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Abstract

Objective Physical activity (PA) is closely related to our lives, and the effects of PA on thyroid function have not been
elucidated.

Methods Using data from the National Health and Nutrition Examination Survey (NHANES) 2007-2012, we included
5877 participants and analyzed the associations of thyroid function with weekly physical activity (PAM, expressed

in metabolic equivalents of task) and physical activity time (PAT) in American adults. Univariate and multivariate logis-
tic analyses were used to demonstrate the associations of PAM and PAT with the primary outcome. Linear regression
analysis was performed to determine the associations between thyroid biochemical indicators/diseases and PAM/PAT.

Results Our study revealed noticeable sex differences in daily PA among the participants. The odds ratio of the fourth
versus the first quartile of PAM was 3.07 (confidence interval, Cl [1.24, 7.58], p=0.02) for overt hypothyroidism,
3.25(CI[1.12,9.45], p=0.03) for subclinical hyperthyroidism in adult men. PAT in the range of 633-1520 min/week

was found to be associated with the occurrence of subclinical hyperthyroidism [p <0.001, OR (95% Cl)=5.89 (1.85,
18.80)], PAT of the range of > 1520 min/week was found to be associated with the occurrence of overt hypothyroid-
ism [p<0.001, OR (95% Cl)=8.70 (2.80, 27.07)] and autoimmune thyroiditis (AIT) [p=0.03, OR (95% Cl)=1.42 (1.03,
1.97)] in adult men. When PAM < 5000 MET*minutes/week or PAT < 1000 min/week, RCS showed an L-shaped curve
for TSH and an inverted U-shaped curve for FT4. The changes in FT3 and TT3 in men were linearly positively correlated
with PAM and PAT, while TT4 is linearly negatively correlated.

Conclusion The amount of daily physical activity of American adults is strongly associated with changes in thyroid
function, including thyroid hormone levels and thyroid diseases. Thyroid hormone levels were varied to a certain
extent with changes in PAM and PAT.
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Introduction
The thyroid and the thyroid hormones (THs) have physi-
ological effects on various body targets, which are crucial
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the National Health and Nutrition Examination Sur-
vey (NHANES) III, the prevalence of hypothyroidism
was 4.6% (0.3% clinical and 4.3% subclinical), and the
prevalence of hyperthyroidism was 1.3% (0.5% clinical
and 0.7% subclinical) [6]. At present, thyroid laboratory
indexes (TSH, FT4, TT4, FT3, TT3, TPOAD, TgAb, etc.)
are the primary methods used to evaluate thyroid func-
tion, thus providing a basis for disease diagnosis.
Caspersen proposed a definition for physical activity
(PA) in 1985, namely, any physical movement produced
by skeletal muscle that leads to energy consumption [7].
The PA we carry out in our daily lives mainly includes
work and physical exercise. A certain degree of PA can
promote growth and development, increase feelings of
happiness, and improve sleep [8]. Tucker reported that
compared with sedentary people, adults who participated
in high levels of PA tended to have longer telomeres,
which can significantly delay cell aging [9]. Studies have
shown that a large proportion of deaths among adults
older than 40 years of age in the United States can be
attributed to insufficient levels of PA, and 110,000 deaths
could be prevented annually if individuals aged 40 to 85
or older increased their MVPA (moderate-to-vigorous-
intensity physical activity) by 10 min per day among US
adults [10, 11]. Xu found that PA is an important protec-
tive factor for diabetes patients [12]. PA can also impact
cardiovascular function, and prolonged exercise is asso-
ciated with an increase in cardiac troponin levels [13, 14].
In addition, Byeon’s survey on Korean elderly people who
were living alone revealed that sustained flexibility exer-
cise is effective in maintaining a healthy mental state [15].
At present, there are few studies on the relationship
between thyroid function and PA. A recent cohort study
showed no association between thyroid function, as
defined by TSH and FT4, and total PA [16]. Given the
unclear relationship between thyroid dysfunction and
PA, we aimed to better explore the possible changes in
thyroid function caused by different levels of PA and
thereby inform people of the correct amount of exercise.

Method

Study design

In this cross-sectional study, after excluding pregnant
women and ambiguous or missing data, we included
a total of 5,877 participants who were aged between 18
and 85 years and self-reported no history of thyroid dis-
ease for statistical analysis (Fig. 1). Exclusion criteria: age
less than 18 years, lack of complete questionnaire infor-
mation, self-reported history of thyroid disease. Inclu-
sion criteria: complete data on thyroid laboratory tests,
complete data on physical activity. Data were taken from
the NHANES (NHANES—National Health and Nutri-
tion Examination Survey Homepage (cdc.gov)) between
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2007 and 2012. The NHANES database provided infor-
mation on participants’ work and PA, and activity-related
variables were obtained through specific questionnaires.
NHANES is a National Center for Health Statistics
(NCHS) research program designed to assess the health
and nutritional status of adults and children in the United
States.

Covariates

The covariates measured through the questionnaire
mainly included age, sex (male or female), BMI, race
(Mexican American, Non-Hispanic Black, Non-Hispanic
White, Other Hispanic, and Other Races, including mul-
tiracial), self-reported education level (above and below
university education), income (greater than $20,000,
less than $20,000), smoking (never, former and current),
and thyroid dysfunction (yes or no). The questionnaire
was administered to people who did not report thyroid
dysfunction.

Clinical characteristics

Participants were measured for TSH, FT4, TT4, FT3,
TT3, TPOAD, and TgAb to determine thyroid function.
Various thyroid disorders, including overt hyperthyroid-
ism, subclinical hyperthyroidism, overt hypothyroidism,
subclinical hypothyroidism and autoimmune thyroidi-
tis, were considered. The range of each chemical index
and the diagnostic criteria of the disease were sum-
marized as follows: TSH (0.34—-5.6 mIU/L), FT4 (7.74—
20.6 pmol/L), TT4 (4.5-13.2 pg/dL), FT3 (2.5-3.9 pg/
mL), TT3 (87-178 ng/dL), TPOAD (<34 IU/mL), TgAb
(<4. 0 IU/mL). Subclinical hyperthyroidism was defined
as TSH<0.34 mIU/L, FT3 and FT4 within the normal
range. Overt hyperthyroidism was defined as TSH <0.34
mlIU/L, FT4>20.6 pmol/L. Subclinical hypothyroid-
ism was defined as TSH>5.6 mIU/L, FT4 within normal
range. Overt hypothyroidism was defined as TSH>5.6
mlU/L, fT4<7.74 pmol/L. Autoimmune thyroiditis (AIT)
was defined as increased serum concentrations of thy-
roid antibodies [antithyroid peroxidase (microsomal)
(TPOAD) and antithyroglobulin (TgAb)] [2, 17-19].

Physical activity

Exercise intensity is usually expressed by the metabolic
equivalent of task (MET), which refers to the ratio of
energy consumed during PA to energy consumed at rest
[20, 21]. One MET is equivalent to the resting metabolic
rate or energy expenditure when awake and sitting qui-
etly. Moderate-intensity PA has a MET value of 3 to 5.9
MET; vigorous PA has a MET value of 6 or higher [8].
Total population PA was analyzed according to the rec-
ommended MET scores, including active work-related
activity (high-intensity, 8.0), moderate work-related
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30442 adults were tests in NHANES
2007-2012

27389 adults have complete data on
health questionnaire

7924 adults have complete data on thyroid
function measurements

5877 participants were included in this
study

----- » Missing data of race (n=0)

----- » Data of FT4(n=8396)
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2202 were excluded:

Age<18yr (n=1312)

Pregnant females (n=0)

Missing data of smoking (n=400)

Missing data of income (n=336)
Missing data of BMI(n=154)
Participants self-reporting a history of
thyroid disease(n=851)

Participants were included due to complete
data:
Data of TSH(n=8398)

Data of Urinary iodine(n=8069)
Data of TgAb(n=8004)
Data of TPOAb(n=7924)

Missing data of physical activity (n=2047)

Fig. 1 Flowchart of participant selection in the study, NHANES 2007-2012. The dotted lines represent participant exclusion

activity (moderate-intensity, 4.0), walking or biking for
transportation (4.0), vigorous recreational PA (8.0), and
moderate leisure-time PA (4.0) (PAQ_E (cdc.gov)). Par-
ticipants self-reported based on questionnaire items, and
the questionnaire was developed by the National Center
for Health Statistics (NCHS). MET score * the time spent
on activities corresponding to a week was defined as the
total physical activity MET (PAM) of the week, expressed
in MET-min/week; physical activity time (PAT) was
defined as the total activity time in a week, expressed in
min/week.

Statistical analysis

We conducted complex sampling of NHANES data from
three survey cycles (2007-2008, 2009-2010, and 2011-
2012) using R version 4.2.3. To ensure that our preva-
lence estimates were representative of the US population,
we applied the MEC weights. Data were first analyzed for
normality of distribution using the Kolmogorov—Smirnov
test of normality. Continuous variables are expressed as
the mean and 95% confidence intervals (mean, 95%CI),

and categorical variables are expressed as the rate and
95% confidence intervals (%, 95%CI). Different popula-
tions were divided into four groups according to their
respective PAM and PAT quartiles, and intergroup differ-
ences were compared using the Mann—Whitney U test.
As an example, for male participants, PAM, measured
in MET-minutes/week, was divided into four quartiles:
Q1<1200, Q2 1200-3320, Q3 3320-8400, Q4 >8400
MET-minutes/week, and PAT, measured in minutes/
week, was also divided into four quartiles: Q1 (<240), Q2
(240-633), Q3 (633-1520), and Q4 (>1520). Differences
in baseline characteristics across PAM and PAT quartiles
were compared using the Kruskal-Wallis test. Differences
among groups were compared through the chi-square
test or Fisher’s exact test. We conducted a binary logistic
regression analysis to investigate the association between
PAM, PAT and thyroid function and visualized the
results using restricted cubic splines to illustrate the cor-
relation between PA, thyroid biochemical markers, and
thyroid function disorders. We also conducted multivari-
able regression analysis after adjusted for race/ethnicity,
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income, smoking status, multiple tests of PA and thyroid
function disorders was corrected by the Tukey—Kramer
corrections. The odds ratios (ORs) are presented with
95% confidence intervals (Cls), and P values less than
0.05 were considered indicative of statistical significance
in all tests.

Results

We included 5877 participants in the NHANES from
2007 to 2012 (mean age =44.23 years, range 18-85 years),
of which 3188 were males (53.05%) and 2759 were
females (46.95%). The clinical characteristics of the par-
ticipants are shown in Table 1. In the total population, the
antibody positivity rates for TPOAb and TgAb were sig-
nificantly higher in women than in men (15.37%>7.69%,
»<0.001; 9.83%>5.50%, p<0.001). The prevalence of
subclinical hypothyroidism was higher in women than in
men (2.6%>1.57%, p=0.01). In the subgroup of TPOAb
greater than 34 IU/mL and TgAb greater than 4 IU/mL,
the proportion of females was much higher than that of
males. Women are more likely to have thyroid dysfunc-
tion than men (7.24% > 4.96%, p =0.01).

The adjusted ORs for PA among the total population
and men are shown in Table 2, which lists the results of
the univariate (Model 1), age-adjusted, BMI-adjusted
(Model 2), and multivariate (Model 3) logistic regres-
sions for thyroid function and PA in men. Our findings
showed that in Model 1, a longer PAT was associated
with subclinical hypothyroidism in men [p=0.04, OR
(95% CI)=0.17 (0.03, 0.91)]. In both Model 2 and Model
3, PAT in Q4 was shown to be associated with the overt
hypothyroidism in the total population [p=0.02, OR
(95% CI)=2.41 (1.17,4.96); p=0.01, OR (95% CI)=2.72
(1.130, 5.71)]. In Model 3, the odds ratio of the second
versus the first quartile of PAT was [p=0.02, OR (95%
CI)=23.35 (1.89, 288.23)] for hyperthyroidism, and
PAT in men was significantly associated with subclini-
cal hyperthyroidism, overt hypothyroidism and AIT
[¢<0.001; OR (95% CI)=5.89 (1.85, 18.8); p<0.001, OR
(95% CI)=8.7 (2.80, 27.07); p=0.03, OR (95% CI)=1.42
(1.03,1.97)]. Regarding PAM, we did not observe a sig-
nificant association between PAM and thyroid dis-
eases in the total population, but in men, high PAM was
associated with subclinical hypothyroidism in Model 1
[p=0.04, OR (95% CI)=0.22 (0.05, 0.94)], and Model 3
showed that high PAM was correlated with subclinical
hyperthyroidism and overt hypothyroidism [p=0.03, OR
(95% CI)=3.25 (1.12, 9.45)] [p=0.02, OR (95% CI)=3.07
(1.24, 7.58)].

We found that PAM and PAT were not substantially
associated with thyroid function in women (Supplemen-
tary materials Table S1), so we mainly explored PA and
thyroid function in the total population and in men in
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the subsequent analysis. Based on the quartiles of weekly
PA recommended by the US physical activity guide-
lines, we divided the total population and men into four
groups each to further compare the association between
thyroid function and PA. In the total population, the
higher the weekly PAM was, the greater the proportion
of men (p<0.0001) and percentage of current smokers
(p<0.0001). With increasing PAM, TSH, FT4, and TT4
levels showed an overall decreasing trend (p=0.002;
p<0.001; p<0.0001), while FT3 and TT3 levels gradu-
ally increased (p <0.0001; p <0.0001) and TPOAb showed
a downward trend (p for trend =0.008) (Supplementary
materials Table S2).

In Table 3, the levels of TSH, FT4, and TT4 in males
decreased significantly with increasing PAM (p for
trend =0.006; p for trend < 0.001; p for trend=0.001), and
FT3 and TT3 increased with increasing weekly PAM. To
further analyze the relationship between thyroid and PA,
we defined four groups according to the quartiles of TSH
and FT4: the low TSH group (TSHL), the high TSH group
(TSHH), the low FT4 group (FT4L) and the high FT4
group (FT4H). The TSHL group increased with increas-
ing activity (p for trend =0.014), while the FT4H group
decreased with increasing activity (p for trend =0.047).
Then, we performed a logistic regression model was fit-
ted with a restricted cubic spline (RCS) and found that
within 5000 MET-minutes/week of PAM, TSH showed
an “L” curve, and FT4 showed an “inverted U” curve;
TT3 and FT3 were linearly positively correlated with
PAM, while TT4 was linearly negatively correlated with
PAM (Fig. 2A). Men were more likely to have thyroid
dysfunction when the PAM was Q3, and in the RCS plots
of thyroid disease and PAM, within 10,000 MET, overt
hypothyroidism showed a J-shaped curve (p<0.001),
while AIT showed a U-shaped curve (p=0.012) (Fig. 2B).

Then, we analyzed weekly PAT and found that TSH,
FT4, TT4, FT3, TT3 and TPOAD levels changed in the
total population PAT with the same trend as PAM.
The TSHL group increased with increasing PAT (p for
trend=0.034), and the FT4H group decreased with
increasing PAT (p for trend=0.022) (Supplementary
materials Table S3). In men, FT4 and TT4 were nega-
tively correlated with PAT (p for trend<0.001; p for
trend =0.008), and FT3 and TT3 were positively corre-
lated with PAT (p for trend < 0.0001; p for trend <0.0001).
The FT4H group decreased with increasing PAT in men
(p for trend=0.013) (Table 4). The RCS plot showed that
in men, when PAT was within 1000 min/week, the trends
of TSH, FT4, TT3, FT3, and TT4 were the same as PAM
(Fig. 3A) and the same trend in the prevalence risk of
overt hypothyroidism and AIT as for PAM was observed
(Fig. 3B). Considering that antibodies may introduce cer-
tain confounding influences on the results, we conducted
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Table 1 Baseline characteristics of American adults aged 18-85 years stratified by sex, NHANES 2007-2012
Variable Total Male Female Pvalue
N (%) 5877 3118(53.05%) 2759(46.95%)
Weighted N 51989539 42238675(51.52%) 39750864(48.48%)
Age (yn)? 44.23(43.41,45.05) 43.68(42.80,44.56) 44.81(43.81,45.81) 0.02
BMI? 28.02(27.77,28.27) 28.25(27.73,28.31) 27.77(27 46,28.08) 0.01
Social and economic parameters
Race (%)? 0.01
Non-Hispanic White 71.65(62.44,80.87) 70.12(65.46,74.77) 73.30(69.36,77.24)
Non-Hispanic Black 9.52(7.63,1142) 9.46(7.33,11.59) 9.59(7.32,11.87)
Mexican American 7.66(6.25,9.06) 8.86(7.07,10.65) 6.37(4.76,7.98)
Other Hispanic 4.78(3.53,6.04) 4.92(3.40,6.44) 4.63(3.38,5.88)
Other Races - Including Multi-racial 6.38(5.09, 7.67) 6.64(4.77,852) 6.11(4.75,7 46)
Education (%)? <0.001
Lower University 37.14(32.79,41.49) 41.81(37.77,45.85) 35.39(32.14,38.65)
Higher University 58.83(52.88,64.78) 58.19(54.15,62.23) 64.61(61.35,67.86)
Income ($)* 0.002
< 20,000 16.62(14.44,18.79) 15.48(13.08,17.88) 18.93(16.23,21.63)
> 20,000 80.29(72.47,88.11) 84.52(82.12,86.92) 81.07(78.37,83.77)
Smoke (%)? <0.001
Never 52.14(47.31,56.97) 47.94(45.34,50.53) 61.09(58.71,63.46)
Former 23.58(21.31,25.85) 2844(26.15,30.73) 20.44(18.48,22.39)
Current 20.29(17.95,22.62) 23.62(21.39,25.86) 18.48(16.32,20.64)
Thyroid parameters
TSH (mIU/L)? 2.04(1.94,2.14) 1.93(1.81,2.05) 2.15(1.99,2.31) 0.04
FT4(pmol/L)? 10.24(10.10,10.38) 10.23(10.09,10.37) 10.26(10.12,10.40) 0.65
FT3(pg/mL)? 3.20(3.18,3.22) 3.30(3.28,3.32) 3.09(3.07,3.11) <0.001
TT4(ug/dL)? 7.77(7.69,7.85) 7.55(7.47,7.63) 8.01(7.91,8.11) <0.001
TT3(ng/dl)® 114.27(112.98,115.56) 115.73(114.28,117.18) 112.71(111.42,114.28) <0.001
TPOAb(IU/mL)? 21.78(19.58,23.98) 13.97(11.09,16.85) 30.20(25.93,34.47) <0.001
TgAb(IU/mL)? 10.00(7.30,12.70) 7.77(4.07,11.47) 12.39(8.29,16.49) 0.1
Thyroid diseases (%)° 0.004
Subclinical hypothyroidism 2.07(1.52,261) 1.57(1.00,2.14) 2.60(1.81,3.40) 0.01
Subclinical hyperthyroidism 1.50(1.09,1.91) 0.90(0.53,1.28) 2.15(1.45,2.84) 0.07
Overt hypothyroidism 2.24(1.69, 2.80) 2.32(1.57,3.08) 2.16(1.59,2.73) 0.77
Overt hyperthyroidism 0.25(0.09, 0.40) 0.16(0,0.35) 0.34(0.09,0.58) 0.37
PTPOAD (IU/mL)*® <0.001
<34 87.92(80.72,95.13) 92.31(90.85,93.77) 84.63(82.97,86.30)
>34 11.29(9.78,12.81) 7.69(6.23,9.15) 15.37(13.70,17.03)
PTgAb (IU/mL)*® <0001
<4 91.88(84.37,99.39) 94.50(93.32,95.68) 90.17(88.61,91.73)
>4 7.55(6.46, 8.63) 5.50(4.32,6.68) 9.83(8.27,11.39)
Thyroid Dysfunction (%)? 0.01

No
Yes

93.94(86.46,101.42)
6.06(4.98,7.14)

95.04(94.06,96.03)
4.96(3.97,5.94)

92.76(91.46,94.05)
7.24(5.95,8.54)

Abbreviations: BMI Body mass index, TSH Thyroid-stimulating hormone or thyrotropin, FT3 Free triiodothyronine, FT4 Free thyroxine, TgAb Thyroglobulin antibody,

TPOAb Thyroid peroxidase antibody

@ presented as mean (95% confidence interval)

b PTPOAb means the division by the TPOAb positive range (34 IU/mL); PTgAb means the division by the TPOAb positive range (4 IU/mL)
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Table 3 Relationship between thyroid function and PAM in US men aged 18-85 years, NHANES 2007-2012
Variable Total <1200MET-minutes/  1200-3320MET- 3320-8400MET- >8400MET-minutes/ Pvalue P fortrend
week minutes/week minutes/week week
Age(yr) 43.71(42.81,44.61) 4865(47.32,49.98) 45.17(43.60,46.74) 41.97(40.54,43.40) 39.34(38.16,40.52) <0.001
BMI 28.25(27.96,28.54) 28.82(28.09,29.55) 28.13(27.68,28.58) 28.24(27.87,28.61) 27.85(27.38,28.32) <0.001
Smoke <0.001
Never 61.33(55.07,67.59) 59.20(54.85,63.54) 66.30(62.14,70.45) 63.69(57.93,69.46) 56.25(51.61,60.90)
Former 20.10(17.33,22.86) 23.14(19.42,26.85) 19.46(15.91,23.02) 20.35(16.04,24.66) 17.43(13.74,21.12)
Current 18.57(15.84,21.30) 17.66(14.36,20.97) 14.24(10.82,17.66) 15.96(11.91,20.01) 26.32(22.81,29.83)
TSH (mlU/L) 1.93(1.81,2.05) 2.16(1.75,2.57) 1.93(1.75,2.11) 1.92(1.80,2.04) 1.72(1.64,1.80) 0.01 0.006
FT4(pmol/L) 10.23(10.09,10.37) 10.33(10.15,10.51) 10.45(10.25,10.65) 10.11(9.95,10.27) 10.04(9.84,10.24) <0.01 <0.001
FT3(pg/mL) 3.30(3.283.32) 3.25(3.233.27) 3.27(3.23,3.31) 3.33(3.293.37) 3.35(3.31,3.39) <0.001 <0.001
TT4(ug/dL) 7.54(7.46,7.62) 7.72(7.60,7.84) 7.55(7.45,7.65) 7.48(7.34,7.62) 743(7.33,7.53) 0.01 0.001
TT3(ng/dl) 115.71(114.26,117.16) 113.91(111.03,115.79) 112.97(111.07,114.87) 117.45(114.90,120.00) 118.60(116.31,120.89) <0.001 <0.001
TPOAD (IU/mL)?  13.96(11.10,16.82) 15.67(9.03,22.31) 15.72(10.21,21.23) 12.14(4.55,19.73) 12.30(6.46,18.14) 0.52 0.20
TgAb (IU/mL) 7.68(4.07,11.29) 11.35(2.49,20.21) 5.80(2.37,9.23) 6.49(2.39,10.59) 7.53(0,15.06) 013 0.902
TSHL (mlIU/L) 0.07 0.014
>1.07 73.89(66.69,81.08) 75.37(71.19,79.56) 77.96(73.68,82.24) 71.20(66.69,75.71) 71.28(67.73,74.84)
<1.07 26.11(22.80,29.43) 24.63(20.44,28.81) 22.04(17.76,26.32) 28.80(24.29,33.31) 28.72(25.16,32.27)
TSHH (mlU/L) 0.08 0.125
<233 74.90(67.99,81.81) 71.82(67.93,75.71) 71.90(66.91,76.88) 78.97(74.66,83.28) 76.62(72.32,8091)
>233 25.10(21.69,28.51) 28.18(24.29,32.07) 28.10(23.12,33.09) 21.03(16.72,25.34) 23.38(19.09,27.68)
FT4L(pmol/L) 0.02 0.073
>9 86.33(78.78,93.88) 88.75(86.37,91.13) 81.96(77.55,86.37) 88.48(84.98,91.97) 85.89(81.67,90.12)
<9 13.67(10.67,16.68) 11.25(8.87,13.63) 18.04(13.63,2245) 11.52(8.03,15.02) 14.11(9.88,18.33)
FT4H (pmol/L) 0.15 0.047
<115 75.09(66.57,83.62) 71.67(66.49,76.85) 75.07(70.66,79.48) 74.80(70.66,78.94) 78.81(73.90,83.71)
>11.5 24.91(21.84,27.97) 28.33(23.15,33.51) 24.93(20.52,29.34) 25.20(21.06,29.34) 21.19(16.29,26.10)
Thyroid 0.01
Subclinical 1.58(0.97,2.19) 1.26(0.37,2.14) 1.94(0.68,3.20) 2.78(1.653.91) 0.27(0,0.62) 0.02
hypothyroidism
Subclinical 0.90(0.51,1.29) 0.60(0,1.21) 0.83(0.05,1.61) 1.22(0.22,2.22) 0.94(0.36,1.52) 0.02
hyperthyroidism
Overt hypo- 2.32(1.52,3.12) 2.02(1.02,3.02) 0.82(0.28,1.36) 3.28(1.21,5.36) 3.25(1.55,4.95) 0.02
thyroidism
Qvert hyper- 0.17(0,0.34) 0.16(0,0.32) 042(0,1.09) 0.00(0.00,0.00) 0.06(0,0.12) 0.06
thyroidism
AIT 18.23(15.52,20.94) 19.79(15.90,23.68) 18.21(14.42,22.00) 17.52(13.69,21.35) 18.66(15.00,22.33)
Thyroid Dys- 0.05
function
No 95.04(87.77,102.31) 95.97(94.27,97.66) 95.99(94.28,97.69) 92.71(90.69,94.74) 95.48(93.58,97.38)
Yes 4.96(3.80,6.12) 4.03(2.34,5.73) 4.01(2.31,5.72) 7.29(5.26,9.31) 4.52(2.62,642)

All data was presented as mean (95% confidence interval). Participants had TSH quartiles of 1.57 (1.07-2.33) mIU/L and FT4 quartiles of 10.3 (9-11.5) pmol, TSHL,
the low TSH quartile array; TSHH, the high TSH quartile array; FT4L, the low FT4 quartile array; FT4H, the high FT4 quartile array. P-Values are for differences between

groups

(See figure on next page.)

Fig. 2 The relationship between the risk of thyroid dysfunction and the PAM during a week in men (restricted cubic spline fitting logistic

regression, RCS). A Thyroid biochemical indicators; B Thyroid disorders. The light red shade is the population analysis density (density) on the x-axis,
indicating where the population is mainly concentrated Side, the blue line refers to the fitting curve of the OR value as the x-axis index increases,
and the green shade is the 96% confidence interval. The P value represents whether the trend of the x-axis and the y-axis is statistically significant.
If the P value is less than 0.05, there is a trend relationship between X and Y as shown in the figure. When P is less than 0.1, it can also be said

that the relationship between the two is not significant enough. The value of P for Nonlinear judges whether it is nonlinear. The value of P
for Nonlinear is less than 0.05 to meet nonlinearity. The value of P for Nonlinear is greater than or equal to 0.05, indicating that XY is a linear

relationship
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Table 4 Relationship between thyroid function and PAT in US men aged 18-85 years, NHANES 2007-2012
Variable Total <240 240-633 633-1520 >1520 Pvalue P fortrend
minutes/week minutes/week minutes/week minutes/week
Age (yr) 43.71(42.81,44.61) 46.80(45.39,48.21) 46.26(45.10,47.42) 43.48(41.64,45.32) 40.38(39.11,41.65) <0.001
BMI 28.25(27.96,28.54) 29.03(28.30,29.76) 28.18(27.77,28.60) 28.01(27.62,28.40) 28.11(27.70,28.52) 0.05
Smoke <0.001
Never 61.33(55.07,67.59) 59.20(54.85,63.54) 66.30(62.14,70.45) 63.69(57.93,69.46) 56.25(51.61,60.90)
Former 20.10(17.33,22.86) 23.14(19.42,26.85) 19.46(15.91,23.02) 20.35(16.04,24.66) 17.43(13.74,21.12)
Current 18.57(15.84,21.30) 17.66(14.36,20.97) 14.24(10.82,17.66) 15.96(11.91,20.01) 26.32(22.81,29.83)
TSH (mlU/L) 1.93(1.81,2.05) 2.24(1.65,2.83) 1.93(1.75,2.11) 1.93(1.81,2.05) 1.78(1.68,1.88) 0.002 0.023
FT4(pmol/L) 10.23(10.09,10.37) 10.29(10.07,10.51) 10.46(10.28,10.64) 10.26(10.06,10.46) 10.00(9.82,10.18) <0.001 <0.001
FT3(pg/mL) 3.30(3.283.32) 3.27(3.23,331) 3.25(3.21,3.29) 3.30(3.26,3.34) 3.35(3.31,3.39) <0.001 <0.001
TT4(ug/dL) 7.54(7.46,7.62) 7.68(7.50,7.86) 7.62(7.50,7.74) 7.52(7.36,7.68) 743(7.29,7.53) 0.01 0.008
TT3(ng/dl) 115.71(114.26,117.16) 114.13(112.13,116.13) 112.84(111.0,114.68) 116.29(113.64,118.94) 118.25(116.21,120.29) <0.001 <0.001
TPOAb(IU/mL) 13.96(11.10,16.82) 18.89(9.01,28.77) 14.46(9.03,19.90) 8.48(4.34,12.62) 15.53(8.59,22.47) 0.12 0.268
TgAb (IU/mL) 7.68(4.07,11.29) 14.08(1.52,26.64) 5.94(2.26,9.62) 3.54(1.87,5.21) 9.14(4.00,14.28) 0.06 0.742
TSHL (mlU/L) 0.07 0.133
>1.07 73.89(66.69,81.08) 75.37(71.19,79.56) 77.96(73.68,82.24) 71.20(66.69,75.71) 71.28(67.73,74.84)
<1.07 26.11(22.80,29.43) 24.63(20.44,28.81) 22.04(17.76,26.32) 28.80(24.29,33.31) 28.72(25.16,32.27)
TSHH (mlU/L) 0.08 0.446
<233 74.90(67.99,81.81) 71.82(67.93,75.71) 71.90(66.91,76.88) 78.97(74.66,83.28) 76.62(72.32,80.91)
>233 25.10(21.69,28.51) 28.18(24.29,32.07) 28.10(23.12,33.09) 21.03(16.72,25.34) 23.38(19.09,27.68)
FT4L(pmol/L) 0.02 0.191
>9 86.33(78.78,93.88) 88.75(86.37,91.13) 81.96(77.55,86.37) 88.48(84.98,91.97) 85.89(81.67,90.12)
<9 13.67(10.67,16.68) 11.25(8.87,13.63) 18.04(13.63,22.45) 11.52(8.03,15.02) 14.11(9.88,18.33)
FT4H (pmol/L) 0.15 0.013
<115 75.09(66.57,83.62) 71.67(66.49,76.85) 75.07(70.66,79.48) 74.80(70.66,78.94) 78.81(73.90,83.71)
>115 24.91(21.84,27.97) 28.33(23.15,33.51) 24.93(20.52,29.34) 25.20(21.06,29.34) 21.19(16.29,26.10)
Thyroid 0.04
Subclinical 1.58(0.97,2.19) 1.16(0.34,1.99) 2.18(0.82,3.54) 1.36(0.43,2.28) 149(0.52,2.46) 0.50
hypothyroidism
Subclinical 0.90(0.51,1.29) 0.29(-0.03,0.62) 1.13(0.31,1.94) 0.71(0.25,1.17) 1.19(0.36,2.01) 0.38
hyperthyroidism
Overt hypo- 2.32(1.52,3.12) 1.16(0.47,1.85) 1.52(0.73,2.31) 242(0.704.14) 3.42(1.88,4.96) 0.02
thyroidism
Overt hyper- 0.17(0,0.34) 0.05(0,0.10) 0.57(0,1.34) 0.00(0.00,0.00) 0.04(0,0.08) 0.02
thyroidism
AIT 18.23(15.52,20.94) 19.79(15.90,23.68) 18.21(14.42,22.00) 17.52(13.69,21.35) 18.66(15.00,22.33) 0.87
Thyroid Dys- 0.08
function
No 95.04(87.77,102.31) 97.34(96.07,98.60) 94.60(92.61,96.59) 95.52(93.73,97.30) 93.86(91.94,95.77)
Yes 4.96(3.80,6.12) 2.66(1.40,3.93) 540(341,7.39) 4.48(2.70,6.27) 6.14(4.23,8.06)

All data was presented as mean (95% confidence interval). Participants had TSH quartiles of 1.57 (1.07-2.33) mIU/L and FT4 quartiles of 10.3 (9-11.5) pmol, TSHL refers
to the low TSH quartile array, and TSHH refers to the high TSH quartile array; FTAL refers to the low FT4 quartile array, and FT4H refers to the high FT4 quartile array

further analysis on 5,167 participants after excluding 710
participants who tested positive for antibodies (Supple-
mentary materials Table S4, S5). After reanalysis, there
were no obvious changes observed in the results.

Discussion

In this cross-sectional study that included 5877 partici-
pants, we analyzed the PA and thyroid function of Amer-
ican adults from 2007 to 2012 and found that there was
a significant sex difference in daily PA. The weekly PAM

and PAT in men were higher than those in women. Our
results from this large population study clearly show that
thyroid function is closely related to PAM and PAT, and
too high or too low MVPA levels have adverse effects
mainly on male thyroid function. Although more women
than men suffered from thyroid dysfunction, no signifi-
cant differences were observed in women.

THs play an important role in the metabolic regula-
tion and neurodevelopment of the human body [22]. We
found that the levels of TSH and TT4 in men were lower
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than those in women, while the levels of FT3 and TT3
in men were higher than those in women, which was in
line with the results of epidemiological investigations
[23-25]. In addition, women were shown to have higher
antibody levels than men and are more prone to thyroid
dysfunction, which may be related to changes in estro-
gen in women [26]. It has been pointed out that estrogen
receptor alpha activation contributes to the increased
susceptibility of females to thyroid proliferative disorders
and neoplastic transformation at least in part through the
control of p27 levels [27]. Activated ERP could directly
bind to IL-17A and IL-21 gene promoters, and also
indirectly promote IL-21 and RORyt gene transcription
through interaction with NF-«B to stimulate the develop-
ment of experimental autoimmune thyroiditis [28]. These
studies all showed that estrogen may play an important
role in thyroid disease.

While past studies have indicated that thyroid func-
tion in military personnel and athletes is strongly affected
by prolonged PA [29], a recent study of a Dutch popu-
lation found no relationship between thyroid function
and PA levels [16]. Our study of American adults found
that weekly PAM and PAT have certain effects on serum
thyroid hormone levels (TSH, TT4, FT4, FT3, and TT3)
within the normal range, and these effects occur mainly
in relation to men. We found that men with higher PAM
tended to have lower TSH and TT4 levels and higher
FT3 levels, suggesting that increasing daily PA levels can
affect corresponding changes in THs and thus may pro-
mote or suppress metabolic activities in other physiologi-
cal systems. This result may also relate to increased T4 to
T3 conversion by deiodinase in vivo. These findings are
consistent with previous studies [30].

THs can also influence the levels of PA. Agitation is
a characteristic of hyperthyroidism while hypothyroid
patients tend to be less active [2]. TH receptors TRa and
TRp are both critical regulators of muscular genes and
alterations in TRs are associated with muscle dysfunc-
tions in mice and humans [31, 32]. In a study in 2023,
Miro et al. have indicated that THs alter the proportion
of saturated and unsaturated fatty acids (FAs) in Skel-
etal muscle (SKM) lipids membrane, and regulated the
lipid content of muscle fibres, thereby affecting physical
exercise performance [33]. TH plays a significant role in
energy expenditure through both central and peripheral
actions [34]. Muraca et al. indicated that resting energy
expenditure (REE) decreases in obese women with hypo-
thyroidism undergoing LT4 treatment [35]. PA can pro-
mote the body’s energy expenditure and metabolic rate,
but it remains unclear whether this process influences the
body’s energy metabolism balance through the modula-
tion of THs. In addition, age may play an important role
in the relationship between PA and THs. With age, PA is
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likely to decline and THs will change to some extent, it
is worth exploring the effect of PA on the secretion and
regulation of THs with further research.

We also found that men with relatively concen-
trated intervals of population density (PAM <5000
MET*minutes/week, PAT <1000 min/week) showed an
L-shaped curve for TSH and an inverted U-shaped curve
for FT4. In some studies, it has been noted that short
periods of exercise can increase TSH, but we observed an
L-shaped change in TSH, which may be related to the dis-
turbance of homeostasis of thyroid hormone and prolac-
tin in response to exercise stimulation [36]. Moderate TH
fluctuations may be beneficial, depending on the delicate
balance of the TH regulation process. Within the nor-
mal range, TSH stimulates the body’s production of THs,
which can regulate energy expenditure through the con-
trol of basal metabolic rate and thermogenesis [34]. This
is an interesting dynamic regulatory process, and while
TSH regulates thyroid hormones, plasma T3 and T4 may
also negatively feedback regulate TSH [37]. TH stimulates
basal metabolic rate(BMR) by increasing ATP production
for metabolic processes and by generating and main-
taining ion gradients, TH also could uncouple oxidative
phosphorylation in the mitochondria to maintain BMR
[34, 38]. One of the primary mechanisms through which
thyroid hormones increase metabolic rate is by stimulat-
ing cellular respiration and energy production. T3 and T4
enhance the activity of mitochondria, the powerhouse of
the cell, by increasing the expression of genes involved in
oxidative phosphorylation and ATP synthesis and lead to
an increase in BMR [34, 39]. The change in FT4 may be
due to exercise-induced muscle adaptation and dynamic
changes in type II and III deiodinases in vivo, and it is
unclear whether it could be the result of increased hor-
mone production or decreased uptake by target tissues
[40—42]. Notably, the changes in FT3 and TT3 in men are
linearly positively correlated with PAM and PAT, while
TT4 is linearly negatively correlated. Exercise increases
SKM type 2 deiodinase expression through a beta-adr-
energic receptor-dependent mechanism [42]. The type
2 deiodinase (D2) can catalyze the conversion of the
prohormone thyroxine (T4) into T3, and the acceler-
ated conversion of T4 to T3 in myocytes promotes per-
oxisome proliferator-activated receptor-y coactivator-la
(PGC-1a) expression, which can mediate mitochondrial
biogenesis and oxidative capacity in SKM [43]. This
might explain the relation between FT3, Total T4 and
Total T3 appears to bi linear. FT3 is the most sensitive
indicator in the diagnosis of hyperthyroidism, and its
results indicate that PA may be closely related to the risk
of hyperthyroidism [44]. Whether the changes in TT3
and TT4 involve some mechanism of hormonal pathway
changes requires further experimental research. On the



Tian et al. BMC Public Health (2024) 24:1277

other hand, steroid hormones may have the potential
influence on the results. Steroid hormones, such as corti-
sol and sex hormones, play significant roles in regulating
metabolism, immune function, and various physiological
processes [45]. Fluctuations in cortisol levels, for exam-
ple, due to stress or exercise, may impact thyroid func-
tion and metabolic rate [46]. There may exist a complex
interplay between sex hormones and THs about the met-
abolic homeostasis.

Our results show that thyroid function is strongly
affected by higher PAM and PAT, and there is a non-
linear relationship between PA and thyroid disease.
High-intensity PA may impair thyroid function by dys-
regulating the thyroid gland, which plays a key role dur-
ing and after PA [47]. Fiore noted that increasing daily
walking time may reduce the risk of thyroid cancer [48,
49], and Wu found that exercise is closely related to thy-
roid homeostasis in patients with SCH [50]. Our logis-
tic regression analysis revealed that PAM and PAT were
associated with hyperthyroidism, overt hypothyroidism,
and AIT in men, while studies have shown that exer-
cise has no relationship with hyperthyroidism. Huang
concluded that regular PA may be a protective factor
against hypothyroidism [51], while we found an interest-
ing result, that is, the correlation between PA and overt
hypothyroidism in men showed a nonlinear J-shaped
curve when PA levels were within the categories of
PAM<5000 MET*minutes/week and PAT<1000 minutes/
week. This result may be attributed to a delayed response
of the thyroid gland to hormonal alterations in the body,
followed by adaptive changes. This finding is conducive
to providing an appropriate reference range of PA for
male patients with hypothyroidism.

AIT is a common autoimmune disease, and research
shows that thyroid autoimmunity itself has no relation-
ship with the level of PA, but Hashimoto thyroiditis may
lead to muscle weakness due to hypothyroid dysfunction
[52, 53]. We observed a U-shaped curve of the correlation
between AIT and PA in men at PAT < 1000 min/week and
PAM <5000 MET*minutes/week, and the U-shaped RCS
curve for AIT may indicate that there is an appropriate
range of PA for AIT patients. This also means that we
need to determine the optimal range of PA levels for AIT
patients based on the risk of AIT. Given that PA may be
limited due to hypothyroid dysfunction in patients with
AIT after the disease [53, 54], we suggest that patients
with AIT have a greater need to increase their PA levels.
In addition, previous findings found that cannabis con-
sumption is associated with a high level of PA [55]. Our
research also confirms that current smokers account for
a large proportion of the high-PA group, which may be
related to the neurological effects of nicotine in the body
and the stress of life and work.
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Our analysis shows that PA has an impact on the
changes in the thyroid biochemical indicators TSH, FT4,
TT4, FT3, and TT3 when they are within the normal
range, which can provide a reference for the influence
of PA on the changes in clinical thyroid function labo-
ratory test indicators. We provided data for both PAM
and PAT, which can make these results more accurate
and comprehensive. Our study may potentially be useful
for developing appropriate activity guidelines for people
with thyroid dysfunction. There are also some limitations
in our study. One important limitation is the potential
for information bias in NHANES questionnaires, which
may lead to underreporting or overreporting of PA and
sedentary behavior levels by participants. This may affect
the accuracy of the data collected. Notably, this study
is cross-sectional in nature, which limits our ability to
explore the long-term effects of PA on thyroid diseases.
While our study identified associations between PA and
thyroid function, we cannot distinct the direction of the
association between PA and THs. Reverse causality may
also be an explanation for the detected associations here,
since thyroid hormone levels may also affect the PA of an
individual. To fully understand the specific mechanisms
underlying the observed associations, further experimen-
tal studies and longitudinal cohort studies are needed.
PA is not normally distributed, and the use of quar-
tiles allows for a more comprehensive representation of
the diverse PA ranges observed. The huge range within
the higher quartiles potentially may dilute or mask the
potential effects within the lower quartiles is well-taken.
In addition, the low number of men with hyperthyroid-
ism in the study may have led to false-positive results
when assessing the relationship between hyperthyroid-
ism and PA in men.

In conclusion, PA has a certain effect on thyroid-
related biochemical parameters and thyroid diseases
in US adults. Quantification and qualification based on
individual circumstances should be accounted for when
engaging in PA to avoid excessive exercise. Our study
highlights the importance of maintaining a balanced level
of PA to promote optimal thyroid function and prevent
the development of thyroid diseases. Future research
should focus on elucidating the underlying mechanisms
and developing personalized exercise recommendations
for individuals with or at risk for thyroid diseases.
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