.450a 0.844 
BMI 23.85 3.58 24.04 4.26 -0.03 -0.42 0.31 0.791b 0.989 
WHR 0.81 0.05 0.80 0.06 0.08 -0.13 0.28 0.761a 1.268 
WHtR 0.45 0.05 0.45 0.05 0.01 -0.35 0.38 0.941a 0.941 

PBF (%) 17.10 7.07 18.48 7.46 0.12 -0.56 0.17 0.255b 0.956 
SMM (kg) 36.44 5.36 36.24 5.86 0.08 -0.13 0.28 0.849a 0.910 

DBP (mmHg) 70.65 8.64 72.87 8.69 -0.15 -0.35 0.06 0.177a 1.00 
SBP (mmHg) 133.27 12.51 130.09 16.46 0.09 -0.11 0.30 0.196a 0.980 
Pulse (bpm) 75.51 13.49 78.03 12.24 -0.13 -0.34 0.07 0.321a 0.963 
SOS (m/s) 4024.13 118.13 4028.47 84.73 -0.04 -0.24 0.16 0.840a 0.450 
Z-score QUS -0.30 0.97 -0.27 0.69 -0.02 -0.22 0.18 0.764a 1.00 
Smoking 

duration (yrs) 1.49 2.87 0.51 2.05 -0.20 -0.02 0.72 0.014*b 0.210 

Physical activity 
(min/day) 92.03 94.39 97.71 74.70 -0.02 -0.23 0.18 0.775a 1.00 

*𝑝 < 0.05; a student t test; b Mann-Whitney U; CI, confidence interval; FDR, False Discovery Rate; BMI, Body mass index; WHR, 
waist-to-hip ratio; WHtR, waist-to-height ratio; PBF, percent body fat; SMM, skeletal muscle mass; DBP, diastolic blood pressure; SBP, 
systolic blood pressure; SOS, speed of sound; QUS, Quantitative Ultrasound; yrs, years; min/day, minutes per day 
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Table 4 Baseline body composition and bone quality characteristics of smokers and non-smokers of Slovak young women (n=698, 
18–30 years) 

Smokers 
(n=149) 

Non-smokers 
(n=549) 95% CI 

Mean SD Mean SD Effect 
size Upper Lower p p FDR 

Age 21.76 2.32 21.74 2.27 -0.01 -0.17 0.19 0.908 b 1.000 
Height (cm) 166.69 6.14 166.69 6.09 -0.03 -0.21 0.15 0.764a 1.000 

Body mass (kg) 61.99 11.76 60.36 10.82 -0.09 -0.03 0.33 0.109b 0.250 
BMI 22.30 3.67 21.70 3.61 -0.11 -0.02 0.35 0.032*b 0.128 
WHR 0.75 0.07 0.74 0.06 -0.10 0.02 0.38 0.062b 0.165 
WHtR 0.43 0.05 0.42 0.05 0.24 0.06 0.43 0.009*a 0.048* 

PBF (%) 28.49 7.37 26.59 7.24 -0.16 0.08 0.44 0.003b * 0.024* 
SMM (kg) 23.89 3.29 23.79 3.06 0.03 -0.15 0.21 0.728 a 1.000 

DBP (mmHg) 70.09 7.74 69.59 8.25 -0.04 -0.12 0.24 0.492b 0.875 
SBP (mmHg) 117.45 7.74 117.18 11.09 -0.01 -0.16 0.21 0.808b 1.000 
Pulse (bpm) 79.83 12.71 79.90 12.94 -0.01 -0.19 0.18 0.951a 0.951 
SOS (m/s) 4077.36 99.58 4076.46 119.31 0.01 -0.17 0.19 0.933 a 0.995 
Z-score QUS -0.22 0.99 -0.20 1.09 -0.01 -0.19 0.17 0.914 a 1.000 

Alcohol duration (yrs) 5.72 2.82 5.17 2.83 0.19 0.00 0.39 0.049*a 0.157 
Cmax (%) 2.08 1.62 1.21 1.36 0.61 0.38 0.84 <0.001*a 0.016* 

Physical activity 
(min/day) 62.64 34.92 68.25 45.60 -0.28 -0.46 -0.10 0.227a 0.454 

*𝑝 < 0.05; a student t test; b Mann-Whitney U; CI, confidence interval; FDR, False Discovery Rate; BMI, Body mass index; WHR, 
waist-to-hip ratio; WHtR, waist-to-height ratio; PBF, percent body fat; SMM, skeletal muscle mass; DBP, diastolic blood pressure; SBP, 
systolic blood pressure; SOS, speed of sound; QUS, Quantitative Ultrasound; Cmax, peak blood alcohol concentration; yrs, years; min/day, 
minutes per day 
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Table 5 Baseline body composition and bone quality characteristics of smokers and non-smokers of Slovak young men (n=303, 18–30 
years) 

Smokers 
(n=78) 

Non-smokers 
(n=225) 

95% CI 

Mean SD Mean SD Effect 
size Upper Lower p p FDR 

Age 22.65 2.60 22.57 2.36 0.04 -0.22 0.29 0.784a 1.000 
Height (cm) 180.53 6.78 180.78 7.44 -0.03 -0.29 0.22 0.798 a 1.000 

Body mass (kg) 77.64 11.70 78.30 14.68 -0.05 -0.30 0.21 0.722 a 1.000 
BMI 23.81 3.21 23.89 3.80 -0.02 -0.28 0.23 0.863a 1.000 
WHR 0.81 0.04 0.80 0.05 0.19 -0.07 0.45 0.148a 0.592 
WHtR 0.45 0.04 0.45 0.05 0.09 -0.17 0.35 0.501a 1.000 

PBF (%) 17.46 6.74 17.17 7.25 -0.04 -0.22 0.30 0.614b 1.000 
SMM (kg) 36.13 4.86 36.52 5.58 -0.07 -0.33 0.19 0.585a 1.000 

DBP (mmHg) 71.14 4.86 70.79 8.32 0.04 -0.22 0.30 0.766a 1.000 
SBP (mmHg) 130.94 12.18 133.63 13.20 -0.21 -0.47 0.05 0.116a 0.619 
Pulse (bpm) 75.38 12.55 75.91 13.66 -0.04 -0.30 0.22 0.966a 0.966 
SOS (m/s) 4025.44 124.85 4024.30 111.61 0.01 -0.25 0.27 0.940a 1.000 
Z-score QUS -0.31 0.98 -0.32 0.93 0.01 -0.25 0.27 0.954a 1.000 

Alcohol duration (yrs) 6.72 2.92 6.06 2.79 0.23 -0.05 0.51 0.105a 0.840 
Cmax (%) 2.30 2.18 1.48 1.85 0.42 0.12 0.72 0.006*a 0.096 

Physical activity 
(min/day) 91.88 76.49 92.75 97.39 -0.02 0.28 0.24 0.948a 1.000 

*𝑝 < 0.05; a student t test; b Mann-Whitney U; CI, confidence interval; FDR, False Discovery Rate; BMI, Body mass index; WHR, 
waist-to-hip ratio; WHtR, waist-to-height ratio; PBF, percent body fat; SMM, skeletal muscle mass; DBP, diastolic blood pressure; SBP, 
systolic blood pressure; SOS, speed of sound; QUS, Quantitative Ultrasound; Cmax, peak blood alcohol concentration; yrs, years; min/day, 
minutes per day 
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