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Nonlinear association of TSH with pulmonary
ventilation: insights from bidirectional
Mendelian randomization and cross-sectional
study
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Abstract

Background Thyroid hormones play a crucial role in numerous physiological processes, including pulmonary
function. However, the relationship between thyroid function and different patterns of pulmonary ventilation remains
unclear.

Methods This study employed a bidirectional two-sample Mendelian randomization (MR) approach combined
with a cross-sectional study from the National Health and Nutrition Examination Survey (NHANES) to explore the
relationship between thyroid function and pulmonary ventilation indicators. We used genomic data from the
ThyroidOmics Consortium and the UK Biobank to derive instrumental variables for thyroid and pulmonary functions.
Adults from the NHANES 2007-2012 were included to validate the MR findings through weighted generalized linear
model (GLM) regression and restricted cubic spline (RCS) analysis.

Results Genetically predicted thyroid-stimulating hormone (TSH) was associated with pulmonary ventilatory
function (forced expiratory volume in 1 s (FEV1): 3=0.0223, 95% confidence interval (Cl) 0.0040—0.0406,
p-value=0.0170), particularly with a restrictive ventilatory pattern (forced vital capacity (FVC): $=0.0237, 95% Cl
0.0047—0.0427, p-value =0.0143). This association was more robust in the low TSH subgroup. Additionally, the
NHANES data revealed a nonlinear relationship between both FEV1% predicted and FVC% predicted and TSH,
characterized by a positive relationship at lower TSH ranges and a negative relationship at higher TSH ranges.

Conclusions Our findings highlight a significant association between TSH levels and a restrictive ventilatory pattern,
underscoring the importance of thyroid health in the clinical evaluation of certain pulmonary diseases. These insights
may guide more personalized interventions in respiratory medicine.
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Background

Thyroid hormones, predominantly triiodothyronine (T3)
and thyroxine (T4), are iodinated tyrosine derivatives
synthesized and secreted by the thyroid gland. Their syn-
thesis and secretion are regulated by thyroid-stimulating
hormone (TSH) through a negative feedback mechanism,
which can reflect early abnormalities in thyroid function
[1]. The combination of TSH and free thyroxine (FT4),
the bioactive form of T4, is essential for assessing thy-
roid function status [2, 3]. These hormones are vital for
regulating key physiological processes, such as growth,
development, and metabolism [4, 5], and alterations in
their levels can indicate disease states [6]. Although there
is a recognized connection between thyroid function
and pulmonary development and pathology, it remains
underexplored. Previous research has investigated the
influence of thyroid hormones on various pulmonary
conditions, including lung cancer, pulmonary fibrosis,
alveolar damage, and chronic obstructive pulmonary dis-
ease (COPD) [7-9]. However, comprehensive research
on the relationships among thyroid function, lung func-
tion and pulmonary diseases remains limited.

Pulmonary function tests are noninvasive tools criti-
cal for diagnosing and monitoring lung diseases [10].
These tests can differentiate patterns of pulmonary
function changes associated with specific diseases. For
example, obstructive ventilatory dysfunction in patients
with COPD is typically indicated by a forced expiratory
volume in 1 s/forced vital capacity (FEV1/FVC) ratio of
less than 0.70, whereas a restrictive pattern, often seen in
pulmonary fibrosis, is characterized by an FVC less than
80% of the predicted value [11].

Mendelian randomization (MR) is instrumental in
establishing the causal impact of an exposure on an out-
come by using genetic variants as instrumental variables.
This method effectively addresses issues such as reverse
causation and confounding which can affect the results
[12, 13]. Bidirectional MR provides a more rigorous
exploration of causality. The National Health and Nutri-
tion Examination Survey (NHANES) is a population-
based observational survey managed by the National
Center for Health Statistics under the Centers for Disease
Control and Prevention [14]. This study involves various
activities, including physical examinations, laboratory
tests, and the completion of questionnaires about health
and nutritional practices, and is widely used in research
related to population health and diseases.

Given the existing research gaps, this study aimed to
elucidate the causal relationship between thyroid func-
tion and impaired pulmonary ventilation using an MR
approach, which was further validated through analysis
of NHANES data.
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Methods

Study design

To investigate the causal relationships between thyroid
function (represented by FT4 and TSH) and pulmo-
nary ventilation function (measured by FEV1 for over-
all ventilatory function, FVC for restrictive ventilatory
impairment, and FEV1/FVC for obstructive ventilatory
impairment), we conducted a bidirectional two-sam-
ple MR approach. Our study adhered to the three core
assumptions of MR: relevance, independence, and exclu-
sion restriction, following the general protocols for con-
ducting MR [15, 16]. We analyzed summary-level data
from genome-wide association studies (GWASs), extract-
ing single nucleotide polymorphisms (SNPs) associ-
ated with FT4 and TSH as instrumental variables (IVs)
to investigate the effects of thyroid function on ventila-
tory function. Furthermore, SNPs associated with sub-
clinical hyperthyroidism and hypothyroidism were also
extracted as I'Vs for validation. To explore causal effects
in the reverse direction, we used SNPs related to FEV1,
FVC, and FEV1/FVC as Vs in reverse MR analyses. The
reporting of this MR analysis work followed the Strength-
ening the Reporting of Observational Studies in Epidemi-
ology using Mendelian Randomization (STROBE-MR)
guidelines.

To corroborate the conclusions drawn from our MR
analysis within a real-world population, we conducted
a population-based observational survey utilizing data
from the NHANES database [14]. The NHANES, admin-
istered by the National Center for Health Statistics under
the Centers for Disease Control and Prevention, adopts
a complex, stratified sampling design to ensure that the
sample can represent the whole US population. The
National Center for Health Statistics Ethics Review Board
approved the survey, and every participant provided writ-
ten informed consent. In this study, we extracted demo-
graphic data, laboratory data, examination data, and
questionnaires from three NHANES cycles: 2007-2008,
2009-2010, and 2011-2012. These cycles were chosen
because they included assessments of both spirometry
and thyroid function, providing a comprehensive dataset
to investigate the relationship between thyroid function
and pulmonary ventilation.

GWAS data sources

SNPs related to thyroid function were derived from
the GWAS meta-analysis results from the collabora-
tive efforts of the ThyroidOmics Consortium (www.
thyroidomics.com) [17]. The research includes GWAS
meta-analyses of reference range thyroid function,
encompassing up to 271,040 euthyroid individuals of
European ancestry from 46 cohorts within the ThyroidO-
mics Consortium. The study excluded individuals under
18 years of age, those of non-European descent, those
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using thyroid-related medications, and those who had
undergone thyroid surgery. TSH and FT4 were analyzed
as continuous variables. Subclinical hypothyroidism
(characterized by TSH levels above the cohort-specific
reference range) and subclinical hyperthyroidism (char-
acterized by levels below the cohort-specific reference
range) were analyzed as categorical variables. Data from
27 cohorts were included for subclinical hypothyroid-
ism (6,712 cases and 146,529 controls) and 20 cohorts
for subclinical hyperthyroidism (4,212 cases and 137,337
controls) [17]. The GWAS data from the ThyroidOmics
Consortium are publicly accessible at https://transfer.syse
pi.medizin.uni-greifswald.de/thyroidomics/datasets/.

Data on pulmonary ventilation function were sourced
from a GWAS meta-analysis performed by Shrine N et al.
[18], involving 321,047 participants of European ances-
try from the UK Biobank. This analysis included mea-
sures of FEV1, FVC, and the FEV1/FVC ratio. Summary
pulmonary function data are publicly available from the
MRC Integrative Epidemiology Unit Open GWAS data-
base (https://gwas.mrcieu.ac.uk/). The GWAS data for
the exposure and outcome were derived from different
populations.

Instrumental variable selection

To meet the assumptions of relevance in selecting SNPs
related to thyroid function or pulmonary ventilation, we
chose SNPs that demonstrated an association with the
respective exposure at the genome-wide significance
threshold, defined as p-value<5x107-8. This ensured
that the SNPs were strongly associated with the expo-
sures. Then, we implemented a clumping process for the
selected SNPs for the assumptions of independence. The
clumping window was set at 10,000 kb, and the threshold
of r* was set at 0.001. This step minimized any potential
overlap between SNPs, ensuring that each SNP provided
independent information. To eliminate weakly associated
variables, we computed the F statistic for each SNP to
confirm the strength of its relationship with the exposure
[19, 20]. SNPs with F statistics <10 were excluded [19].
During the harmonization step, we excluded palindromic
SNPs with a minor allele frequency exceeding 0.42. To
reduce the potential for pleiotropic effects and ensuring
that the SNPs would affect the outcome only through the
IVs, we scrutinized the selected SNPs through the GWAS
Atlas database, eliminating SNPs significantly associated
with clinical phenotypes relevant to our outcomes, in
line with the exclusion restriction assumption [21]. Ulti-
mately, we identified a range of 4 to 150 IVs for thyroid
function and 229 to 286 IVs for pulmonary ventilation.
Further details of the IVs used can be found in Table S1
and Table S2.
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NHANES study populations

The data from three NHANES cycles between 2007 and
2012 encompassed 30,442 individuals. We focused on
adult participants aged 18 and older (#=18,619). The
exclusion criteria were as follows: (1) pregnant women
(n=182), (2) participants lacking a thyroid function
assessment (n=9,356), (3) participants without a spi-
rometry test (n=1930), (4) participants with unusable
lung function test data, specifically those graded with
a quality attribute of D or F (n=272), (5) participants
missing crucial covariates (n=395), and (6) participants
diagnosed with cancer, renal failure, or thyroid diseases
(n=1,062). To align with the focus of our MR study on
individuals with FT4 within the normal reference range,
we excluded those outside this range. Specifically, indi-
viduals diagnosed with hyperthyroidism (FT4>1.6 ng/
dL) or hypothyroidism (FT4<0.6 ng/dL) were removed
from the analysis (n=138) [FT4 testing protocol: https:/
/wwwn.cdc.gov/nchs/data/nhanes/2011-2012/labmetho
ds/thyrod_g_met_free_t4.pdf]. Furthermore, as our MR
analysis finally indicated the impact of TSH on restrictive
ventilatory defects, we further excluded participants who
demonstrated a definitive obstructive spirometry pattern
(FEV1/FVC<0.70) (n=681) [11]. Finally, 4,603 individu-
als were included (Fig. S1).

Variates processing

The pulmonary function measurements of FEV1 and
EVC were directly extracted from the NHANES data-
base. The FEV1/FVC ratio was calculated by dividing
FEV1 by FVC. To standardize these measurements, the
raw data were converted into percentage-predicted val-
ues using the Hankinson equation, which adjusts for age,
sex, race, and height [22]. We further categorized partici-
pants with normal FT4 levels based on TSH values into
subclinical hyperthyroidism (TSH<0.45 ulU/mL) and
subclinical hypothyroidism (TSH>4.5 puIlU/mL) groups
[23-25].

For covariates, we collected age, sex, race, body mass
index (BMI), smoking status, activity intensity, and
comorbidities, including hypertension, diabetes, and cor-
onary heart disease. The smoking index is defined as the
number of cigarettes smoked per day multiplied by the
number of years smoked. Participants who had smoked
fewer than 100 cigarettes in their lifetime were classi-
fied as nonsmokers, while those who had smoked 100
or more cigarettes were considered smokers. For former
smokers, the number of cigarettes smoked per day was
estimated based on the metric “cigarettes smoked per
day when quit,” while for current smokers, “cigarettes/day
during the past 30 days” was used.
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Statistical analysis

To investigate the relationship between thyroid func-
tion and pulmonary ventilation, we initially conducted
MR analyses using TSH and FT4 as exposure factors and
FEV1, FVC and FEV1/FVC as outcome measures. We
utilized the random-effects inverse-variance weighted
(IVW) method to integrate the causal effects of indi-
vidual SNPs [26]. The IVW method is a widely used
approach in MR that combines estimates from multiple
IVs to calculate a weighted average of the causal effect.
IVW assumes that IVs are valid, meaning they are asso-
ciated with the exposure but only affect the outcome
through the exposure. When these assumptions hold,
IVW provides unbiased and stable causal estimates [26].
Cochrane’s Q-statistic was utilized to assess heteroge-
neity among each SNP [27]. For sensitivity analyses, we
applied various statistical approaches, including the
weighted median, MR-Egger, and MR-PRESSO methods
[28]. The weighted median method is another approach
used to combine causal estimates from multiple I'Vs, with
a different weighting scheme compared to IVW. When
some IVs violate the key assumptions, such as horizon-
tal pleiotropy, the weighted median method provides a
more conservative yet reliable causal estimate. It comple-
ments the IVW method, offering additional robustness
for causal inference, especially when some IVs may not
be fully valid. The MR-PRESSO approach is a method
that detects and corrects for pleiotropy in MR studies. It
identifies outlier I'Vs that violate the exclusion restriction
assumption due to horizontal pleiotropy. After removing
these outliers, MR-PRESSO recalculates the causal effect
using only valid IVs, providing a more accurate estimate
by reducing pleiotropic bias. This approach assessed the
robustness of the conclusions after outlier correction.
The MR-Egger regression method is used to address
potential bias when some IVs may not satisfy the exclu-
sion restriction assumption. MR-Egger provides a bias-
corrected estimate of the causal effect. The MR-Egger
intercept test, with a p-value>0.05, indicated no signifi-
cant horizontal pleiotropy affecting our estimates [29].
Further analyses categorized thyroid function as a binary
variable to explore its impact more granularly. To ascer-
tain the causal impact of thyroid function on pulmonary
ventilation, we also performed reverse-direction analy-
ses. The results for continuous variables are presented as
B with 95% confidence intervals (Cls), whereas estimates
for binary variables are expressed as odds ratios (ORs)
with 95% CIs. To address the potential for Type I errors
arising from multiple testing, we implemented the Ben-
jamini-Hochberg (BH) method to control the false dis-
covery rate (FDR), setting the significance threshold at
5%. Results with adjusted p-values below this threshold
were considered statistically significance. All the statis-
tical analyses were performed using the TwoSampleMR
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package (version 0.5.8) in R (version 4.3.3, R Foundation
for Statistical Computing).

The NHANES study adopted complex sampling sur-
veys, including weighting, clustering, and stratification.
Continuous variables are expressed as medians and inter-
quartile ranges, while categorical variables are presented
as counts and percentages. For continuous variables, we
used the Wilcoxon rank-sum test for complex survey
samples, and for categorical variables, we employed the
chi-squared test with Rao & Scott’s second-order correc-
tion. To further assess the relationship between TSH and
ventilation function, we then implemented weighted gen-
eralized linear model (GLM) regression and restricted
cubic spline (RCS) analyses adjusted for age, sex, race,
BMI, smoking index, activity intensity and comorbidities.
The RCS analysis was conducted to detect the nonlinear
relationships. The number of knots was set between three
and five to minimize overfitting while ensuring an opti-
mal fit. The optimal number of knots was selected based
on the lowest values of the Akaike information criterion
and Bayesian information criterion. All analyses were
conducted using R studio (version 4.3.3, R Foundation for
Statistical Computing), with a two-sided p-value<0.05
considered statistically significant.

Results

Bidirectional two-sample Mendelian randomization
Forward direction To explore the relationship between
thyroid function and pulmonary ventilation function, we
initially used TSH and FT4 as exposure factors and FEV1,
FVC and FEV1/FVC as outcome factors. The primary
results were obtained through the IVW method, as shown
in Fig. 1 and Table S3. The genetic prediction of TSH was
positively correlated with the overall ventilation func-
tion indicator FEV1 (B: 0.0223, 95% CIL: 0.0040—0.0406,
p-value=0.0170) and the restrictive ventilation func-
tion indicator FVC (B: 0.0237, 95% CI: 0.0047—0.0427,
p-value =0.0143). However, no significant association was
observed with the obstructive ventilation function indi-
cators FEV1/FVC. This relationship remained significant
after BH correction (FEV1: adjusted p-value=0.0409;
FVC: adjusted p-value=0.0409). Genetically predicted
levels of FT4 did not significantly correlate with any of the
pulmonary function indicators. When TSH was treated as
a categorical variable, IVW analysis revealed that geneti-
cally predicted subclinical hyperthyroidism (low TSH)
was negatively correlated with FEV1 (p: -0.0126, 95% CI:
-0.0204— -0.0046, p-value =0.0016) and FVC (B: -0.0117,
95% CIL: -0.0207— -0.0026, p-value =0.0117). These find-
ings also remained robust following BH correction (FEV1:
adjusted p-value = 0.0097; FVC: adjusted p-value = 0.0409).
No correlation was observed with FEV1/FVC. The genetic
prediction of subclinical hypothyroidism (high TSH) was
only positively correlated with FVC (f: 0.0612, 95% CI:
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A
Exposures Outcomes B (95%Cl) P-value Adjusted P-value*
TSH
FEV1 R 0.0237 (0.0047, 0.0427)  0.0143  0.0409 ~—#— Inverse variance weighted
—a— 0.0303 (0.0120, 0.0486)  0.0008 i Weighted median
H—— 0.0233 (-0.0091, 0.0558) 0.1610 1 MR Egger
—e—i 0.0237 (0.0047, 0.0427)  0.0154 ¢ MRPRESSO
FVC
- 0.0223 (0.0040, 0.0406)  0.0170  0.0409
- 0.0301 (0.0119, 0.0483)  0.0012
> 0.0316 (0.0003, 0.0629)  0.0499
—e—i 0.0223 (0.0040, 0.0406)  0.0183
FEV1/FVC e 0.0048 (-0.0129, 0.0224) 0.5967  0.6349
- 0.0186 (-0.0009, 0.0382) 0.0710
o -0.0126 (-0.0427, 0.0175) 0.4142
—io—i 0.0048 (-0.0129, 0.0224) 0.5975
FT4
FEV1 N -0.0137 (-0.0461,0.0188) 04101  0.5867
N S 0.0173 (-0.0120, 0.0467)  0.2474
. 0.0413 (-0.0226, 0.1052)  0.2104
e -0.0137 (-0.0461, 0.0188) 0.4137
FvC NS -0.0123 (-0.0471, 0.0225) 0.4889  0.5867
—a—— 0.0395 (0.0127, 0.0664) 0.0039
. 0.0440 (-0.0245, 0.1126)  0.2137
I -0.0122 (-0.0471, 0.0225) 0.4918
FEVI/FVC i -0.0100 (-0.0373, 0.0172) 0.4706  0.5867
N - -0.0063 (-0.0341, 0.0216)  0.6717
(S S -0.0070 (-0.0625, 0.0485) 0.8055
e -0.0100 (-0.0373,0.0172)  0.4737
I T T T
-0.10 -0.05 0.00 0.05 0.10 0. 15
Note: * means adjusted by aggregated FDR
B
Exposures Outcomes B (95%Cl) P-value AdjustedP-value*
Subclinical hyperthyroidism
FEV1 - -0.0126 (-0.0204, -0.0048) ~ 0.0016  0.0097 +—=— Inverse variance weighted
b -0.0133 (-0.0211, -0.0055)  0.0009 +—&— Weighted median
o -0.0117 (-0.0319, 0.0085)  0.2691 ¢—i MR Egger
Y -0.0126 (-0.0204, -0.0048)  0.0043 ® ' MR PRESSO
FVC
i -0.0117 (-0.0207, -0.0026)  0.0117  0.0409
b -0.0168 (-0.0249, -0.0087)  <0.0001
N -0.0125 (-0.0360, 0.0109)  0.3060
o -0.0117 (-0.0207, -0.0026)  0.0188
FEV1/FVC o -0.0040 (-0.0139, 0.0059)  0.4305 0.5867
A -0.0022 (-0.0106, 0.0061)  0.5993
——i 0.0005 (-0.0249, 0.0258)  0.9723
o -0.0040 (-0.0139, 0.0059)  0.4382
Subclinical hypothyroidism
FEV1 i S — 0.0503 (-0.0149, 0.1155)  0.1308  0.2616
A 0.0400 ( 0.0021, 0.0779)  0.0384
¢ - -0.0857 (-0.3185, 0.1472)  0.5457
H—e——i 0.0503 (-0.0149, 0.1155)  0.2280
FvC — . 0.0612 (0.0246,0.0979)  0.0011  0.0097
et 0.0526 (0.0186, 0.0866)  0.0025
= . | -0.0130 (-0.1472,0.1212)  0.8672
—e—i 0.0612 (0.0246, 0.0979)  0.0467
FEV1/FVC -0.0182 (-0.0935, 0.0570)  0.6349  0.6349
e -0.0051 (-0.0526, 0.0425)  0.8347
<o -0.1823 (-0.4432, 0.0787)  0.3045
— et -0.0182 (-0.0935, 0.0570)  0.6673
T T T 1
-0.2 -0.1 0.0 0.1 0.2

Note: * means adjusted by aggregated FDR

Fig. 1 Causal estimates for the effect of thyroid function on ventilation function. (A) Causal estimates for the effect of TSH and FT4 (as continuous
variables) on FEV1, FVC and FEV1/FVC. (B) Causal estimates for the effect of subclinical hyperthyroidism and subclinical hypothyroidism (as categorical
variables) on FEV1, FVC and FEV1/FVC. Estimates are presented as 3 and 95% Cls
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0.0246—0.0979, p-value=0.0011), which also remained
significant after BH correction (adjusted p-value = 0.0097).

In sensitivity analyses, the effects of TSH and subclini-
cal hyperthyroidism (low TSH) on ventilatory function
were further evaluated using the weighted median and
MR-PRESSO methods. These analyses yielded similar
and consistent point estimates, reinforcing the reliabil-
ity of our primary findings. Notably, while the MR-Egger
method did not reach statistical significance, it displayed
point estimates in alignment with those observed in
other methods, supporting the consistency of the results
(Fig. 1, Table S3). The relationship between subclini-
cal hypothyroidism (high TSH) and FVC, although sup-
ported by weighted median and MR PRESSO results,
showed opposite trends in MR-Egger’s point estimates
(Fig. 1, Table S3). MR-Egger’s intercept test revealed no
evidence of horizontal pleiotropy. Although Cochran’s
Q statistic and MR PRESSO detected heterogeneity,
the removal of outliers had no significant impact on the
results (Table S4).

Reverse direction We set FEV1, FVC, and the FEV1/
FVC ratio as exposure factors and TSH, FT4, subclinical
hyperthyroidism, and subclinical hypothyroidism as out-
come factors. Through the IVW method, we only found
a statistically significant positive effect of FEV1/FVC on
TSH, but this effect was not significant after BH correc-
tion (Fig. 2, Table S5). Sensitivity analyses did not alter the
relationship (Table S5 and Table S6).

Therefore, bidirectional two-sample MR analysis revealed
that, in populations without clinical thyroid disease,
genetically predicted TSH is associated with pulmonary
ventilatory function, particularly with restrictive venti-
latory patterns. Notably, the relationship was more pro-
nounced in the low TSH subgroup. No significant genetic
associations were detected between thyroid function and
obstructive ventilatory patterns.

NHANES study

To further validate the conclusions from MR analysis,
we used the NHANES database. This analysis focused
on individuals without obstructive ventilatory patterns
and without clinical thyroid disorders. A total of 4,603
participants were included and categorized based on
TSH levels into three groups: normal TSH (n=4,349),
subclinical hyperthyroidism (n=117), and subclinical
hypothyroidism (#=137), as detailed in Table 1. There
were no significant differences among the groups in age,
sex, BMI, smoking status, physical activity intensity or
clinical comorbidities, although there were significant
differences in racial composition. With respect to thy-
roid function, variations in TSH levels correlated with
differences in FT4 levels, but no other thyroid function
assessment indicators showed significant differences.
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In terms of ventilatory function, only FEV1% predicted
(FEV1%pred) showed significant differences between
groups. To address potential biases due to racial diver-
sity, as the original MR study was based on individuals of
European ancestry, we conducted further analyses within
the subgroup of non-Hispanic White individuals. These
analyses confirmed that similar significant variations in
FEV1%pred were associated with different TSH levels,
corroborating the MR findings (Table S7).

Our analysis showed that participants with higher TSH
levels had lower FEV1 values. Given these findings and
considering the results from our MR analysis where TSH
was treated as a categorical variable, sensitivity analy-
ses indicated that conclusions were particularly robust
within the low TSH range. This pattern suggests the
presence of a nonlinear relationship between TSH and
pulmonary function. Regrettably, due to the unavailabil-
ity of individual-level data that simultaneously included
thyroid and ventilatory functions as well as GWAS data,
we were unable to employ a nonlinear MR approach to
further validate these findings. To address this limitation,
we explored the potential nonlinear relationships using
generalized linear regression combined with RCS. After
adjusting for age, sex, race, BMI, smoking index, activ-
ity intensity, and comorbidities, both FEV1%pred and
FVC%pred demonstrated a nonlinear relationship with
TSH. Specifically, in lower TSH ranges (FEV1: TSH<1.85
plU/mL; FVC: TSH<1.80 plU/mL), FEV1%pred and
FVC%pred were positively correlated with TSH (Fig. 3A-
B), which aligns with our MR results. Conversely, in
higher TSH ranges (FEV1: TSH=1.85 plU/mL; FVC:
TSH=>1.80 ulU/mL), FEV1%pred and FVC%pred were
negatively correlated with TSH (Fig. 3A-B). There was
no significant correlation between FEV1/FVC and TSH
(Fig. 3C). This relationship was also robust in the non-
Hispanic White population (Fig. 3D-F).

Discussion

The present study offers novel insights into the complex
interplay between thyroid function and pulmonary ven-
tilation, filling a significant gap in the current medical
literature. By employing bidirectional two-sample MR
and validating findings with the NHANES database, our
results strongly indicate a nonlinear relationship between
TSH levels and restrictive ventilatory function, rather
than obstructive ventilatory patterns, both genetically
and clinically.

Past research on the relationship between thyroid
function and lung diseases was various. Animal stud-
ies have revealed that administering T3 to experimental
animals can reduce alveolar epithelial cell apoptosis and
ameliorate lung tissue fibrosis. However, these studies
did not provide specific in vivo thyroid function indica-
tors; thus, the exact values of TSH, FT4, and FT3 in the
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FT4
e 0.0046 (-0.0371, 0.0462) 0.8293 0.9882
A -0.0057 (-0.0550, 0.0437) 0.8222
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—A— -0.0067 (-0.0591, 0.0456)  0.8007
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—o— 0.0021 (-0.0398, 0.0440) 0.9214
FEV1/FVC
TSH - 0.0270 ( 0.0005, 0.0535)  0.0460  0.5515
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—o— -0.0107 (-0.0747, 0.0532) 0.7422
|- 0.0270 ( 0.0005, 0.0535)  0.0469
FT4
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o -0.0002 (-0.0299, 0.0294) 0.9882
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Note: * means adjusted by aggregated FDR
B
Exposures Outcomes OR (95%Cl) P-value AdjustedP-value*
FEV1
Subclinical hyperthyroidism 5 1, 0.8818 (0.7452, 1.0436)  0.1432  0.5730 +—=— Inverse variance weighted
—a—H 0.8299 (0.6592, 1.0447)  0.1123 +—4—1 Weighted median
b * | 0.9493 (0.5438, 1.6573) 0.8550 —#—1 MR Egger
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Note: * means adjusted by aggregated FDR

Fig. 2 Causal estimates for the effect of ventilation function on thyroid function. (A) Causal estimates for the effect of ventilation function on TSH and
FT4 (as continuous variables). (B) Causal estimates for the effect of ventilation function on subclinical hyperthyroidism and subclinical hypothyroidism (as
categorical variables). Estimates are presented as 3 and 95% Cls for continuous outcome variables and OR with 95% Cls for categorical outcome variables
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Table 1 Baseline characteristics of participants with different TSH ranges
Normol TSH Subclinical hyperthyroidism Subclinical hypothyroidism P-value
(n=4,349)* (n=117)* (n=137)*

Age, years 40 (29,51) 37(29,51) 41(31,52) 04
Male, n (%) 2264 (52%) 59 (45%) 66 (49%) 0.5
Race, n (%) 0.004

Mexican American 840 (10%) 8 (6.9%) 22 (7.8%)

Non-Hispanic White 1722 (64%) 37 (63%) 77 (81%)

Non-Hispanic Black 882 (11%) 44 (20%) 11 (3.1%)

Other Hispanic 547 (7.1%) 12 (6.4%) 19 (3.7%)

Other/multiracial 358 (7.9%) 6 (3.9%) 8 (4.7%)
BMI, kg/m? 27 (24,32) 27 (24, 30) 28(23,32) 0.5
Smoking status 04

Current smoker 914 (20%) 40 (28%) 22 (17%)

Former smoker 889 (20%) 25 (24%) 27 (21%)

Never smoker 2546 (60%) 52 (48%) 88 (62%)
Smoking index 0(0,76) 1(0,205) 01(0, 35) 0.2
Activity intensity 0.016

high 1152 (31%) 37(51%) 29 (29%)

medium 1101 (28%) 22 (15%) 45 (34%)

low 2096 (41%) 58 (34%) 63 (37%)
HTN, n (%) 110 (22%) 24 (11%) 45 (32%) 0.055
DM, n (%) 383 (6.1%) 10 (12%) 7 (2.1%) 0.14
CHD, n (%) 66 (1.4%) 2(0.5%) 2(0.7%) 0.3
FEV1%pred, % 99 (90, 107) 99 (92, 106) 95 (90, 101) 0.017
FVC%pred, % 100 (91, 108) 99 (92, 107) 97 (90, 105) 0.14
FEV1/FVC, % 804 (764, 84.3) 80.8 (76.1,84.7) 80.1 (74.9,82.6) 03
FT3, pg/mL 3.20(3.00, 3.44) 3.20(3.00, 3.50) 3.10(2.90,347) 0.8
FT4, ng/dL 0.80(0.70,0.88) 0.80 (0.72,0.90) 0.70 (0.68, 0.80) 0.006
TT3, ng/dL 114(102,128) 2(98,129) 4(102,134) 0.6
TT4, ug/dL 7.64 (6.82,8.59) 8.00 (6.92,9.02) 7.60 (6.35,8.67) 0.3
TSH, plu/mL 1.52(1.08,2.14) 0.36 (0.24, 0.40) 5.29(4.83,6.59) <0.001

*n: Unweighted numbers are shown, and the statistics are all under complex sampling design conditions

BMI: body mass index, CHD: coronary heart disease, DM: diabetes mellitus, FEV1%pred: percent-predicted FEV1, FVC%pred: percent-predicted FVC, FT3: free
triiodothyronine, FT4: free thyroxine, HTN: hypertension, TT3: total triiodothyronine, TT4: total thyroxine, TSH: thyroid stimulating hormone

experimental animals remain undetermined [8]. Nev-
ertheless, it can be deduced that thyroid function can
indeed impact lung alveolar elasticity by affecting the
basic structure of the lungs, thereby leading to restric-
tive ventilatory function. In human studies, Li L et al.
reported that patients with TSH levels above the refer-
ence range (>4.94 plU/mL) were more prone to radia-
tion-induced pulmonary fibrosis [30]. This observation
aligns with previous meta-analyses and trends observed
in our study using the NHANES database [31]. Although
Ittermann T et al. did not find a positive relationship
between TSH and lung function, they speculated that
the lack of association might be due to the small number
of patients with abnormal TSH levels [32]. In our study,
we expanded the sample size by utilizing the NHANES
database for weighted analysis. In our research, thyroid
function was not significantly related to the presence of
obstructive ventilatory patterns. Although some stud-
ies have focused on the relationship between thyroid

disease and COPD, the current research findings are
inconsistent [33, 34]. It is currently believed that non-
thyroidal illness syndrome is the most common disorder
in COPD patients [35], reflecting the state of the body
under chronic disease conditions. There are no defini-
tive studies currently linking thyroid-related hormones
to airway structure. Our findings underscore the impor-
tance of considering thyroid function as a potential factor
in pulmonary diseases with a restrictive pattern, such as
pulmonary fibrosis, and highlight the need for clinicians
to be vigilant about pulmonary complications in patients
with thyroid dysfunctions.

Currently, the mechanisms underlying the relationship
between thyroid-related hormones and pulmonary dis-
eases or lung function are not fully understood. From the
perspective of early lung development, thyroid hormones
promote lung maturation [36]. Single-cell studies indicate
that thyroid hormones can enhance alveolar regenera-
tion by comprehensively regulating the cellular states and
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Fig. 3 Analysis of TSH in relation to ventilation function using restricted cubic spline analysis in a weighted generalized linear model. Relationships
between TSH and FEV1%pred, FVC%pred, and FEV1/FVC after adjusting for age, sex, race, BMI, smoking index, activity intensity and comorbidities in all

participants (A-C) and in non-Hispanic White individuals (D-F)

intercellular communication of mouse alveolar epithelial
cells, macrophages, and fibroblasts [37]. However, these
studies lack specific research on the effects of TSH, FT4,
and FT3 on lung tissue, and they lack human clinical
research results. The observation of a nonlinear relation-
ship between TSH levels and FEV1%pred and FVC%pred,
particularly across different TSH ranges, opens new ave-
nues for understanding thyroid-pulmonary interactions.
This finding suggests that both low and high levels of
TSH might differentially affect lung function, suggest-
ing the need for a more individualized approach when
evaluating patients with thyroid and pulmonary disor-
ders. A deeper understanding of the intricate relation-
ship between thyroid function and pulmonary ventilation
could lead to more personalized treatment strategies in
respiratory medicine. Future studies, particularly ran-
domized controlled trials (RCTs), are needed to confirm
these findings.

Although the findings are significant, they are not
without limitations. A key strength of our study is the
combination of MR and large-scale observational study
results, which is the first of its kind in the field of thy-
roid and lung function. However, a limitation is that the
nonlinear relationships observed in observational stud-
ies are difficult to reflect in MR. Nonlinear MR offers
a method to explore nonlinear genetic relationships,
which could complement linear MR results [38]. Regret-
tably, due to the unavailability of individual-level data
on both thyroid function and ventilatory function, along
with corresponding GWAS data, we were unable to use
this method to validate our findings at the genetic level.

Additionally, MR was based on a European population
sample, and although we conducted a subgroup analysis
within this population in the observational study, future
research involving other ethnic groups is needed. Finally,
the relationship between thyroid hormones and pulmo-
nary diseases or ventilatory function requires further
investigation through high-quality clinical studies, such
as RCTs, to provide clearer insights and implications.

Conclusions

In our bidirectional two-sample MR study combined with
NHANES database analysis, we found that TSH is asso-
ciated with pulmonary ventilatory function, particularly
in a restrictive ventilatory pattern, with a nonlinear rela-
tionship. These findings significantly enhance the clinical
understanding of the interplay between thyroid function
and pulmonary diseases. They highlight the importance
of considering thyroid function in the assessment of pul-
monary abnormalities, potentially facilitating the early
and personalized treatment of pulmonary disorders. This
study underscores the need for a nuanced approach to
patient care, where thyroid health is integrally considered
in the diagnosis and management of respiratory diseases.
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