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Purpose: To explore the association between thyroid parameters and subclinical atherosclerosis (AS) in hospitalised euthyroid
patients with type 2 diabetes mellitus (T2DM).

Patients and Methods: A retrospective analysis was conducted involving 1245 inpatients with T2DM. Free triiodothyronine (FT3),
free thyroxine (FT4), and thyroid stimulating hormone (TSH) levels were measured, and carotid artery ultrasonography was
performed. Thyroid hormone (TH) sensitivity was evaluated using thyroid feedback quantile-based index (TFQI), TSH index
(TSHI), thyrotropin thyroxine resistance index (TT4RI), and free triiodothyronine/free thyroxine ratio (FT3/FT4).

Results: In inpatients with T2DM having normal thyroid function, the incidence of subclinical AS declined with increasing levels
of FT3, FT4, and FT3/FT4 (P yena < 0.05). Logistic regression analysis revealed that FT4 (OR, 0.914; 95% CI, 0.845-0.989), FT3
(OR, 0.374; 95% CI, 0.277-0.504), and FT3/FT4 (OR, 0.036; 95% CI, 0.013-0.061) were independently associated with subclinical
AS (P < 0.05). However, TSH, TFQI, TSHI, and TT4RI levels were not associated with subclinical AS (P > 0.05). FT3/FT4
demonstrated superior predictive accuracy for subclinical AS than that of FT3 or FT4 alone (P < 0.001), with a cutoff point of 0.25.
Conclusion: In euthyroid inpatients with T2DM, subclinical AS exhibited negative correlation with FT3, FT4, and FT3/FT4 levels,
independent of other risk factors for AS. Additionally, FT3/FT4 ratio had a good predictive value for subclinical AS.
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Introduction
Type 2 diabetes mellitus (T2DM) and its associated complications have become serious public health concern
worldwide." Previous studies have shown that the risk of macrovascular disease in patients with DM is 2—4 times higher
than that in patients without DM.? Compared with patients without DM, those with T2DM often exhibit more extensive,
severe, and earlier-onset macrovascular lesions.® The primary pathological change underlying diabetes-related macro-
vascular disease is atherosclerosis (AS), characterised by hardening of arteries due to plaque accumulation,” which can
worsen ischaemic events and cause damage to target organs, such as the heart, brain, and lower limbs, Macrovascular
complications have become the leading cause of disability and mortality in patients with T2DM.>® Identifying and
intervening at the subclinical stage of AS may aid in preventing the progression of this disease. One promising biomarker
for identifying subclinical AS is carotid intima-media thickness (CIMT), which can be used to predict the risk of cerebral
and cardiovascular diseases.”®

Previous studies have established a strong association between thyroid hormones (THs) and AS. Subclinical or overt
thyroid dysfunction, both hypothyroidism and hyperthyroidism, is positively associated with the onset and progression of
AS and AS-related adverse outcomes.’ Even in euthyroid patients, some studies have suggested that high levels of free
trilodothyronine (FT3) and free thyroxine (FT4) can reduce the risk of AS.1o1 Conversely, other studies have indicated
that individuals with higher FT3 and FT4 levels are at high risk of developing AS.'? These paradoxical observations may
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result from impaired sensitivity to TH. However, only a few studies have investigated the association between impaired
TH sensitivity and AS, particularly in patients with T2DM. Therefore, in this study, we aimed to explore the relationship
between impaired TH sensitivity and subclinical AS in patients with T2DM who had normal thyroid function to provide
clinical evidence for the prevention and treatment of AS.

Materials and Methods
Study Population

Patients admitted to the endocrinology department of Peking University International Hospital between December 2014
and September 2022 were retrospectively analysed. The inclusion criteria were as follows: (1) adults (aged >18 years);
(2) patients diagnosed with T2DM according to the 1999 World Health Organization criteria; (3) those with normal TH,
defined as having FT4, FT3 and thyroid stimulating hormone (TSH) levels within the reference ranges. (4) those with
carotid color Doppler ultrasound examination results. The exclusion criteria were as follows: (1) patients with gestational
diabetes mellitus (GDM), type 1 DM (T1DM), or a special type of DM; (2) those without TH test results or with
abnormal TH levels; (3) those receiving drugs that could affect serum TH levels, such as methimazole, propylthiouracil,
levothyroxine, and amiodarone; (4) those with serious diseases that could affect serum TH levels, such as acute diabetic
complications (eg, ketoacidosis, hyperglycemic hyperosmolar state), severe infections, acute heart failure, severe liver or
kidney disease, and cancer; (5) those with atherosclerotic cardiovascular disease (ASCVD), including myocardial
infarction, angina, stroke, symptomatic peripheral artery disease, or cardiovascular revascularization. Finally, a total of
1245 patients were included in this study (Figure 1).

Data Collection

We collected demographic and clinical data (age, sex, medical history, and smoking status) and anthropometric
parameters, including blood pressure, body weight, and height, measured and recorded by trained nurses. Body mass
index (BMI) was calculated as body weight (kg)/height squared (m?).

3008 inpatients

Excluded (n=1763)

* 14 patients aged < 18 years

« 22 patients with GDM, 56 patients with T1DM, 7 patients
with a special type of DM

* 505 patients without TH test results
+ 501 patients with abnormal TH levels
« 33 patients receiving drugs that could affect serum TH

levels

« 321 patients without carotid color Doppler ultrasound

1245 patients were included in examination results

the study for analysis » 22 patients with ketoacidosis

« 3 patients with severe infections
* 279 patients with ASCVD

,, l

Patients with subclinical AS Patients without subclinical AS
(n=909) (n=336)

Figure | Flow chart depicting patient selection process.
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Venous blood was collected from each participant after a 10-hour fast, and the following parameters were examined:
glycosylated haemoglobin (HbA1c), triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-
C), high-density lipoprotein cholesterol (HDL-C), and serum creatinine (sCr). Estimated glomerular filtration rate
(eGFR) was calculated using the CKD-EPI equation.'> Morning urine samples were collected three times on different
days to measure the urinary albumin/creatinine ratio (UACR), and the mean UACR (mUACR) was calculated. Serum
levels of thyroxine (FT4), triiodothyronine (FT3), and thyroid-stimulating hormone (TSH) were measured using the
Roche Cobas Elesys 601 analyzer (Roche, Basel, Switzerland). The normal reference ranges for FT4, FT3, and TSH
were 12.0-22.0 pmol/L, 3.1-6.8 pmol/L, and 0.27-4.20 mIU/L, respectively.

Colour Doppler ultrasonography of the carotid artery was performed by experienced and trained sonographers using
the Philips iU Elite Color Doppler Ultrasound System (Philips Healthcare, Eindhoven, the Netherlands) with a probe
frequency of 3-9 MHz. Subclinical AS was confirmed by CIMT of >1.0 mm and/or the presence of carotid plaques.
A carotid plaque was defined as CIMT of >1.5 mm or the presence of focal wall thickening at least 50% greater than the

surrounding vessel wall.®'*

Thyroid Hormone Sensitivity Indices
Central TH sensitivity indices were employed as follows: (1) Thyroid feedback quantile-based index (TFQI) was
calculated as TFQI = cdfFT4—(1—cdfTSH)."> The value of TFQI ranged from —1 to 1. Positive or negative values
indicate sensitivity or insensitivity of the hypothalamic—pituitary—thyroid axis to FT4. (2) TSH index (TSHI) was
calculated as TSHI = In TSH (mIU/L) + 0.1345 x FT4 (pmol/L).'® (3) Thyrotropin—thyroxine resistance index
(TT4RI) was calculated as TT4RI = FT4 (pmol/L) x TSH (mIU/L)."” Higher TSHI and TT4RI values indicate lower
central sensitivity to THs.

The peripheral TH sensitivity index (FT3/FT4) was calculated as FT3 divided by FT4. Higher values indicate higher
peripheral sensitivity to THs.'®

Statistical Analysis

All data were analysed using SPSS software (version 24.0; IBM Corp., New York, NY, USA). Normality was assessed
using the Shapiro—Wilk test. Categorical data were expressed as absolute numbers and percentages, whereas continuous
data were expressed as mean + standard deviation or median (Q1, Q3). To compare the differences between the two
groups, the chi-square test, Mann—Whitney U-test, or independent ¢-test was employed, as appropriate. The trend in
subclinical AS prevalence was assessed using the linear-by-linear association chi-square test. Univariable logistic
regression (Model 1) and multivariable logistic regression (Model 2: adjusted for sex and age; Model 3: adjusted for
sex, age, duration of diabetes, smoking status, BMI, SBP, LDL-C, eGFR, and mUACR) were used to analyse the
associations between thyroid parameters and subclinical AS. Receiver operating characteristic (ROC) curves of different
thyroid parameters for predicting subclinical AS were analysed using MedCalc statistical software. The areas under the
ROC curves (AUC) were calculated and compared. A P value < 0.05 was considered statistically significant.

Results

Characteristics of Patients

Among 1245 euthyroid inpatients with T2DM, 909 cases exhibited subclinical AS. The prevalence of subclinical AS was
73.0%. Patients with subclinical AS were more likely to be older, of female sex, have a longer duration of diabetes, and
exhibit higher levels of TC, LDL-C, sCr, and mUACR than those of patients without subclinical AS (P < 0.05). BMI,
eGFR, and FT3, FT4, and FT3/FT4 levels were lower in patients with subclinical AS than in those without subclinical
AS (P < 0.05). No significant differences in the proportion of smokers and levels of SBP, DBP, HbAlc, TG, HDL-C,
TSH, TFQI, TSHI, and TT4RI were observed between the two groups (P > 0.05) (Table 1).
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Table | Comparison of Clinical Characteristics Between Patients with and without Subclinical AS

Without Subclinical AS | With Subclinical AS P
(n=336) (n=909)

Age (years) 43.77+12.62 58.83%11.22 <0.001*
Female 84 (25.0%) 311 (34.2%) 0.002*
Duration of T2DM (years) | 1.00 (3.00, 8.00) 10.00 (5.00, 16.00) <0.001*
Smoking 204 (60.7) 589 (64.8) 0.184
BMI (kg/m?) 26.50 (23.60, 29.10) 25.70 (23.40, 27.80) 0.001*
SBP (mmHg) 129.00 (120.00, 140.00) 132.00 (120.00, 145.00) | 0.550
DBP (mmHg) 80.00 (74.00, 88.00) 80.00 (72.00, 86.00) 0.075
HbAIc (%) 8.65 (6.80, 10.30) 8.60 (7.30, 10.00) 0.292
TC (mmol/L) 4.11 (3.13, 4.89) 4.39 (3.66, 5.30) <0.001*
TG (mmol/L) 1.91 (1.21, 2.95) 1.59 (1.11, 2.56) 0.081
HDL-C(mmol/L) 0.97 (0.81, 1.15) 0.93 (0.81, 1.07) 0.210
LDL-C(mmol/L) 2.28 (1.58, 2.98) 2.63 (1.98, 3.28) <0.001*
sCr (pmol/L) 65.00 (55.00, 75.00) 67.00 (56.25, 80.00) 0.003*
eGFR (mL/min/1.73m2) 110.18 (101.00, 118.56) 97.19 (84.93, 106.41) <0.001*
mUACR(mg/g) 8.64 (5.02, 23.67) I11.19 (5.31, 35.16) 0.025*
FT3 (pmolll) 4.80 (4.40, 5.20) 4.30 (3.90, 4.70) <0.001*
FT4 (pmolll) 17.00 (15.63, 18.78) 16.50 (15.00, 17.90) <0.001*
TSH (mUI/L) 1.88 (1.30, 2.44) 1.81 (1.26, 2.55) 0.874
TFQI 0.10 (-0.23, 0.36) —0.01 (-0.29, 0.24) 0.570
TT4RI 31.60 (22.05, 42.42) 29.86 (20.74, 41.66) 0.956
TSHI 2.88 (2.52, 3.25) 2.82 (241, 3.16) 0.571
FT3/FT4 0.28 (0.25, 0.31) 0.26 (0.23, 0.29) <0.001*

Note: *P < 0.05.

Abbreviations: AS, atherosclerosis; T2DM, Type 2 diabetes mellitus; BMI, Body mass index; SBP, systolic blood pressure;
DBP, diastolic blood pressure; HbAlc, glycosylated hemoglobin; TC, total cholesterol; TG, triglycerides; LDL-C, low-
density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; sCr, serum creatinine; eGFR, Estimated
glomerular filtration rate; mMUACR, mean urinary albumin/creatinine ratio; FT3, free triiodothyronine; FT4, free thyroxine;
TSH, thyroid stimulating hormone; TFQI, Thyroid feedback quantile-based index; TT4RI, Thyrotropin thyroxine resistance
index; TSHI, thyroid stimulating hormone index.

Prevalence of Subclinical AS in Patients with Different Levels of Thyroid Parameters
The prevalence of subclinical AS was calculated across quartiles of FT3, FT4, TSH, TFQI, TSHI, TT4RI, and FT3/FT4
(Figure 2). The incidence of subclinical AS decreased with increasing FT3, FT4, and FT3/FT4 levels (P eng < 0.05).
However, no significant difference in the incidence of subclinical AS were observed among patients with varying TSH,
TFQI, TSHI, and TT4RI levels (P yena > 0.05).

Association Between Subclinical AS and Thyroid Parameters

Table 2 presents the results of logistic regression analysis for the association between subclinical AS and different thyroid
parameters in patients with T2DM having normal thyroid function. After adjustment for sex, age, duration of diabetes,
smoking status, BMI, SBP, LDL-C, eGFR, and mUACR, the logistic regression analysis revealed independent associa-
tions of subclinical atherosclerosis (AS) with FT4 (OR, 0.914; 95% CI, 0.845-0.989), FT3 (OR, 0.374; 95% CI, 0.277-
0.504), and FT3/FT4 (OR, 0.036; 95% CI, 0.013-0.061) (P < 0.05). However, TSH, TFQI, TSHI, and TT4RI were not
significantly associated with subclinical AS (P > 0.05).

ROC Curve of Thyroid Parameters for Predicting Subclinical AS

Figure 3 displays the ROC curves for FT3, FT4, and FT3/FT4 for predicting the risk of subclinical AS. The AUCs for
FT3, FT4, and FT3/FT4 were 0.621 (0.594, 0.648), 0.582 (0.554, 0.610), and 0.715 (0.689, 0.740), respectively. The
predictive accuracy of FT3/FT4 was significantly higher than that of FT3 or FT4 alone (P < 0.001). No significant
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Figure 2 Prevalence of subclinical AS in patients with different levels of thyroid parameters (%).

Note: *P .cng < 0.05.

Abbreviations: AS, atherosclerosis; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating hormone; TFQI, Thyroid feedback quantile-based index;
TT4RI, Thyrotropin thyroxine resistance index; TSHI, thyroid stimulating hormone index.

differences in the AUCs were observed between FT3 and FT4 levels (P = 0.212). The corresponding cutoff points for
FT3, FT4 and FT3 /FT4 were 4.45 pmol/L, 17.55 pmol/L, and 0.25, respectively (Table 3).

Discussion

In recent years, the incidence of diabetes has increased primarily attributed to unhealthy lifestyles and dietary habits.
Globally, the number of diabetes cases reached 425 million in 2017, and its prevalence is projected to increase to
629 million by 2040."” Macrovascular complications are among the most serious complications in individuals with type
2 diabetes, significantly affecting their quality of life and imposing a substantial economic burden on both patients and the
healthcare system. AS is a complex process involving multiple risk factors, including age, smoking, diabetes, hypertension,
and dyslipidemia.?® The incidence of AS in patients with T2DM remains high, even if patients proactively address

Table 2 Association Between Subclinical AS and Thyroid Parameters

Model | Model 2 Model 3

OR (95% CI) P OR (95% CI) P OR (95% CI) P
FT3 0.290 (0.232-0.363) | <0.001* | 0.379 (0.291-0.494) | <0.001* | 0.374 (0.277-0.504) | <0.001*
FT4 0.861 (0.809-0.915) | <0.001* | 0.909 (0.846—0.976) | 0.009* 0.914 (0.845-0.989) | 0.025*
TSH 0.988 (0.855—1.142) | 0.874 0.919 (0.772-1.093) | 0.337 0.936 (0.772-1.136) | 0.504
TFQI 1.002 (0.991-1.014) | 0.686 1.001 (0.986—1.017) | 0.889 0.664 (0.441-1.002) | 0.051
TT4RI 1.000 (0.997-1.003) | 0.956 0.998 (0.995-1.002) | 0.402 0.993 (0.982-1.004) | 0.236
TSHI 1.002 (0.992-1.012) | 0.675 1.001 (0.986—1.016) | 0.891 0.794 (0.590-1.070) | 0.129
FT3/FT4 | 0.018 (0.006-0.031) | <0.001* | 0.023 (0.011-0.038) | 0.001* 0.036 (0.013-0.061) | 0.017*

Notes: Model |: none (univariable); Model 2: adjusted for sex and age; Model 3: adjusted for sex, age, duration of diabetes, smoking, BMI,
SBP, LDL-C, eGFR and mUACR. *P < 0.05.

Abbreviations: AS, atherosclerosis; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating hormone; TFQI, Thyroid
feedback quantile-based index; TT4RI, Thyrotropin thyroxine resistance index; TSHI, thyroid stimulating hormone index.
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Figure 3 The ROC curves for FT3, FT4 and FT3/FT4 in predicting subclinical AS.
Abbreviations: AS, atherosclerosis; FT3, free triiodothyronine; FT4, free thyroxine.

conventional risk factors, such as smoking cessation and management of blood pressure and blood glucose and lipid levels.
This has led to a growing research interest in identifying new risk factors for AS, such as TH.

Previous studies have suggested that overt hypothyroidism is an independent risk factor of AS.%*! Peixoto et al*? and
Ning Gao et al*> have reported that subclinical hypothyroidism is associated with an increased CIMT and formation of
carotid plaque. In addition, among euthyroid individuals, low levels of FT3 and FT4 increase the risk of AS.'*!
However, a prospective cohort study involving 9420 patients revealed that FT4 levels are positively associated with
AS.** Another cohort study involving 3181 euthyroid patients suggested that higher mean levels and greater variations in
THs are associated with a higher risk of AS.'? These inconsistent results prompted us to conduct the present study to
explore the association between AS and multiple thyroid parameters, particularly indicators of TH sensitivity, in
euthyroid patients with T2DM. In this study, we observed that the incidence of AS increased with the decrease in FT3
and FT4 levels and peripheral TH sensitivity index FT3/FT4 scores; moreover, these associations remained significant
even after adjusting for multiple risk factors for AS. In contrast, TSH, TFQI, TSHI, and TT4RI were not associated with
the risk of AS.

The mechanism by which TH affect AS is not yet fully understood. TH deficiency is known to be associated with
various metabolic abnormalities, including dyslipidemia and hypertension, which can contribute to the onset and
progression of AS.?>® Previous studies have suggested that THs stimulate the synthesis of nitric oxide (NO) in vascular
endothelial cells by binding to the TH receptor (TR) on endothelial cells and activating the phosphatidylinositol 3-kinase
and serine/threonine protein kinase pathways.”” NO plays a critical role in regulating vascular tone, inflammation,
oxidative stress, and inhibiting proliferation of smooth muscle.?® Its production is reduced in individuals with decreased

129

TH levels, leading to impaired endothelial function and development of AS. Furthermore, Cyrielle Billon et al™” have

reported that the deletion of TRa (0/0) in the ApoE (-/-) male mice can impair cholesterol efflux and increase

inflammatory reaction in macrophages, thereby accelerating plaque formation. Another study by Samia Neggazi et al**

Table 3 Comeparisons the AUCs for FT3, FT4 and FT3/FT4 in Predicting Subclinical AS

AUC (95% CI) Cut-off | Specificity (%) Sensitivity (%)
FT3 0.621 (0.594, 0.648)* 4.45 72.92 59.08
FT4 0.582 (0.554, 0.610)** 17.55 42.26 70.19
FT3/FT4 | 0.715 (0.689, 0.740) 0.25 83.93 35.09

Notes: Compared with FT3/FT4, *P < 0.001; Compared with FT3, #P > 0.05.
Abbreviations: AS, atherosclerosis; FT4, free thyroxine; FT3, free triiodothyronine.
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have demonstrated that TRa deletion in ApoE-/- mice increases the expression of tissue renin-angiotensin system in the
aortic wall and aggravates the dysregulation of cholesterol content in vascular smooth muscle cells. They concluded that
THa has a protective role against AS. A reduction in the number of activated THa due to decreased TH levels may lead
to the progression of AS. Additionally, advanced glycation end products (AGEs) are commonly present in the vascular
system of patients with diabetes and contribute to the development of AS.>' HbAlc variability, which reflects the
accumulation of AGEs in tissues, is positively associated with the occurrence of microvascular and macrovascular
complications.*>* Previous studies have indicated that thyroid dysfunction promotes AGE formation,*” thereby leading
to vascular atherosclerosis. The two main TH in circulation are T4 and T3. FT4 is converted into its more active form,
FT3, by three deiodinases. FT3/FT4 is considered an indicator of type 2 5'- deiodinase (DIO2), which is the primary and
most active enzyme in human tissues.***” Therefore, FT3/FT4 can be used to evaluate peripheral thyroid sensitivity,
potentially being a more precise and feasible indicator of TH metabolic variability than FT3 or FT4 alone.'® Previous
studies have reported a significant decrease in the levels of FT3/FT4 in patients with diabetes compared to individuals
with normal thyroid function, suggesting that diabetes is associated with a diminished peripheral turnover of thyroxine.*®
In this study, we observed that FT3/FT4 ratio was negatively associated with subclinical AS, consistent with the findings
of previous studies,’’*? and it emerged as an independent predictor of subclinical AS. The predictive accuracy of FT3/
FT4 for subclinical AS was higher than that of FT3 or FT4 alone. In addition, we identified a cutoff value of 0.25 for
FT3/FT4 to predict subclinical AS, with a specificity and sensitivity of 83.93% and 35.09%, respectively. A large-scale,
multicentre, retrospective, cross-sectional study involving 6679 patients demonstrated that central TH sensitivity indices,
including TFQI and TT4RI, were positively associated with the risk of plaque formation in the carotid artery.*
However, in this study, TFQI, TSHI, and TT4RI did not exhibit correlation with the risk of AS in the logistic regression
models. This inconsistency may be attributed to differences in the study populations.

This study had some limitations. First, it was a single-centre retrospective study involving hospitalised patients, and
the sample size was relatively small, which may introduce potential selection bias. Second, a causal relationship between
thyroid parameters and subclinical AS could not be determined. Third, ultrasonography may not be as accurate as high-
resolution computed tomography or digital subtraction angiography for assessing AS. However, ultrasound was chosen
as the preferred assessment method in this study owing to its safety and noninvasiveness. Further prospective studies
with larger sample sizes and different populations are required to confirm our findings and explore the underlying
mechanisms.

Conclusion

In summary, this study revealed that in euthyroid patients with T2DM, the incidence of carotid atherosclerosis exhibited
negative correlation with FT3 and FT4 levels, as well as the peripheral TH sensitivity index FT3/FT4, independent of
other risk factors for AS. In addition, FT3/FT4 ratio was a better predictor of subclinical AS than FT3 or FT4 alone.
Clinically, monitoring FT3/FT4 may hold great significance for predicting and treating subclinical AS.

Data Sharing Statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.

Ethics Approval and Informed Consent

This was an observational and retrospective study with no potential harm to the study participants. Moreover, no
personally identifying information was included in the analysis, thereby safeguarding the safety and privacy of the
individuals involved. The study protocol was approved by the Ethics Committee of Peking University International
Hospital (2022-KY-0030-01) and it was sanctioned that the informed consent of the participant was not necessarily
required. All the procedures were performed in accordance with the principles of the Declaration of Helsinki.

Disclosure
The authors report no conflicts of interest in this work.
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