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Inverted U-shaped association between total ==
testosterone with bone mineral density in men
over 60 years old
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Abstract

Background Aging often leads to changes in hormone levels, particularly testosterone, which is thought to signifi-
cantly affect bone health in older males.

Objective This study aimed to explore the link between testosterone levels and bone mineral density in men aged
60 and above.

Methods Data from the National Health and Nutrition Examination Survey 2013-2014 were used. Weighted multi-
variable linear regression models were employed to study the association between testosterone and bone mineral
density. Furthermore, a weighted generalized additive model and smooth curve fitting were used to address potential
nonlinear patterns in the data.

Results The analysis included 621 elderly men. After accounting for various factors, the study uncovered a Inverted
U-shaped correlation between testosterone levels and femoral neck density. Notably, a turning point was identified
at the testosterone level of 406.4 ng/dL. Further examination, using different models, showed that testosterone levels
in the third quartile (group Q3) were positively linked to bone density. However, contrasting trends were observed

in the first (group Q1) and fourth quartiles (group Q4), where testosterone levels displayed a negative relationship
with bone density.

Conclusion The results indicate a complex interplay between testosterone levels and bone mineral density in elderly
men. The U-shaped trend suggests that both low and high testosterone levels could negatively impact bone health.
These findings highlight the importance of maintaining testosterone levels within an optimal range to preserve bone
health in aging men.
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Background

Osteoporosis, recognized by the World Health Organi-
zation as one of the top 10 global health issues, affects
over 200 million people worldwide [1, 2]. This condition
is characterized by decreased bone mass and microstruc-
tural damage, leading to increased bone fragility and sus-
ceptibility to fractures [3]. The impact of osteoporosis
goes beyond the physical, including frailty, chronic pain,
and a decline in quality of life, often resulting in disability
and, in severe cases, death. This widespread and debilitat-
ing nature makes osteoporosis a significant public health
concern and a prominent topic in scientific research.

While osteoporosis can occur at any age, it is particu-
larly common in postmenopausal women and older men
[4]. The aging process, along with hormonal changes,
significantly contributes to the risk of osteoporosis, espe-
cially in the elderly [5]. Although the sharp decline in
sex hormones during perimenopause is well-known, the
gradual reduction in sex hormones during male aging
often leads to a lack of consideration of the hormonal
impact on bone health in elderly men [6].

Among the various sex steroid hormones, testosterone
is traditionally believed to play a crucial role in main-
taining male skeletal integrity. However, the relationship
between testosterone levels and bone mineral density
(BMD) in men remains a topic of ongoing debate. Tes-
tosterone levels typically decrease by 0.4—2.6% annually
in men as they age [7]. Numerous clinical studies have
reached the consensus that a decline in testosterone lev-
els is closely linked to a reduction in bone mineral density
among middle-aged and elderly men. Moreover, these
studies have established that men with low testosterone
levels face an elevated risk of developing osteoporosis and
experiencing fractures [8]. However, it is worth noting
that a particular study has demonstrated an inverse asso-
ciation between testosterone levels in the proximal femur
and lumbar spine with bone mineral density [9]. Further-
more, investigations have indicated that testosterone (T),
dihydrotestosterone (DHT), and sex hormone-binding
globulin (SHBG) do not exhibit a significant association
with bone mineral density [10]. Consequently, the find-
ings from these diverse studies yield inconclusive results,
highlighting the need for further research in this area.

In contrast to previous studies, our research zeroes in
on the specific age group of elderly men and makes use of
a comprehensive dataset to examine the intricate interac-
tion between testosterone and bone mineral density, with
the aim of offering more targeted and practical insights
for the management of osteoporosis in this particular
group. This study intends to contribute to the existing
body of knowledge by specifically delving into the link
between testosterone and bone mineral density in elderly
men, employing data from the National Health and
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Nutrition Examination Survey (NHANES). The objective
is to establish a more accurate understanding of this rela-
tionship, which can steer future research and potentially
facilitate the development of effective management and
treatment strategies for osteoporosis in this population.

Materials and methods

Study design and population

The National Health and Nutrition Examination Survey
(NHANES) stands as a comprehensive, ongoing cross-
sectional survey designed to furnish objective insights
into the health status and tackle emerging public health
concerns within the broader population of the United
States. Prior to its commencement, the survey protocol
underwent scrutiny and approval by the Institutional
Review Board of the National Center for Health Statis-
tics. Each participant entering NHANES provided their
consent for the use of data in subsequent studies. These
pivotal cross-sectional investigations were overseen and
executed by the National Center for Health Statistics
(NCHS). For detailed insights into the methodologies
employed in NHANES, refer to the website: http://www.
cdc.gov/nchs/nhanes/.

In this specific study, data were amalgamated from
NHANES spanning the years 2013 to 2014. Based on the
World Health Organization (WHO)’s definition of the
elderly and considering that physiological and hormo-
nal changes become significant after age 60, it is possi-
ble that these changes may affect bone mineral density
[11]. Therefore, this survey is limited to men aged 60
years and older, aiming to expand the study to include
more individuals who may have begun to experience
age-related health changes. Initially, the pool of eligi-
ble male participants numbered 874 individuals. Sub-
sequently, exclusions were made: 165 participants were
omitted due to missing femoral neck BMD data, 30 due
to missing testosterone level data, and 58 due to missing
covariate data. Ultimately, the analysis encompassed 621
participants(Fig. 1).

Bone Mineral Density Measurement

According to the guidelines set forth by the World Health
Organization (WHO), the determination of osteoporo-
sis or osteopenia relies on T-score assessments. T-scores
are derived from the formula: (BMD measured — mean
BMD reference) / SD reference. Osteoporosis is defined
as a T-score of BMD < -2.5, while osteopenia is defined as
-2.5<T-score <-1. In this study, non-Hispanic white men
aged 20-29 from NHANES III served as the reference
group for calculating femoral neck BMD scores [12, 13].
The measurement of femoral neck BMD was conducted
using dual-energy X-ray absorptiometry.
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Total participants from
NHANES 2013-2014
(n=10175)
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Male over 60 year old
(n=874)

Excluded (n=9301)
Female
Male below 60 years old

With femoral neck BMD data
(n=709)

Excluded (n=165)
Missing data for femoral neck BMD

With testosterone data
(n=679)

Excluded (n=30)
Missing data for testosterone

Final sample
(n=621)

Fig. 1 Flow diagram of screening and selection process

Total testosterone

This study utilized a validated isotope dilution liquid
chromatography tandem mass spectrometry (ID-LC—
MS/MS) method for the routine quantitation of serum
total testosterone. The method is based on the National
Institute for Standards and Technology’s (NIST) refer-
ence method, ensuring accuracy and reliability in the
measurement process.

Variables

In this research, variables such as age, ethnicity, educa-
tion level, annual household income, Body mass index
(BMI), alcohol consumption, smoking behavior, calcium,
and triglycerides were considered as covariates. These
covariates were categorized into categorical variables like

Excluded (n=58)

Missing data: age, ethnicity, educat
ion level, annual household incom
e, Body mass index (BMI), alcoh
ol consumption, smoking behavior,
calcium, and triglycerides were co
nsidered as covariates

gender, education level, annual household income, BMI,
alcohol consumption, smoking behavior, and continuous
variables such as age, calcium, and triglycerides.

NHANES classifies race as Mexican American, non-
Hispanic white, non-Hispanic black, and other Hispanics.
Education qualifications were divided into High school
or below, High school graduate, and More than high
school. BMI was grouped as<18.5, 18.5-25, 25-29.9,
or>30 kg/m2, with obesity defined as a BMI of > 30. Par-
ticipants were asked about their smoking history, based
on whether they had smoked more than 100 cigarettes
in their lifetime, categorizing them as smokers or non-
smokers accordingly. Those who reported consuming at
least 12 alcoholic beverages in a year were identified as
having a history of drinking.
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Statistical analyses

The study categorized participants into quartiles based
on their testosterone levels and utilized R software (ver-
sion 4.2.3) for all analyses, maintaining a significance
level of P<0.05. Categorical variables were presented as
frequencies or percentages, while continuous variables
were expressed as means * standard deviation.

To explore differences between groups, weighted lin-
ear regression models (for continuous variables) and
weighted chi-square tests (for categorical variables) were
employed. All calculations incorporated NHANES sam-
ple weights to ensure accurate representation.

For investigating the relationship between testosterone
levels and femoral neck bone mineral density, a weighted
multivariate linear regression model was applied. Fol-
lowing the Strengthening Epidemiological Observational
Study Report (Control) statement [16], three models
were executed: Model 1, without adjusting for covari-
ates; Model 2, adjusted for BMI, calcium, and triglycer-
ides; and Model 3, adjusted for all covariates. To account
for potential nonlinearity in the association between tes-
tosterone levels and BMD, a weighted generalized addi-
tive model and smooth curve fitting were implemented,
enhancing the study’s ability to capture nuanced relation-
ships in the data. P-overall indicates that the independ-
ent variables have a statistically significant overall effect
on the dependent variables. P-non-linear is specifically
employed to detect whether there are nonlinear relation-
ships between the independent and dependent variables.
When both are less than 0.05, it signifies that there is a
significant nonlinear correlation between testosterone
and bone mineral density. In addition, the multiple cross
comparisons were carried out. When P is less than 0.05,
if the f>0, it indicates that the independent variable has
a positive correlation with the dependent variable. Con-
versely, if the p <0, it shows a negative correlation.

Results

A comprehensive analysis was conducted on 621 par-
ticipants with complete data on testosterone levels and
BMD. The number of cases with osteoporosis was 34,
and that with osteopenia was 296. The incidence of oste-
oporosis was 5.48%, and that of osteopenia was 47.67%.
These individuals were categorized into four groups
based on their testosterone levels. In older men, signifi-
cant differences in bone mineral density were detected
at various testosterone levels (P=0.04). The T Score
was -1.13+£0.95 in Q1 and -1.31+0.85 in Q4. These val-
ues were notably lower than normal. Importantly, there
are differences in BMI (P=0.01), calcium (P=0.01), and
triglyceride (P=0.01) levels among the four groups. No
other significant differences were identified (Table 1).
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Following this, a smooth curve fitting analysis was con-
ducted after adjusting for various factors including age,
race, education level, annual household income, BMI,
alcohol consumption, smoking behavior, calcium, and
triglycerides. In model 1, model 2, and model 3, the dif-
ferences in P-overall and P-nonlinear were all less than
0.05. This indicates that is, there is a significant nonlin-
ear correlation between testosterone and bone mineral
density (Fig. 2). Subsequently, a two-piecewise linear
regression model was employed to ascertain the thresh-
old effect of testosterone on bone mineral density based
on the smoothing plot, pinpointing the inflection point at
406.4.

Moreover, logistic regression analysis was conducted
by categorizing testosterone into quartiles (quartile
1: 1.44-281.54, quartile 2: 282.00-377.00, quartile 3:
377.98-505.30, quartile 4: 506.00-1260.00). Across
model 1, model 2, and model 3, it was observed that
testosterone levels in group Q3 exhibited a positive cor-
relation with bone density(Model 1: p=0.21, 95% CL:
0.01, 0.40, P=0.04; Model 2: p=0.38, 95% CI: 0.19, 0.57,
P=0.01; Model 3: p=0.38, 95% CI: 0.06, 0.71, P=0.03),
while they displayed a negative correlation in groups
Q1 (Model 1: p=-0.21, 95% CIL: -0.40, -0.01, P=0.04;
Model 2: B=-0.38, 95% CI: -0.57, -0.19, P=0.01; Model 3:
p=-0.38, 95% CI: -0.71, -0.06, P=0.03) and Q4 (Model 1:
p=-0.38,95% CI: -0.64, -0.12, P=0.01; Model 2: p=-0.28,
95% CI: -0.55, -0.02, P=0.04; Model 3: p=-0.34, 95% CI:
-0.75,0.07, P=0.08) (Table 2).

Discussion

In our present study, we utilized data from NHANES
(2013-2014) to investigate the relationship between
testosterone and BMD in individuals aged 60 years and
older. We discovered lower T-scores ranging between
-0.9 and -1.3, in addition to an inverted U-shaped asso-
ciation between testosterone levels and bone mineral
density.

The clinical insights gleaned from this research are
multifaceted, holding significant implications for the
management of skeletal health within the elderly male
cohort. First and foremost, our study compellingly dem-
onstrates the critical importance of considering serum
testosterone levels as a key factor when evaluating bone
health in elderly men. The identification of an inverted
U-shaped relationship between testosterone and bone
mineral density (BMD) in this population points to a sub-
tle interplay: both excessively high and low testosterone
levels could potentially harm bone health. This finding
illuminates the complex dynamics between testoster-
one and BMD, emphasizing the necessity for a hormo-
nal balance that maintains the structural and functional
robustness of the skeletal system. Achieving this balance
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Table 1 Weighted characteristics of study population based on total testosterone quartiles
Characteristic Overall Q1 Q2 Q3 Q4 Pvalue
Age (years) 68.86 (6.51) 69.65 (6.47) 69.01 (6.80) 68.95 (6.71) 67.83 (5.97) 0.13
Race (%) 0.60
Mexican American 4.37 4.68 4.55 437 3.87
Non-Hispanic White 79.54 78.20 81.24 82.13 76.57
Non-Hispanic Black 7.66 8.19 5.64 6.80 10.03
Other 843 893 857 6.71 953
Education level (%) 0.40
High school or below 15.60 16.14 1242 16.44 17.41
High school graduate 20.90 2597 22.60 14.30 20.73
More than high school 63.50 57.88 64.99 69.25 61.85
Body mass index (%) 0.01
Normal(18.5 to < 25) 2061 7.35 16.60 21.00 37.69
Obese(30 or greater) 34.40 50.07 46.22 22.18 17.02
Overweight(25 to < 30) 43.79 42.58 3452 5531 42.64
Underweight(< 18.5) 1.20 0.00 0.65 1.51 265
Annual household income (%) 0.80
<20,000 11.58 12.55 8.82 12.39 12.54
>20,000 88.42 8745 91.18 87.61 87.46
Had at least 12 alcohol drinks in a year (%) 0.20
Yes 84.72 91.88 84.56 83.89 7848
No 15.28 8.12 1544 16.11 2152
Smoked at least 100 cigarettes in life (%) 030
Yes 5945 6247 64.08 5268 5858
No 40.55 37.53 3592 47.32 4142
Total calcium (mmol/L) 2.36 (0.09) 2.35(0.08) 2.37(0.09) 2.36 (0.08) 2.38(0.08) 0.01
Triglycerides (mmol/L) 1.83 (1.24) 2.01(1.23) 2.31(1.50) 1.68 (1.14) 1.29(0.71) 0.01
T Score -1.08 (0.96) -1.13(0.95) -0.95 (1.00) -0.93(0.99) -1.31(0.85) 0.04

is crucial for maintaining overall bone health and may
significantly mitigate the risk of conditions like osteo-
porosis, which are often linked to hormonal imbalances.
Furthermore, our findings underscore the pressing need
for further research aimed at identifying the serum tes-
tosterone range that optimally supports bone health.
Concurrently, there is a clear imperative for the devel-
opment of individualized treatment protocols that are
sensitive to the unique hormonal characteristics of each
patient. The non-linear correlation between testosterone
and BMD points towards the need for a sophisticated
and tailored approach to hormone replacement therapy
(HRT), particularly in individuals presenting with serum
testosterone levels at the extremes of the spectrum. It is
essential for medical practitioners to consider the bidi-
rectional effects of testosterone on bone metabolism and
to advocate for personalized HRT that navigates between
the risks of hypogonadism and hypergonadism. Future
inquiries should be directed towards pinpointing the pre-
cise testosterone levels that confer maximal bone health
benefits and should also assess the enduring impact of

HRT on bone remodeling and the incidence of osteo-
porotic fractures in the aging male population. Lastly,
in light of the prevalent occurrence of osteoporosis and
related fractures among the elderly, our findings advo-
cate for the incorporation of regular testosterone level
monitoring as a routine adjunct to BMD measurements
in the clinical management of older men. This integrated
approach to clinical assessment can pave the way for a
more comprehensive and personalized treatment strat-
egy, potentially reducing the incidence of osteoporotic
fractures and their attendant morbidity in this suscepti-
ble demographic.

Bone mineral density is an important indicator to
assess bone health, and its changes can reflect bone
strength and stability. According to the criteria of the
World Health Organization (WHO), a T value below -2.5
is typically utilized to diagnose osteoporosis. Although
the T-score did not meet the criteria for osteoporosis, it
is still noteworthy. This is because even though the dif-
ferences in T values may appear insignificant in the short
term, they may have cumulative effects on bone health
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Fig. 2 The Nonlinear relationship between total testosterone with bone mineral density. Model 1: no covariates were adjusted; Model 2: BMl,total
calcium,triglycerides were adjusted; Model 3: age, race, education, BMI annual household income, alcohol consumption, smoking behavior, total

calcium, and triglycerides serum calcium were adjusted

over the long term. Studies indicate that small changes
in BMD may accumulate over time, ultimately increas-
ing the risk of fractures and impacting the microstructure
and overall strength of the bone [14]. This means that
the decrease in bone mineral density (BMD) increases
the vulnerability and susceptibility to fractures, which is
especially important for the elderly population. Osteo-
penia-related fractures can severely impact the quality of
life, elevate the risk of complications, and potentially pose
life-threatening consequences. Moreover, low BMD is
linked to issues like chronic pain and spinal deformation,
adversely affecting physical function and daily activities.
Consequently, these small differences may have signifi-
cant impacts on bone health, and bone density should be
monitored regularly, and precautions should be taken to
slow down bone loss.

Our study presents an inverted U-shaped association
between testosterone levels and bone density in men over
60 years old. Specifically, we observed a positive correla-
tion between testosterone levels in the third quartile (Q3)
and bone density, while negative correlations were found
in the first (Q1) and fourth quartiles (Q4). This suggests
that both excessively high and low testosterone levels
may adversely affect bone health in the elderly. A series of
cohort study on older men have linked lower testosterone
levels to decreased BMD and a higher fracture risk [15].

Low testosterone levels can lead to decreased bone min-
eral density, increasing the risk of osteoporosis. Interest-
ingly, our research also revealed an inverse relationship
between testosterone and BMD at high testosterone lev-
els. This indicates that in older men, elevated plasma tes-
tosterone levels may not be enough to maintain optimal
bone mass. However, the Bone sub-trial of the Testos-
terone trials demonstrated a higher bone mineral den-
sity (BMD) response when serum testosterone (T) levels
reached approximately 500 ng/dL [16]. In contrast, the
TRAVERSE trials, despite not providing BMD measure-
ments, noted a higher incidence of fractures in men with
lower serum T levels (~ 350 ng/dL) [17]. These discrepan-
cies may be attributed to several factors that we will now
discuss. Firstly, the study populations differ between the
trials and our study. The Bone sub-trial of the Testoster-
one trials and the TRAVERSE trials included men with
varying ages and health statuses, which could influence
the relationship between testosterone and BMD. Addi-
tionally, our study exclusively focused on elderly men, a
population that may exhibit different hormonal and bone
metabolism dynamics compared to younger cohorts.
Secondly, the study design plays a crucial role in the
interpretation of results. While the Bone sub-trial of the
Testosterone trials and the TRAVERSE trials were ran-
domized, placebo-controlled trials, our study employed
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Table 2 Association between total testosterone levels (ng/dL)) and femur bone mineral density (mg/cm?2)

Total testosterone P
B (95% CI)
levels value
Model 1 0.18(-0.11, 0.47) 0.20 ———
QI VSQ2 \odel2  0.23(-0.06,0.53)  0.10 e

Model 3 0.23(-0.18, 0.64) 0.20

Model I 0.21(0.01,0.40)  0.04 ——
QLVSQ3 Model2  0.38(0.19,0.57) 0.0l S
Model 3 0.38(0.06,0.71)  0.03 ———
Model I -0.17(-0.46,0.11)  0.20 e
QLVSQ4 Model2  0.1(-0.18,0.38)  0.50 —T*

Model 3 0.05(-0.41, 0.50) 0.80 ' -

Model 1 -0.21(-0.40, -0.01)  0.04 ]
Q3VSQL Model2  -0.38(-0.57,-0.19)  0.01 SRS

Model 3 -0.38(-0.71,-0.06)  0.03 -

Model I -0.03(-0.29,0.24)  0.80 1
Q3VSQZ Model2  -0.15(-0.37,0.07)  0.20 e

Model 3 -0.15(-0.48,0.17)  0.20 —

Model 1 -0.38(-0.64,-0.12)  0.01 T
Q3VS Q4 Nodel 2 -0.28(-0.55,-0.02)  0.04 R

Model 3 -0.34(-0.75,0.07)  0.08

08 -06 -04 02 O 02 04 05 OB

Model 1: no covariates were adjusted.

Model 2: BMI, total calcium, triglycerides were adjusted.

Model 3: age, race, education, BMI, annual household income, alcohol consumption, smoking
behavior, total calcium, and triglycerides serum calcium were adjusted.

a cross-sectional design. The cross-sectional nature of controlled trials. Thirdly, methodological differences in
our research limits our ability to establish causality and assessing BMD and testosterone levels could contribute
may introduce biases that are not present in longitudinal,  to the contrasting findings. The TRAVERSE trials did not
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provide BMD measurements, which makes direct com-
parison with our BMD data challenging. Furthermore,
our use of weighted multivariate linear regression models
and generalized additive models to account for potential
nonlinearity may have unveiled a more nuanced relation-
ship between testosterone and BMD that was not cap-
tured in the trials. While our findings appear to contrast
with those of the trials mentioned, we believe these dif-
ferences underscore the need for further research, par-
ticularly larger-scale, longer-term longitudinal studies to
determine the long-term effects and safety of testoster-
one levels on bone health in the aging population.

The reasons for the inverted U-shaped association
between testosterone levels and bone mineral density
in men over the age of 60 may include the following: As
individuals age, the hypothalamic-pituitary—testicular
axis can weaken, resulting in a decline in testosterone
production [18]. Low testosterone levels may reduce the
stimulation of osteoblasts, leading to a decrease in bone
formation [19]. At the same time, the process of testos-
terone conversion to estrogen may also be impaired,
weakening the protective effect on bone mineral density
[19].Testosterone affects osteocytes’ androgen receptor
directly and indirectly by converting osteocytes from the
estrogen receptor to estradiol and dihydrotestosterone
[20]. This results in reduced bone formation, increased
bone resorption, shortened osteoblast lifespan, increased
osteoblast death, and decreased mineralization capacity.
Moreover, there is an increase in osteoclast formation,
reduced apoptosis, and heightened osteoclast activ-
ity. Additionally, aging skeletal cells experience elevated
reactive oxygen species (ROS) levels, which can harm
proteins, lipids, and DNA, hindering osteoblast forma-
tion and contributing to osteoporosis development [15].
Conversely, an excess of testosterone can interfere with
the feedback mechanisms of the hypothalamic-pitui-
tary—gonadal axis, possibly affecting the bone remod-
eling process. This hormonal surplus may also modify the
availability of free testosterone by affecting the levels of
sex hormone-binding globulin (SHBG) [19]. It may also
affect the activity of other hormones or signaling path-
ways involved in bone metabolism. Furthermore, high
testosterone levels could potentially lead to an increase
in oxidative stress, which can have detrimental effects on
bone cells.

We incorporated age, ethnicity, education level, annual
household income, Body mass index (BMI), alcohol con-
sumption, smoking behavior, calcium, and triglycerides
as covariates. The covariates were selected based on
their known associations with bone health and poten-
tial confounding effects. Age, ethnicity, education level,
and annual household income were included as they can
influence lifestyle factors and access to healthcare, which
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in turn may affect bone density [21]. BMI is an impor-
tant indicator of body composition and has been shown
to be related to bone health [22]. Alcohol consumption
and smoking behavior are known risk factors for various
health conditions, including bone disorders [21]. Serum
calcium is an essential mineral for bone formation and
maintenance, and abnormal levels can impact bone min-
eral density [23]. Triglycerides were taken into considera-
tion since they are associated with metabolic disorders
which may exert an indirect effect on bone health. [24].
Each covariate was chosen to provide a more comprehen-
sive understanding of the factors that could potentially
influence bone mineral density in our study population.

Our study have highlighted the close relationship
between BMI, triglycerides, calcium, and osteoporo-
sis. Even after adjusting for these factors, testosterone
remained significantly associated with BMD. Body Mass
Index, a crucial indicator of body composition, has a pro-
found and substantial impact on bone mineral density. Dif-
ferent levels of BMI can lead to varying degrees of changes
in bone mineral density. Longitudinal analysis of 1,608
individuals completing a 5-year follow-up revealed that
both low BMI (underweight) and high BMI (obesity) were
correlated with an increased likelihood of developing oste-
oporosis [25]. Low BMI often correlates with malnutrition
and inadequate protein intake, contributing to bone loss.
Conversely, high BMI can exacerbate bone absorption,
hinder bone formation, and predispose individuals to oste-
oporosis. Clinically, testing sex hormones in male obese
osteoporosis patients may enhance diagnostic accuracy
and guide treatment effectively. In our analysis, we identi-
fied significant variations in BMI distribution among the
four testosterone quartiles. Notably, Q4 was characterized
by the lowest combined proportion of individuals in the
overweight and obese categories and conversely, the high-
est proportion of underweight individuals. This finding is
particularly compelling as it suggests a complex interplay
between BMI, testosterone levels, and bone health. Upon
adjusting for BMI in our models 2 and 3, we observed that
the significant associations were primarily evident when
comparing with quartile Q1. This quartile, potentially
comprising the largest subset of hypogonadal men, under-
scores the importance of testosterone in the context of
low BMI and its implications for bone health. Given these
observations, we acknowledge that once testosterone lev-
els are within a normal range, BMI may indeed emerge as
a predominant factor influencing low BMD. This suggests
that while testosterone is crucial for maintaining bone
integrity, particularly among hypogonadal men, BMI could
be a significant factor of bone health in individuals with
normal testosterone levels.

Triglycerides, a type of lipid molecule found in the
bloodstream, have a profound and substantial influence
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on bone mineral density. Changes in the level of tri-
glycerides can lead to alterations in various physiologi-
cal processes within the body. In a cross-sectional study
involving 1,985 individuals aged 50 years and older, tri-
glycerides showed a significant association with total
lumbar BMD [26]. Further threshold effect analysis
revealed an inverted U-shaped relationship between
triglycerides and BMD. Triglyceride levels below 2.597
mmol/L were positively correlated with lumbar BMD,
while levels above this threshold did not exhibit a sta-
tistically significant difference. Normal to moderately
high triglyceride levels appeared to benefit bone health,
whereas very high levels may not be associated with
bone health. This may occur because triglycerides can
act as energy reserves, providing energy support for the
metabolic activities of osteocytes [27]. In older men, the
body’s energy requirements and metabolic levels may
change as they age. Appropriate triglyceride reserves help
maintain the normal function of osteocytes, promote
bone formation, and maintain bone density. Additionally,
triglycerides are not a simple indicator of obesity. Instead,
they mainly reflect the state of lipid metabolism in the
body. On the other hand, BMI primarily reflects an indi-
vidual’s overall degree of obesity. Although obese people
are often accompanied by elevated triglycerides, elevated
triglycerides are not entirely equivalent to obesity. Meta-
bolic abnormalities in triglycerides may affect bone min-
eral density (BMD) independently of BML

Serum calcium levels significantly influence bone min-
eral density, serving as a crucial determinant in preserv-
ing the structural resilience and comprehensive health
of our skeletal framework. Normal serum calcium levels
are essential for maintaining the structure and strength
of the bone. Two epidemiological analyses, encompassing
5,478 and 5,556 participants from the NHANES between
2003 and 2006, affirmed the causal and independent role
of serum calcium in bone density through MR analy-
sis [28]. This association remained statistically signifi-
cant after adjusting for serum parathyroid hormone, 25
(OH) D, and phosphate levels. Testosterone can regulate
calcium absorption, excretion, and deposition in bone
through several pathways [29]. For instance, testoster-
one may promote the absorption of calcium in the gut
and increase calcium reabsorption in the kidney, thereby
affecting serum calcium levels [30]. Meanwhile, changes
in serum calcium may in turn affect the effect of testoster-
one on BMD. For older men, reduced serum calcium lev-
els due to inadequate dietary intake, decreased intestinal
absorption function, or altered in renal excretion func-
tion. These age-related changes may occur simultane-
ously with decreases in testosterone levels and decreases
in bone mineral density [31]. By including serum calcium
as a covariate, controlling for these age-related changes

Page 9 of 11

in the analysis could more accurately assess the relation-
ship between testosterone and BMD. In addition, Estra-
diol plays a crucial role in maintaining bone integrity in
men, as evidenced by various studies. It acts on bone cells
through estrogen receptors, influencing bone remodeling
and mineralization. Low levels of estradiol in men are
associated with decreased bone density and an increased
risk of osteoporosis [32]. One study has indicated that
an increase in serum estradiol concentrations during
gender-affirming hormone therapy (GAHT) can signifi-
cantly enhance both cortical and trabecular bone accrual,
thereby improving bone strength [32]. Another study
emphasized the key regulatory role of estrogen in bone
metabolism in both men and women, noting that the loss
of estrogens is linked to a decline in bone mineral density
and that estradiol concentrations can predict the risk of
fractures [33]. Future studies could explore the combined
effects of testosterone and estradiol on bone health in
older men to provide a more comprehensive understand-
ing of the hormonal factors influencing bone metabo-
lism. The bone matrix is an integral component of bone,
essential for preserving bone strength and functionality.
Its proper upkeep hinges on the equilibrium and stability
of the assorted constituents it contains. Principally, these
constituents are categorized into organic and inorganic
materials [34]. The bone matrix’s composition shifts with
age, with the inorganic content becoming predominant.
In the elderly, the inorganic fraction can surpass 75%,
leading to enhanced bone brittleness and an increased
risk of fractures [35]. Beyond monitoring hormone lev-
els, it is imperative to take into account the multitude of
factors that influence the bone matrix. Adopting a more
holistic set of interventions and management strategies
will be instrumental in safeguarding and promoting bone
health more effectively.

The NHANES provides nationally representative data
on the US civilian population, ensuring accuracy, con-
sistency, and reliability of study data and results through
standardized and uniform protocols for data collec-
tion and screening. This quality control framework con-
tributes to the reliability of our current study. However,
our research does have limitations. Firstly, due to the
cross-sectional design, establishing a causal relationship
between testosterone and bone mineral density is chal-
lenging. To address this, further longitudinal follow-up
studies with a larger sample size are necessary. Secondly,
while our study used a nationally representative sample
in the United States focusing on men aged over 60, cau-
tion must be exercised in generalizing the results to all
men, as demographic variations may influence the find-
ings. Thirdly, there are limitations in the data from the
NHANES database. Although we made every effort to
minimize the impact of missing data by excluding those
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with missing femoral neck BMD data, testosterone level
data, or covariate data, the remaining missing data may
still have introduced some bias. We are aware that this
could potentially affect the generalizability and reliabil-
ity of our results. Fourthly, there is a lack of adjustment
for vitamin D levels, creatinine, liver dysfunction, and
estradiol in the models. While these factors are known
to potentially have a direct impact on bone density, there
is a significant absence of data regarding these variables
in the existing datasets. Fifthly, we are unable to obtain
information on the exact number of men in the study
who are taking testosterone. Therefore, we cannot deter-
mine the number of people with low bone mineral den-
sity who are actually taking testosterone. This may have
a certain impact on the interpretation and application of
the research results. Nevertheless, our study still provides
valuable insights into the relationship between testoster-
one levels and BMD in elderly men.

Conclusion

Our findings unveiled an inverted U-shaped associa-
tion between testosterone and BMD, indicating that for
older American men, both excessively high and exces-
sively low testosterone levels can have adverse effects on
bone health. In conclusion, maintaining an optimal level
of androgen is crucial for preserving bone integrity in
elderly men. The nuanced relationship between testoster-
one and bone mineral density highlights the importance
of a balanced hormonal milieu in supporting the struc-
tural and functional aspects of the skeletal system. It is
the careful regulation of these levels that may contribute
to the overall bone health, potentially mitigating the risks
associated with imbalances that could lead to conditions
such as osteoporosis.
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