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Objectives. Thyroid hormone is acknowledged as a pivotal factor in skeletal development and adult bone maintenance. However,
available data about the relationship between sensitivity to thyroid hormone and bone mineral density (BMD) remain limited and
conflicting. The purpose of the study was to explore the complex relationship between sensitivity to thyroid hormone indices and
BMD using cross-sectional analysis. Methods. An overall sample of 3,107 males from the National Health and Nutrition Ex-
amination Survey (NHANES) was studied in the study. The thyroid hormone sensitivity indices included free triiodothyronine/
tree thyroxine (FT3/FT4), thyroid-stimulating hormone index (TSHI), thyrotroph thyroxine resistance index (TT4RI), and
thyroid feedback quantile-based index (TFQI). Given the complex study design and sample weights, the correlation between
sensitivity to thyroid hormone indices and BMD was evaluated through multivariate linear regression models, and extra subgroup
analyses were performed to examine the robustness of the results. Results. Among the 3,107 participants, we demonstrated that
FT3/FT4 was negatively correlated with lumbar BMD (8=-0.0.35, 95% CI: —0.084-0.013, P <0.05). In the terms of central
sensitivity to thyroid hormone, TFQI showed a significant negative relationship with the BMD of the lumbar (8 = —0.018, 95% CI:
-0.033 to —0.003, P <0.05), total femur (8=-0.020, 95% CI: —0.035 to —0.006, P < 0.01), and femur neck (8=-0.018, 95% CIL:
-0.031 to —0.005, P <0.01). In the subgroup analyses stratified by body mass index (BMI), the significant negative correlation
between TFQI and lumbar BMD remained in the male participants with BMI between 18.5 and 24.9kg/m*. Conclusions.
Decreased indices of sensitivity to thyroid hormones are strongly associated with increased lumbar BMD, suggesting that the
dysfunction of peripheral and central response to thyroid hormone might contribute to bone loss. In addition, FT3/FT4 and TFQI
were considered to be the preferable indicators to guide the prevention and clinical treatment of osteoporosis.

1. Introduction

Osteoporosis is a metabolic bone disease characterized by
the degeneration of bone tissue microstructure and de-
creased bone mineral density. The early clinical manifes-
tations of osteoporosis are subtle, but many patients often
have clinical manifestations such as spinal deformity, bone
pain, and fractures in the later stage of osteoporosis [1, 2].
With the aging population, osteoporosis has already become
an increasingly significant public health problem ([3].

According to data released by the Centers for Disease
Control and Prevention (CDC), osteoporosis-related med-
ical expenditures are on the rise globally and the costs of
osteoporotic fractures are expected to more than double by
2050 if there are no effective interventions for the condition
in question [4, 5].

Osteoporosis includes primary osteoporosis and sec-
ondary osteoporosis, closely related to metabolic abnor-
malities, gene polymorphisms, and microcirculation
disorders [6, 7]. As an endocrine disorder, thyroid diseases
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are the leading causes of secondary osteoporosis [8].
Viapiana et al. found that hyperthyroidism causes a high
bone turnover by accelerating both bone formation and
resorption phases [9]. As soon as the balance between bone
remodeling and bone resorption was disrupted, there would
be reduced bone mass and even osteoporosis [10]. In ad-
dition, several studies reported that thyroid hormone defi-
ciency can slow the stimulation of osteoblasts and
osteoclasts, thereby severely impairing bone gain during
growth and development [11].

Thyroid function is evaluated clinically by measuring
serum-free triiodothyronine (FT3), free thyroxine (FT4),
and thyroid-stimulating hormone (TSH) levels. However,
the complex relationship among these three indicators can
be measured with sensitivity to thyroid hormone indices,
which provide a comprehensive explanation of thyroid
status [12]. Currently, several studies have reported that
TT4RI, TSHI, and TFQI can be used as quantitative indi-
cators of pituitary thyrotropin function in the central pi-
tuitary [13, 14]. In peripheral tissues, FT4 is converted to
FT3 by deiodinase. Therefore, FT3/FT4 is not only an in-
dicator of deiodination activity but can also indirectly reflect
the peripheral sensitivity to thyroid hormones [15, 16].
Laclaustra proposed TFQI and simultaneously used TSHI
and TT4RI indices to explore the interaction between im-
paired sensitivity to thyroid hormones and metabolic dis-
eases [17]. However, it is unclear whether sensitivity to
thyroid hormone is related to bone metabolism. Therefore,
we examined the independent correlation between central
and peripheral thyroid hormone sensitivity and bone
mineral density (BMD) using NHANES (2007-2010) data.

2. Materials and Methods

2.1. Study Population. The NHANES is an ongoing cross-
sectional population-based survey conducted by the Na-
tional Center for Health Statistics (NCHS) at the Centers for
Disease Control (CDC) to assess the health and nutritional
status of individuals in the US. Informed consents for data
collection were obtained from all participants.

Data collected included demographic, laboratory, and
examination information from the NHANES database from
2007 to 2010. Study participants who had completed de-
mographics, thyroid parameters, and BMD measurements
(n=20,686) were included. Exclusion criteria included fe-
males and patients with a history of cancer diseases
(n=10,389), missing BMD data (n=4,624), and missing
thyroid profile data (n=2,566). Ultimately, a total of 3,107
male subjects were included in the analysis (Figure 1).

2.2. Assessment of BMD. Dual-energy X-ray absorptiometry
(DXA) is the standard method of measuring bone density,
due in part to its speed, ease of use, and low radiation
exposure [18, 19]. Beginning in 2005, DXA scans of the
lumbar spine have been administered in the NHANES
mobile examination center (MEC). As the exposure vari-
ables of this study, total femur, femoral neck, and lumbar
spine BMD were estimated by DXA with a Hologic QDR-
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4500A fan-beam densitometer (Hologic, Inc., Bedford,
Massachusetts).

2.3. Assessment of Thyroid Function. The TSH level was
detected by a third-generation, two-site immunoenzymatic
(“Sandwich”) assay (reference range, 0.34-5.6 uIU/ml) [20].
The FT3 assay was a competitive binding immunoenzymatic
assay (reference range, 2.5-3.9pg/ml) [21], and the FT4
assay was a two-step enzyme immunoassay (reference range,
0.6-1.6 ng/dl) [22]. Detailed specimen collection and pro-
cessing instructions are available in the NHANES Labora-
tory/Medical Technologists Procedures Manual (LPM).

2.4. Definition of Sensitivity to Thyroid Hormone Indices.
Sensitivity to thyroid hormone indices include FT3/FT4,
TT4RI, TSHI, and TFQI.

(1) FT3/FT4=FT3 (pmol/L)/FT4 (pmol/L) [23]

(2) TSHI =In TSH (mIU/L) + 0.1345 * FT4 (pmol/L) [14]
(3) TTARI=FT4 (pmol/L) * TSH (mIU/L) [24]

(4) TFQI = cdfFT4 — (1-cdfTSH)

The TFQI was calculated by the empirical cumulative
distribution function to evaluate the central sensitivity to
thyroid hormone; the TFQI value ranges from —1 to 1 [17].
According to the previous studies, 0 indicated that the
sensitivity of the HPT axis to FT4 was normal, and the
negative value suggested that the HPT axis was more sen-
sitive to changes in FT4, while the positive value indicated
the insensitive response [17].

2.5. Covariates. Demographic information included age
(mean age, 39.48 years; age range, 12-80 years), race (non-
Hispanic white, non-Hispanic black, Mexican American,
and other races, including other Hispanic and multiracial),
and education level (less than 9th grade, 9-11th grade, high
school grad, some college, college graduate or above, and
missing). Laboratory data included glycosylated hemoglobin
Alc (HbAlc, %), total calcium (mg/dL), phosphorus (mg/
dL), cholesterol (mg/dL), triglycerides (mg/dL), albumin (g/
dL), blood urea nitrogen (mg/dL), creatinine (mg/dL), and
uric acid (mg/dL). Finally, questionnaire data extracted
included alcohol consumption, smoking behavior, BMI,
hypertension, and diabetes. Smoking behavior was defined
as significant smoking behavior and never or nonsignificant
smoking. Significant smoking behavior was defined by 100
cigarettes in life either current or in the past and never or
nonsignificant smoking as participants who smoke less than
100 cigarettes [25]. Alcohol consumption was classified as
significant alcohol intake and nonsignificant alcohol intake.
Significant alcohol intake is defined as 12 units per week and
nonsignificant alcohol intake as participants who drink less
than 12 units per week [26]. Based on the 2018 Physical
Activity Guidelines for Americans, participants without any
physical activity, with physical activity of more than 0
minutes per week (min/wk) but less than 150 min/wk, and
with physical activity of 150 min/wk or more during the
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20,686 subjects participated in
NHANES (2007-2010)

Exclusion
(1) Female subjects (n = 10,365 )

A 4

n=10,297

(2) Patients with history of cancer
disease (n = 24)
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Missing spine bone mineral density

n=5,673

data (n = 4,526) and femur bone
mineral density data (n = 98)

Exclusion

A 4

3,107 male subjects were finally
included in this study

Missing thyroid profile data (n = 2,566)

FiGure 1: Study flowchart.

previous week were classified as light, moderate, and high,
respectively [27, 28]. The BMI classification is defined as
below 18.5: underweight, 18.5-24.9: healthy weight,
25.0-29.9: overweight, and 30.0 and above: obesity [29]. The
diagnostic criteria of “diabetes” and “hypertension” were
supplemented in the covariable. “Hypertension” was defined
as having an SBP > 140 or/and DBP >90 mmHg or a history
of hypertension [30]. Diabetes status was confirmed when
the participants had a positive history of diabetes and/or
elevated glycosylated hemoglobin (HbAlc) > 6.5% [31].

2.6. Statistical Analyses. Data that conformed to normal and
skewed distributions were expressed as the mean standard
deviation for continuous variables, while categorical vari-
ables were expressed as the number and percentage of
subjects [32]. Subjects were divided into quartiles based on
BMD levels (range from 0.423 to 1.901 g/cm?®), and uni-
variate analysis and chi-square tests were used to examine
correlations between research variables and BMD. We ex-
plored the association between sensitivity to thyroid hor-
mone indices and BMD in three different models using
weighted multivariate linear regression models. Model 1 had
no variables adjusted. Model 2 was adjusted for age, race,
and education. Model 3 was further adjusted for age, race,
education, physical activity, smoking behavior, alcohol be-
havior, BMI, hypertension, diabetes, HbAlc, total calcium,
phosphorus, cholesterol, triglycerides, albumin, blood urea
nitrogen, creatinine, and uric acid. Furthermore, we

conducted subgroup analyses to examine the robustness of
the association between TFQI and BMD. Finally, we used
smooth curve fittings and generalized additive models to
address the nonlinear relationship. A P value of <0.05 was
considered statistically significant. All analyses were per-
formed with R software and EmpowerStats.

3. Results

3.1. Baseline Characteristics of the Participants.
Sociodemographic and clinical characteristics of 3,107 male
participants based on lumbar BMD quartiles are presented in
Table 1. There were significant differences in age, race, edu-
cation levels, smoking behavior, alcohol consumption, and
hypertension across all quartiles of lumbar BMD (P < 0.001).
Participants with higher lumbar BMD levels also had signifi-
cantly higher levels of BMI, HbAlc, blood urea nitrogen,
triglycerides, creatinine, and uric acid. While, their total cal-
cium, albumin, and phosphorus levels were significantly lower
(P <0.001). In addition, FT3, FT3/FT4, and TFQI tended to be
lower in patients with higher lumbar BMD (P < 0.001).

3.2. Correlation between Sensitivity to Thyroid Hormone In-
dices and BMD. The results of the weighted multivariate
linear regression analyses are reported in Table 2. After
adjusting confounding factors, we found that FT3/FT4 and
TFQI levels were negatively correlated with lumbar BMD in
model 3 (f=-0.0.35, 95% CI: —0.084 to —0.013, P <0.05)
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TaBLE 1: Baseline characteristics of the research population based on lumbar spine BMD quartiles.
- Quartiles of lumbar spine BMD
Characteristics P value
Q1<0.93 0.93<Q2<1.03 1.03<Q3<1.13 Q4>1.13
Demographics
Age (years) 33.81+£21.11 38.74 + 18.64 39.98 +18.20 44.47 £19.05 <0.001
Race/ethnicity (%) <0.001
Non-Hispanic white 203 (27.92) 174 (23.61) 148 (18.81) 110 (12.85)
Non-Hispanic black 298 (40.99) 314 (42.61) 363 (46.13) 384 (44.86)
Mexican American 87 (11.97) 111 (15.06) 157 (19.95) 242 (28.27)
Other race 139 (19.12) 138 (18.73) 119 (15.12) 120 (14.02)
Level of education (%) <0.001
Less than 9th grade 65 (8.94) 87 (11.81) 75 (9.53) 65 (7.59)
9-11th grade 70 (9.63) 116 (15.74) 119 (15.12) 114 (13.318)
High school grad 119 (16.37) 140 (19.00) 156 (19.82) 210 (24.53)
Some college 89 (12.242) 132 (17.91) 161 (20.46) 213 (24.88)
College graduate or above 67 (9.22) 103 (13.98) 141 (17.92) 167 (19.51)
Missing 317 (43.60) 159 (21.57) 135 (17.15) 87 (10.16)
Alcohol consumption (%) <0.001
Nonsignificant alcohol intake 309 (42.50) 466 (63.23) 535 (67.98) 627 (73.25)
Significant alcohol intake 418 (57.49) 271 (36.97) 252 (32.02) 229 (26.75)
Smoking behavior (%) <0.001
Significant smoking behavior 231 (31.77) 339 (46.00) 341 (43.33) 403 (47.08)
Never or nonsignificant smoking 496 (68.23) 398 (54.00) 446 (56.67) 453 (52.92)
Physical activity (%) 0.156
Light 112 (15.41) 138 (18.73) 139 (17.662) 166 (19.39)
Moderate 145 (19.95) 112 (15.20) 157 (19.95) 159 (18.58)
High 49 (6.74) 41 (5.56) 53 (6.74) 53 (6.19)
Not recorded 421 (57.91) 446 (60.52) 438 (55.65) 478 (55.84)
BMI (kg/mz) 2429+5.14 26.49+5.16 27.60 £ 5.06 28.86 +4.92 <0.001
Hypertension (%) 103 (14.17) 137 (18.59) 188 (23.89) 273 (31.89) <0.001
Diabetes (%) 42 (5.78) 53 (7.19) 57 (7.24) 86 (10.05) 0.035
Laboratory indices
HbAlc (%) 5.49 + 0.94 5.60+1.07 5.60+0.98 5.69+1.01 <0.001
Albumin (g/dL) 4.41+0.31 4.41+£0.30 4.39+0.31 4.35+0.3 0.002
Blood urea nitrogen (mg/dL) 11.98 +4.12 12.57 +4.42 12.93+4.59 13.48 +5.34 <0.001
Total calcium (mg/dL) 9.52+0.36 9.49 +0.36 9.50+£0.36 9.41 +0.36 <0.001
Total cholesterol (mg/dL) 191.32 +45.17 192.15 + 40.66 189.81 +40.15 190.53 +£38.90 0.243
Triglycerides (mg/dL) 149.03 + 145.31 163.37 £ 166.56 160.98 + 125.17 168.62 + 153.68 <0.001
Creatinine (mg/dL) 0.82+0.22 0.94+0.36 0.95+0.20 1.02+0.41 <0.001
Phosphorus (mg/dL) 4.20+0.83 3.78 £ 0.64 3.74+0.61 3.74+0.59 <0.001
Uric acid (mg/dL) 5.61+1.21 593+1.25 6.06 £ 1.26 6.19+1.30 <0.001
Thyroid parameters
FT3 (pmol/L) 5.51+0.81 5.26 +£0.64 5.16+0.62 5.04 +0.61 <0.001
FT4 (pmol/L) 10.25+1.72 10.23 £1.87 10.04+1.76 10.03£1.86 0.006
TSH (mIU/L) 1.96 +3.19 1.77 +1.39 1.76 +1.27 1.93+2.42 0.202
FT3/FT4 0.55+0.12 0.53+0.10 0.53+0.09 0.52+0.10 <0.001
TSHI 1.81 £0.66 1.75+0.63 1.72+0.65 1.76 £ 0.67 0.124
TT4RI 19.18 £16.67 17.80+£13.72 17.36 £11.42 18.35+13.98 0.131
TFQI 0.01+0.33 -0.02+0.32 -0.04+0.33 -0.05+0.33 <0.001

Mean + SD for continuous variables: the P value was calculated by the weighted linear regression model. (%) for categorical variables: the P value was
calculated by the weighted chi-square test. BMD, bone mineral density; BMI, body mass index; HbAlc, glycosylated hemoglobin Alc; FT3, serum free
triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; FT3/FT4, free triiodothyronine/free thyroxine; TSHI, thyroid-stimulating
hormone index; TT4RI, thyrotroph thyroxine resistance index; TFQI, thyroid feedback quantile-based index.

and (8=-0.018, 95% CI: —0.033 to —0.003, P <0.05). And
the association between TFQI and BMD was also significant
at the total femur (f=-0.020, 95% CI: —0.035 to —0.006,
P <0.01) and femur neck (f=-0.018, 95% CI: —0.031 to
—0.005, P < 0.01). Furthermore, after transforming TFQI to a
categorical variable (quartiles), as compared with the Q1

group, the TFQI levels of the Q2 and Q4 groups were still
negatively correlated with lumbar BMD. The male partici-
pants in the Q4 group had a 0.012 g/cm?* lower lumbar BMD
than those in the QI group. And the trend remained sig-
nificant among different TFQI quartile groups (P for
trend < 0.01) (Table 3).
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TaBLE 2: The correlation between sensitivity to thyroid hormone indices and BMD in all parts of the body.

B (95% CI), P value

FT3/FT4 TFQI

TSHI TT4RI

Lumbar spine BMD

Model 1 —0.205 (=0.257, —0.154)***  —0.027 (-0.044, —0.010)**  —0.009 (=0.017, 0.000) —0.000 (~0.001, 0.000)

Model 2 -0.102 (-0.155, —0.050)***  —0.022 (-0.038, —0.005)** —-0.009 (-0.017, —0.001)* —-0.000 (-0.001, —0.000)*

Model 3 —0.035 (-0.084, —0.013)* —-0.018 (-0.033, —0.003)* —-0.008 (-0.015, —0.000)*  —0.000 (—0.001, —0.000)*
Total femur BMD

Model 1 0.039 (-0.012, 0.090)  —0.040 (=0.056, —0.023)*** —0.015 (-0.023, —0.007)*** —0.001 (~0.001, —0.000)*

Model 2 —-0.037 (-0.089, 0.016) —-0.020 (-0.036, —0.003)* —0.005 (—0.013, —0.003)* —0.000 (-0.001, 0.000)

Model 3 —0.011 (=0.059, 0.036)  —0.020 (=0.035, —0.006)**  —0.008 (=0.015, —0.001)*  —0.000 (~0.001, —0.000)**
Femoral neck BMD

Model 1 0.065 (0.021, 0.109)** —-0.028 (-0.043, —0.014)*** —0.011 (-0.018, —0.004)**  —0.001 (—0.001, —0.000)*

Model 2 —0.004 (—0.049, —0.001) -0.013 (-0.027, —0.001)**  —0.003 (-0.010, —0.004)* —0.000 (—0.001, 0.000)

Model 3 0.007 (~0.036, 0.050) —0.018 (=0.031, —0.005)**  —0.008 (-0.014, —0.001)*  —0.001 (~0.001, —0.000)**

Logistic regression models: Model 1, no covariates were adjusted. Model 2 was adjusted for demographic factors, including age, race, and education. Model 3
was adjusted for age, race, education, physical activity, smoking behavior, alcohol behavior, BMI, hypertension, diabetes, HbAlc, albumin, blood urea
nitrogen, total calcium, cholesterol, creatinine, phosphorus, triglycerides, and uric acid. P* <0.05; P** <0.01; P*** <0.001.

TaBLE 3: Association between sensitivity to thyroid hormone indices and lumbar spine BMD.

Model 1
B (95% CI)

Model 2
B (95% CI)

Model 3
B (95% CI)

TFQI (quartile)
Q1 Reference

Reference Reference

Q2 —0.016 (~0.032, —0.001)* —0.006 (—0.021, —0.009)* —0.005 (—0.019, —0.008)*

Q3 ~0.015 (~0.031, —0.000)* ~0.007 (—0.022, 0.008) ~0.010 (~0.024, —0.003)*

Q4 —0.022 (—0.038, —0.007)** ~0.015 (~0.030, —0.000)* ~0.012 (~0.025, —0.002)*
P for tend 0.008 0.005 0.006

Subgroup analysis stratified by BMI (kg/m?)

BMI<18.5 -0.034 (-0.109, 0.041)
BMI 18.5-24.9 —-0.045 (-0.072, —0.019)***
BMI 25-29.9 -0.009 (-0.035, 0.017)
BMI>30 —-0.026 (-0.057, —0.005)*

—0.024 (—0.089, 0.041)
~0.026 (—0.046, —0.006)*
0.007 (—0.019, 0.033)
~0.020 (—0.051, 0.010)

0.001 (~0.063, 0.066)
~0.025 (—0.044, —0.005)*
—0.005 (—0.030, 0.021)
~0.022 (~0.052, 0.008)

Logistic regression models: Model 1, no covariates were adjusted. Model 2 was adjusted for demographic factors, including age, race, and education. Model 3
was adjusted for age, race, education, physical activity, smoking behavior, alcohol behavior, BMI, hypertension, diabetes, HbAlc, albumin, blood urea

nitrogen, total calcium, cholesterol, creatinine, phosphorus, triglycerides, and uric acid. P* <0.05; P** <0.01; P*** <0.001.

3.3. Associations between FT3/FT4, TFQI, and Lumbar BMD.
Smooth curve fitting and generalized additive model were
conducted to further analyze the relationship between FT3/
FT4, TFQI, and lumbar BMD. Figures 2-3 show that FT3/
FT4 and TFQI were negatively associated with lumbar BMD
on the whole, and FT3/FT4 and lumbar BMD showed a
linear negative correlation. After stratifying the population
by BMI, the negative relationship between TFQI and lumbar
BMD remained statistically significant at different BMI
stratifications (Figure 4), and the relationship in BMI
(18.5-24.9kg/m?) group was consistently significant after
adjusting for covariates (Table 3).

4. Discussion

This study explored the association between BMD and
sensitivity to thyroid hormone in healthy men (mean age,
39.48 years; age range, 12-80 years) based on the NHANES
2007-2010 database. This study found that the indices of

central and peripheral sensitivity to thyroid hormones
were negatively correlated with BMD. However, the re-
lationship between TSHI, TT4RI, and BMD was weak, as
shown in Table 2. In subgroup analyses stratified by BMI,
TFQI was most strongly associated with lumbar spine
BMD in the BMI (18.5-24.9 kg/m?) group. In this study,
we directly linked resistance to thyroid hormone with
bone metabolism, and we hypothesized that osteoporosis
can be prevented and treated by modifying thyroid
sensitivity.

Thyroid hormones can not only promote the differen-
tiation of osteoblasts and chondrocytes but also directly or
indirectly affect the absorption of calcium, phosphorus, and
osteogenic substances [33]. Numerous studies have dem-
onstrated that hyperthyroidism, hypothyroidism, TSH
suppression therapy for thyroid cancer, and other thyroid
diseases may have adverse effects on skeletal development,
maintenance, and bone metabolism [34]. According to
Svensson et al., there was a strong association between
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subclinical hyperthyroidism and an increased risk of ver-
tebral fractures in elderly Swedish men [35]. Also, other
studies reported that untreated patients with hyperthy-
roidism had reduced BMD and an increased risk of hip
fracture [36, 37]. Conversely, reduced levels of thyroid
hormones might lead to decreased stimulation of both os-
teoblasts and osteoclasts, which affect bone turnover and
bone mineralization [38]. Several studies have recently
shown a correlation between hypothyroidism and fracture,
and patients with a history of hypothyroidism have 2-3 times
higher fracture risk [39, 40].

Elevated FT4 and FT3 levels were associated with de-
creased BMD, and higher FT4 levels might accelerate the loss
of the hip bone [41, 42]. In the clinical study of Ale, the levels

of FT3 and FT4 in the osteoporosis group and the osteopenia
group were higher than those in the normal group [43]. In
addition, TSH level is also one of the main pathogenic
factors of osteoporosis [44]. Abrahamsen et al. discovered
that low TSH levels at baseline may increase the risk of hip
fractures [45]. In a study of Korean men, BMD was sig-
nificantly associated with low serum TSH levels after
multivariable adjustment [46]. Nevertheless, in a large co-
hort of middle-aged men, the result indicated that there was
no apparent association between subclinical hypothyroidism
or subclinical hyperthyroidism and the BMD at the lumbar
spine and femur [47]. As our study showed, there was no
significant association between TSH and BMD in men. It
may be due to differences in age, gender, race, or location of
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FIGURE 4: The association between TFQI and lumbar bone mineral
density stratified by BMI. Age, race, education, physical activity,
smoking behavior, alcohol behavior, BMI, hypertension, diabetes,
HbAlc, albumin, blood urea nitrogen, total calcium, cholesterol,
creatinine, phosphorus, triglycerides, and uric acid were adjusted.

bone mineral density measurements. Considering the
complex interactions in the HPT axis, we proposed to use
composite indices instead of individual parameter to reflect
the true thyroid status [48].

In thyroid hormone metabolism, T4 is mainly con-
verted to bioactive T3 by deiodinases (DIO), and the
FT3/FT4 ratio serves as a proxy of DIO activity and
peripheral thyroid hormone sensitivity [49]. According
to Nie et al., FT3/FT4 levels are positively correlated with
serum osteocalcin levels [50], suggesting the underlying
effect of FT3/FT4 on bone remodeling [51]. And rela-
tively higher serum osteocalcin levels have been clinically
proved in patients with hyperthyroidism and high
turnover osteoporosis [52]. Similarly, the results of this
work indicated that FT3/FT4 showed a significant neg-
ative association with lumbar spine BMD in males. In
terms of central sensitivity to thyroid hormones, both
TSHI and TT4RI [53] showed a negative association with
BMD; nevertheless, the relationship was weak. TFQI, a
novel index that is more stable than TSHI and TT4RI in
evaluating thyroid hormone sensitivity [17], was also
negatively correlated with the BMD of the lumbar spine,
total femur, and femoral neck. After adjusting for
multiple confounding factors, the correlation was still
significant, suggesting the potential effects of central
thyroid hormone resistance on the progression of os-
teoporosis. Furthermore, as shown in Table 3, a signif-
icant association between TFQI and the BMD of the
lumbar spine appeared in the male participants with
normal BMI (18.5-24.9 kg/m?). Therefore, we believed
that the dysfunction of peripheral and central response to
thyroid hormone might contribute to the disorder of

bone metabolism and bone loss, and FT3/FT4 and TFQI
were the preferable indicators. As is well known, thyroid
hormone action is mediated by thyroid hormone re-
ceptor (TR), two major classes of which are known, TR«
and TRp, and TRa was considered as the main functional
mediator of T3 in the skeleton. This work indicated that
increased conversion of FT4 to FT3 exists in osteoporosis
patients and elevated FT3 stimulates osteoclastic bone
resorption regulated primarily by TRa. Moreover, TFQI
was also reported to be significantly related to obesity,
metabolic syndrome, cardiovascular disease, and dia-
betes [54, 55], which were also known risk factors for
osteoporosis. Hence, the exact mechanisms need to be
confirmed in future studies.

In the subgroup analysis, TFQI was negatively cor-
related with lumbar BMD in different BMI subgroups,
and participants in the high BMI group had higher BMD
compared with the low BMI group. Furthermore, as
reported in Table 3, a significant association between
TFQI and the BMD of the lumbar spine appeared in the
male participants with normal BMI (18.5-24.9 kg/m?).
Similarly, a cohort study of 845 individuals reported that
patients with high BMI had a higher BMD and protective
effect of a high BMI on femoral neck BMD among elderly
subjects [56]. Another study by Saarelainen et al. indi-
cated that low BMI was associated with the increased
prevalence of osteoporosis and increased fracture risk
[57]. Furthermore, Zhang and Pu reported not only a
significant positive connection between BMI and BMD
but also a BMI saturation value (about 24.3 kg/m?) for
femoral neck BMD [58]. This might be due to the specific
bone-adipose axis that exists between adipose and bone
tissue in the body and is connected by various bioactive
chemicals to maintain skeletal homeostasis [59].

In our research, we utilized the generalizability of
NHANES data, which contained representative noninsti-
tutionalized Americans, which allowed our findings to be
presented as generalizability. But we also found limitations
in our study. First, we did not collect the antiosteoporotic
treatment history of our participants, which affected the
objectivity of BMD measurements. In addition, only male
data were included in order to eliminate the effects of es-
trogen. Further studies can investigate the relationship be-
tween BMD and sensitivity to thyroid hormone in peri- and
postmenopausal women. Last but not least, we could not
collect follow-up data in this study to explore the causal
relationship between sensitivity to thyroid hormone and
osteoporosis, since it was a cross-sectional study.

5. Conclusions

Among male representatives of the US population, our study
concludes that FT3/FT4 and TFQI are negatively associated
with BMD after multiple adjustments. Thus, FT3/FT4 and
TFQI are considered to be indicators of the complex rela-
tionship between thyroid hormone resistance and bone loss.
Moreover, thorough prospective investigations are sug-
gested to confirm these findings.
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