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Objective: Normal thyroid hormone (TH) levels and their relation to microvascular complications in patients with type 2 diabetes 
mellitus (T2DM) have been studied. However, the relationship between TH sensitivity and diabetic retinopathy (DR) remains unclear. 
Thus, this study aimed to investigate the relationship between TH sensitivity and the risk of DR in euthyroid T2DM patients.
Methods: This retrospective study analyzed 422 T2DM patients and calculated their sensitivity to TH indices. Multivariable logistic 
regression, generalized additive model, and subgroup analysis were performed to examine the association between sensitivity to TH 
indices and DR risk.
Results: After adjusting for covariates, the binary logistic regression model showed no statistically significant association between the 
sensitivity of TH indices and the risk of DR in euthyroid T2DM patients. However, a non-linear relationship was found between 
sensitivity to TH indices (thyroid-stimulating hormone index, thyroid feedback quantile index [TFQI]) and the risk of DR in the crude 
model; TFQI and DR in the adjusted model. The inflection point of the TFQI was 0.23. The effect size (odds ratio) on the left and right 
of the inflection point were 3.19 (95% confidence interval [CI]: 1.24 to 8.17 p=0.02) and 0.11 (95% CI: 0.01, 0.93 p=0.04), 
respectively. Moreover, this relationship was maintained by men stratified by sex. In euthyroid patients with T2DM, an approximate 
inverted U-shaped relationship and a threshold effect were demonstrated between TH index sensitivity and DR risk with sex 
differences. This study provided an in-depth understanding of the relationship between thyroid function and DR, which has important 
clinical implications for risk stratification and individual prediction.
Keywords: thyroid hormone sensitivity, diabetes retinopathy, non-linear relationship, sex differences

Introduction
Diabetic retinopathy (DR) is one of the most common microvascular complications of type 2 diabetes mellitus (T2DM), 
leading to an increased socioeconomic burden. In middle-aged and older adults, DR is the leading cause of vision 
impairment that often results in blindness.1 It affects 1 in 3 people with diabetes and is associated with an increased 
incidence of other severe vascular diseases, such as stroke and coronary artery disease (CAD). In 2015, 415 million cases 
of DR were diagnosed worldwide, which is expected to increase to 642 million by 2040.2 Therefore, it is essential to 
identify risk factors linked to the onset and progression of DR to reduce its prevalence.

Although the pathogenesis and etiology of DR have not yet been fully elucidated, an increased duration of diabetes, 
poor glycemic control, and hypertension are considered risk factors for DR.3 However, some people who have well- 
controlled blood sugar levels and no hypertension also experience severe DR, indicating the contribution of additional 
risk factors to the development of DR.4 Recently, the impact of thyroid hormones (THs) on diabetic microvascular illness 
has been highlighted. Several studies have demonstrated the critical role of TH metabolism in retinal development and 
increased retinal vascular density.5
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The TH is required for retinal development and maturation via genomic and non-genomic pathways.6–8 TH deficiency 
may affect the adult retina and impair visual function, particularly color vision.9 Furthermore, a high level of thyroid- 
stimulating hormone (TSH) is an independent risk factor for DR,10 and subclinical hypothyroidism (SCH) is associated 
with a high incidence of DR.11 Although the correlation between TH levels and DR has been recently reported, there are 
relatively few studies on the relationship between various thyroid functions and DR in T2DM patients. Euthyroid thyroid 
function has been demonstrated to be associated with DR;12–14 however, their results are conflicting. Therefore, we 
attempted to investigate the relationship between DR and normal TH levels.

Clinically, thyroid function is assessed by measuring serum levels of free triiodothyronine (FT3), free thyroxine 
(FT4), and TSH. However, FT3 or TSH alone may not be adequate to reflect the regulation of TH homeostasis.15 

Therefore, the sensitivity to TH indicators, including TSH-T4 resistance index (TT4RI), TSH index (TSHI), and thyroid 
feedback quantile index (TFQI), were proposed as quantitative markers of pituitary thyroid-stimulating function to 
interpret thyroid status comprehensively.16–18 Recently, the sensitivity of TH indicators has been demonstrated to be 
associated with metabolic disorders such as T2DM, obesity, metabolic syndrome, and non-alcoholic fatty liver disease 
(NAFLD).19,20 However, no study has investigated the relationship between TH sensitivity indices and the risk of DR. It 
is unclear whether changes in TH sensitivity influence the development of DR. Thus, this population-based study aimed 
to gain new insights into the association between TH sensitivity and the risk of DR in euthyroid patients with T2DM.

Materials and Methods
Study Population
This cross-hospital study included 422 T2DM patients admitted to the Endocrinology Department of Cangzhou Central 
Hospital between July 2017 and December 2019. The inclusion criteria were as follows: aged ≥ 18 years old with normal 
thyroid function and negative autoantibodies, including thyroid peroxidase antibody (TPOAb), thyroglobulin antibody, or 
thyrotropin receptor antibody, and diagnosed with T2DM according to the criteria of the American Diabetes 
Association.21 The exclusion criteria were as follows: those who had any acute complications of diabetes; a history of 
thyroid disease; any other endocrine disorder such as Addison’s disease, Cushing syndrome, pituitary adenoma, or 
hypopituitarism; retinopathy unrelated to diabetes; a severe infection; an inflammatory disease; malignant tumors; liver 
or renal dysfunction; and thyroid-function-altering medications or drugs. This study was approved by the Cangzhou 
Central Hospital Ethics Committee and was performed following the Declaration of Helsinki guidelines, including any 
relevant details. Due to the retrospective nature of the study, the requirement for informed consent was waived.

Definition of DR
All patients had their eyes examined and their fundi photographed using 45° four-field stereoscopic digital photography. 
The definition outlined in the American Academy of Ophthalmology classification was used to identify DR.

Assessment of Thyroid Function
Serum FT3, FT4, TSH, and TPOAb (reference range: 0–34.0 IU/mL) levels were measured using an electrochemilumi
nescence analyzer (Cobas e601, Roche, Basel, Switzerland). Patients with THs in this range were considered to be 
euthyroid patients: TSH (0.27–4.20 mIU/L, FT3 (3.08–6.78 pmol/L), and FT4 (11.97–21.88 pmol/L).

Indices of TH Sensitivity
The TSHI, TT4RI, and TFQI were used to assess central TH sensitivity. The calculation formulas of TSHI and TT4RI 
were derived from previous studies.22 The TFQI calculation method was developed by Laclaustra et al.19 Lower TT4RI, 
TSHI, and TFQI values indicate greater central TH sensitivity.

Clinical Examination and Laboratory Measurements
The covariates are demographic information, clinical data, and laboratory data. Demographic and clinical data were 
collected, including age, sex, height and weight, blood pressure, smoking and drinking status, history of hypertension, 
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and diabetes duration. Body mass index (BMI) was calculated by dividing weight by height squared (kg/m2). 
Hypertension was defined as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or the use of 
antihypertensive drugs. The results obtained from measuring glycated hemoglobin (HbA1c), total cholesterol, low- 
density lipoprotein cholesterol, high-density lipoprotein cholesterol (HDL-C) and triglyceride levels in euthyroid patients 
with T2DM were also obtained from the Hospital Information System.

Statistical Analyses
Categorical variables provide frequencies or percentages, while continuous variables show mean, standard deviation, or 
median (quartiles). To identify statistical differences in means and proportions between groups, one-way analysis of variance 
(normal distribution), the Kruskal–Wallis test (skewed distribution), and the Chi-square test (categorical variables) were used.

The following statistical analyses were conducted and studied: (1) Was there any relationship between TH sensitivity 
indices and DR risk, and if yes, was it linear or non-linear? To provide preliminary insight into their relationship, we used 
a generalized additive model (GAM). If there were a linear relationship between the two, univariate and multivariate 
linear regression models would be used to assess their associations. According to the recommendation from the 
Strengthening the Reporting of Observational Studies in Epidemiology statement, three models would be built: an 
unadjusted model, a model adjusted for demographics, and a fully-adjusted model. The relevant covariates that affected 
the matched odds ratio (OR) by at least 10% when included in this model are considered the adjusted variables for the 
fully-adjusted model.23 If the non-linear association were identified, a two-piecewise linear regression model would be 
used to determine the threshold effect of the TH sensitivity indices and DR risk in terms of the smoothing plot. When the 
ratio of TH sensitivity and DR appears in a smooth curve, the recursive method automatically calculates the inflection 
point at which the maximum model likelihood will be used. (2) Which factors interfered with or altered their relation
ship? The stratified binary logistic regression models were employed for the subgroup analyses. The likelihood ratio test 
investigated subgroup modification and interaction. (3) What was the independent effect on TH sensitivity and DR risk 
when the potential confounders or modifiers were removed? Further stratified binary logistic regression models were 
utilized for the subgroup analyses. We also used hierarchical interaction analysis to investigate the robustness of the 
results in various subgroups.

The statistical software packages R (http://www.R-project.org, The R Foundation) and EmpowerStats (http://www. 
empowerstats.com, X&Y Solutions, Inc., Boston, MA) were applied to all the analyses. P values less than 0.05 (two-sided) 
were deemed statistically significant.

Results
Baseline Characteristics of the Participants with or Without DR
This study included 422 participants. Table 1 displays the demographic characteristics of the research population. 
Participants in the DR group were more likely to be older, be male, have a lower BMI, and have diabetes for longer 
than those in the non-DR group. Significant differences were not observed between the two groups for FT3, TSH, TSHI, 
TT4RI, and TFQI (P > 0.05). However, the FT4 level in patients with DR was significantly low (P < 0.001).

Table 1 Clinical and Laboratory Characteristics of the Study Participants

DR NDR DR P-value

N 262 160

Age (years) 52.55 ± 11.82 55.66 ± 9.02 0.005

BMI (kg/m2) 26.45 ± 3.50 25.52 ±3.59 0.009

Duration of diabetes (years) 5.00 (1.00–10.00) 10.00 (5.00–15.00) <0.001

HbA1c (%) 8.70 ± 1.99 8.84 ±1.85 0.451

(Continued)
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Associations Between Sensitivity to TH Indices and DR
The multivariate regression analysis between sensitivity to TH indices and DR is presented in Table S1. In the 
unadjusted, minimally adjusted, and fully adjusted models, TSHI, TT4RI, and TFQI were not associated with the risk 
of DR (P > 0.05). For sensitivity analysis, TSHI, TT4RI, and TFQI were converted from continuous variables to 
categorical variables (based on tertile). The categorical-transformed variables were then reintroduced into the model; 
however, the trend remained nonsignificant (P > 0.05).

The results of multivariate models based on logistic regression were not statistically significant, which may indicate 
a non-linear relationship between sensitivity to TH indices and DR. Through the GAM and smooth curve fitting, an 
approximate inverted U-shaped relationship was observed between the sensitivity to TH indices, except for TT4RI, and 

Table 1 (Continued). 

DR NDR DR P-value

FT3 (pmol/L) 4.59 ± 0.70 4.48 ± 0.66 0.109

FT4 (pmol/L) 17.39 ± 2.54 16.73 ± 2.18 0.006

TSH (uIU/mL) 2.01 ± 0.91 2.11 ± 0.99 0.327

TSHI 2.92 ± 0.59 2.87 ± 0.53 0.386

TT4RI 34.68 ± 16.08 34.63 ± 15.81 0.975

TFQI −0.01 (−0.31–0.26) −0.05 (−0.24–0.16) 0.184

TC (mmol/L) 4.85 ± 1.30 4.81 ± 1.19 0.732

TG (mmol/L) 1.77 (1.15–2.83) 1.59 (1.00–2.73) 0.428

LDL-C (mmol/L) 2.68 ± 0.85 2.70 ± 0.86 0.777

HDL-C (mmol/L) 1.02 ± 0.28 1.05 ± 0.27 0.219

Sex, n (%) 0.043

Male 170 (64.89) 88 (55.00)

Female 92 (35.11) 72 (45.00)

Smoking, n (%) 0.901

No 180 (68.70) 109 (68.12)

Yes 82 (31.30) 51 (31.87)

Drinking, n (%) 0.826

No 189 (72.14) 117 (73.12)

Yes 73 (27.86) 43 (26.88)

Hypertension, n (%) 0.303

No 138 (52.67) 76 (47.50)

Yes 124 (47.33) 84 (52.50)

Notes: Data are expressed as mean ± standard deviation, median (quartile 25, quartile 75) or numbers (%). 
Abbreviations: BMI, body mass index; TC, total cholesterol; TG, triglycerides; HDL-C, high-density 
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbA1c, glycated hemoglobin; 
FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating hormone; TSHI, TSH Index; 
TT4RI, TSH T4 resistance index; TFQI, Thyroid Feedback Quantile-based Index; DR, diabetic 
retinopathy. P value < 0.05 was considered significant.
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unfavorable DR risk in T2DM patients. This relationship was evident in both unadjusted and adjusted models (adjusted 
sex, age, BMI, duration of diabetes, HbA1c, HDL-C, FT3, and FT4) (Figure 1).

These data were modeled into a piecewise binary logistic regression model to fit two different slopes, and the best-fit 
model was selected through the log-likelihood ratio test. The inflection point of TSHI, TT4RI, and TFQI was obtained 
through a recursive algorithm, and thereafter, the effect sizes and confidence interval were calculated on the left and right 
sides of the inflection point (Table 2). Notably, the results illustrated a threshold effect for TSHI, and TFQI, which were 
fitted according to the smoothing curve (Figure 1). However, these results differed slightly between the unadjusted and 

Figure 1 The association between sensitivity to thyroid hormone indices and the prevalence of DR in euthyroid patients with T2DM in unadjusted (A–C) and adjusted 
models (D–F). (A) TSHI and DR; (B) TT4RI and DR; (C) TFQI and DR. (D) TSHI and DR; (E) TT4RI and DR; (F) TFQI and DR. The solid and dashed lines represent the 
estimated values and their corresponding 95% confidence interval. The adjustment factors included Sex, Age, BMI, Duration of diabetes, HbA1c, HDL-C, FT3, and FT4.

Table 2 Threshold Effect Analysis of Sensitivity to Thyroid Hormone Indices on DR Using the Two- 
Piecewise Linear Regression Model

Incident DR Crude (OR, 95% CI, P) Adjusted (OR, 95% CI, P)

Exposure TSHI

Fitting model by standard linear regression 0.86 (0.61, 1.21) 0.39 1.20 (0.79, 1.83) 0.40

Fitting model by two-piecewise linear regression

Inflection point of thyroid hormone Index 3.28 3.54

< Inflection point 1.22 (0.77, 1.92) 0.40 1.45 (0.91, 2.31) 0.12

> Inflection point 0.17 (0.04, 0.73) 0.02 0.06 (0.00, 1.64) 0.10

Log likelihood ratio 0.017 0.008

(Continued)
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adjusted models. In the unadjusted model, the effect sizes (OR) for TSHI on the left and right sides of the inflection point 
at 3.28 were 1.22 (95% confidence interval [CI]: 0.77 to 1.92, p=0.40) and 0.17 (95% CI: 0.04 to 0.73, p=0.02), 
respectively; in the adjusted model, the effect sizes (OR) for TSHI on the left and right sides of the inflection point at 
3.54 were 1.45 (95% CI: 0.91 to 2.31, p=0.12) and 0.06 (95% CI: 0.00 to 1.64 p=0.10), respectively. After adjusting for 
covariates, the inflection points remained the same; however, the results of both binary logistic regression models became 
nonsignificant. In the unadjusted model, the effect sizes (OR) for TFQI on the left and right sides of the inflection point at 
0.18 were 1.34 (95% CI: 0.62 to 2.90, p=0.45) and 0.13 (95% CI: 0.02 to 0.66 p=0.01), respectively; in the adjusted 
model, the effect size (OR) of TFQI on the left and right sides of the inflection point at 0.23 were 3.19 (95% CI: 1.24 to 
8.17 p=0.02) and 0.11 (95% CI: 0.01, 0.93 p=0.04), respectively. Contrary to the results for the TSHI, the results of both 
binary logistic regression models demonstrated an association between TFQI and DR occurrence after adjustment.

Associations Between Sensitivity to TH Indices and DR Interaction with Sex
Furthermore, to determine the trend of effect sizes, a hierarchical analysis and interactive analyses with sex as the 
stratified variable were conducted to study the stability of the non-linear relationship between sensitivity to TH indices 
and DR risk in different subgroups. The results of smooth curve-fitting and threshold effect analysis showed that sex 
played an interactive role (P-interaction: 0.017 for TSHI and sex; P-interaction: 0.012 for TFQI and sex) in a non-linear 
relationship between sensitivity to TH indices and the incidence of DR (Table 3; Figure 2). A similar non-linear 
relationship and threshold effect to the general population between TSHI and TFQI and incident DR was detected in 
males with adjustments for the above-mentioned covariates. Inflection points were also found in females; however, the 
relationship between the sensitivity to TH indices and DR risk in females did not conform to the curve relationship. 
Additionally, TT4RI and DR showed a nonsignificant linear relationship between males and females.

Table 2 (Continued). 

Incident DR Crude (OR, 95% CI, P) Adjusted (OR, 95% CI, P)

Exposure TT4RI

Fitting model by standard linear regression 1.00 (0.99, 1.01) 0.98 1.01 (0.99, 1.02) 0.47

Fitting model by two-piecewise linear regression

Inflection point of thyroid hormone Index 11.69 11.67

< Inflection point 1.25 (0.89, 1.75) 0.19 1.34 (0.95, 1.89) 0.10

> Inflection point 1.00 (0.98, 1.01) 0.66 1.00 (0.99, 1.02) 0.88

Log likelihood ratio 0.155 0.092

Exposure TFQI

Fitting model by standard linear regression 0.70 (0.42, 1.18) 0.18 1.41 (0.69, 2.91) 0.35

Fitting model by two-piecewise linear regression

Inflection point of thyroid hormone Index 0.18 0.23

< Inflection point 1.34 (0.62, 2.90) 0.45 3.19 (1.24, 8.17) 0.02

> Inflection point 0.13 (0.02, 0.66) 0.01 0.11 (0.01, 0.93) 0.04

Log likelihood ratio 0.022 <0.001

Notes: Crude model was adjust for: None Adjusted model was adjust for: Sex; Age; BMI; Duration of diabetes; HbA1c; HDL-C; 
FT3; FT4. P value < 0.05 was considered significant. 
Abbreviations: OR Odds ratios, CI Confidence, Ref Reference; BMI, body mass index; HDL-C, high-density lipoprotein 
cholesterol; HbA1c, glycated hemoglobin; FT3, free triiodothyronine; FT4, free thyroxine; TSHI, TSH Index; TT4RI, TSH T4 
resistance index; TFQI, Thyroid Feedback Quantile-based Index; DR, diabetic retinopathy.
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Discussion
Based on the hospital data, this study investigated the relationship between TH sensitivity and DR incidence. In euthyroid 
patients with T2DM, an approximate inverted U-shaped relationship was found between sensitivity to the TH indices 
TSHI and TFQI and the risk of DR. Males had a similar relationship between TSHI and TT4RI and the prevalence of DR 
in subgroup analyses that were stratified by sex. This study is the first to use the TH sensitivity index instead of FT3, 
FT4, and TSH as a predictor of DR. A direct connection between TH resistance and DR occurrence and progression was 
demonstrated, providing a novel hypothesis for the early detection and treatment of DR in euthyroid patients with T2DM.

Table 3 Threshold Effect Analysis of Sensitivity to Thyroid Hormone Indices on DR Using the Two-Piecewise Linear 
Regression Model with Sex Differences

Sex Male (OR, 95% CI, P) Female (OR, 95% CI, P) Total (OR, 95% CI, P)

Exposure TSHI

Fitting model by standard linear regression P-interaction: <0.001

0.96 (0.54, 1.70) 0.88 1.69 (0.85, 3.35) 0.13 1.20 (0.79, 1.83) 0.39

Fitting model by two-piecewise linear regression P-interaction: 0.017

Inflection point of thyroid hormone Index 3.28 2.05 3.54

< Inflection point 1.31 (0.66, 2.60) 0.43 11.61 (0.23, 582.05) 0.22 1.45 (0.91, 2.31) 0.12

> Inflection point 0.05 (0.00, 1.09) 0.06 1.32 (0.59, 2.95) 0.49 0.06 (0.00, 1.64) 0.09

Log likelihood ratio 0.022 0.197 0.008

Exposure TT4RI

Fitting model by standard linear regression P-interaction: 0.012

1.00 (0.98, 1.02) 0.87 1.02 (0.99, 1.04) 0.13 1.01 (0.99, 1.02) 0.47

Fitting model by two-piecewise linear regression P-interaction: 0.106

Inflection point of thyroid hormone Index 55.95 14.29 11.67

< Inflection point 1.00 (0.98, 1.02) 0.99 1.18 (0.84, 1.65) 0.34 1.34 (0.95, 1.89) 0.09

> Inflection point 0.96 (0.85, 1.10) 0.58 1.01 (0.99, 1.04) 0.28 1.00 (0.99, 1.02) 0.88

Log likelihood ratio 0.004 0.30 0.092

Exposure TFQI

Fitting model by standard linear regression P-interaction: <0.001

1.14 (0.41, 3.17) 0.79 2.33 (0.76, 7.18) 0.14 1.41 (0.69, 2.91) 0.35

Fitting model by two-piecewise linear regression P-interaction: 0.012

Inflection point of thyroid hormone Index 0.09 0.26 0.23

< Inflection point 4.10 (0.97, 17.31) 0.05 3.75 (0.91, 15.49) 0.07 3.19 (1.24, 8.17) 0.02

> Inflection point 0.06 (0.00, 0.73) 0.03 0.39 (0.01, 11.42) 0.58 0.11 (0.01, 0.93) 0.04

Log likelihood ratio 0.003 0.263 <0.001

Notes: Crude model was adjust for: None, Adjusted model was adjust for: Sex; Age; BMI; Duration of diabetes; HbA1c; HDL-C; FT3; FT4, P value < 0.05 was 
considered significant. 
Abbreviations: OR Odds ratios, CI Confidence, Ref Reference; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; HbA1c, glycated 
hemoglobin; FT3, free triiodothyronine; FT4, free thyroxine; TSHI, TSH Index; TT4RI, TSH T4 resistance index; TFQI, Thyroid Feedback Quantile-based 
Index; DR, diabetic retinopathy.
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Traditionally, a long durations of diabetes, hypertension, and poor glycemic control have been the main risk factors 
for DR. However, recent research has revealed that, in addition to the established risk factors, thyroid function is tightly 
linked to the development of DR.24 T2DM patients with subclinical hypothyroidism have been found to have an 
increased risk of developing DR.11 Similarly, a meta-analysis observed that subclinical hypothyroidism increased DR 
risk in diabetic patients by 2.13-fold.25 However, the correlation between normal levels of TH and DR in patients with 
T2DM has yet to be extensively researched. Several research studies have attempted to cast light on the subject. Zou 
et al13 demonstrate that FT3 levels in euthyroid patients with T2DM were negatively correlated with the risk of DR 
within the normal range. Lower than normal FT4 levels were reported to be associated with DR prevalence in T2DM 
patients after controlling for traditional DR risk factors in a study by Kong et al.12 Despite most previous studies proving 
otherwise, our results with a linear multivariate logistic regression revealed no relationship between FT3, FT4, TSH, and 
the risk of DR. Remarkably, using smoothed curve fitting and threshold saturation effect analysis, a non-linear relation
ship was observed between FT4 and DR, and the results are presented in Tables S2 and S3 and Figure S1A–C. The study 
hypothesizes that the disparities in the results may be due to the different criteria used to assess the thyroid function and 
composition of participants. Furthermore, the interaction of TSH, FT4, and FT3 is strong, and complicated relationships 
occur spontaneously along the hypothalamus–pituitary–thyroid (HPT) axis.26 Thus, measuring just one parameter might 
not sufficiently explain the connection between the thyroid system and the risk of DR. Consequently, comprehensive 
indicators were utilized for further evaluation.

Considering the discrepancies found by using a single parameter in previous studies, comprehensive indicators TSHI, 
TT4RI, and TFQI were recommended as new central TH resistance indicators. Among them, TFQI is supported by 
empirical co-distribution of FT4 and TSH, which have the advantage of not producing extreme values during thyroid 
dysfunction.19 These new comprehensive indicators can systematically reflect the regulation of TH homeostasis. They 
may be less biased than single indicators with a better explanation for the various associations between TH changes and 
the risk of DR. TSHI and TT4RI are significantly linked to the prevalence of coronary heart disease (CAD),27 NAFLD,28 

and chronic kidney disease.29 A strong link was discovered between TFQI and obesity, metabolic syndrome, and 
diabetes-related mortality.30 However, to our knowledge, no study has focused on the relationship between sensitivity 
to THs and the risk of DR.

The HPT axis regulates circulating THs through a negative feedback mechanism. All these TH indices measure 
central sensitivity/resistance, ie, the grade of pituitary gland inhibition by FT4 levels. Thus, they evaluate the set point of 
the central regulation of TH concentration.19 The HPT axis is essential in retinal development, photoreceptor differentia
tion, cone opsin expression, and regulating photoreceptor survival.31 Among them, TH receptor-β (TRβ) is an essential 
regulator of sensory development in the cochlea and retina.32 In contrast, in the hypothalamus and pituitary glands, TRβ 
mediates inhibitory actions of THs on the expression of thyrotropin-releasing hormone and TSH to control the HPT 
axis,33 which may be the physiopathological basis for the association between TH sensitivity indices and retinopathy. 

Figure 2 The association between sensitivity to thyroid hormone indices and the prevalence of DR in euthyroid patients with T2DM are stratified by gender. (A) TSHI and 
DR; (B) TT4RI and DR; (C) TFQI and DR. Age, BMI, Duration of diabetes, HbA1c, HDL-C, FT3, and FT4 were adjusted.
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Dysregulation of the HPT axis often coexists with obesity, metabolic syndrome, diabetes, and consequent biological 
alterations related to the impact of THs on the metabolic functions of the body, including glucose metabolism, insulin 
secretion, homocysteine metabolism, lipid metabolism, chronic inflammation, and vascular endothelial function 
damage.24 Thus, a strong link was established to prove the association between the TH sensitivity index and DR risk.

In the unadjusted, minimally adjusted, and fully adjusted multivariate linear logistic regression of this study, there was 
no significant relationship between TSHI, TT4RI, and TFQI and the risk of DR. These data were further investigated by 
using logistic regression with cubic spline functions and smooth curve fitting (cubic spline smoothing). Eventually, the 
relationship between the TSHI and TFQI and undesirable DR risk was non-linear. This non-linear association was still 
significant for TFQI after adjusting for multiple covariates, which indicated that on the left side of the inflection point of 
TFQI (0.23), patients were at a 2.19-fold increased risk of DR with an increase in TH resistance and on the right side of 
the inflection point, patients were at an 89% decreased risk of DR with decreasing TH resistance. However, the possible 
explanations for the non-linear relationship between sensitivity to TH metrics and the risk of DR in euthyroid patients 
with T2DM remain unknown. A variety of factors may cause this. First, when a change in one variable does not conform 
to a continuous change in the other variable, it may be defined as a non-linear relationship between two variables, which 
could imply that the correlation between the two variables is erratic or does not exist. Non-linear objects, on the contrary, 
can be connected in a reasonably predictable manner, albeit in a more complex manner than that between linear 
connections. As a result, the non-linear relationship appears to be similar to the actual relationship between TH 
sensitivity and DR risk. In biological mechanisms, alterations in the TH sensitivity index imply changes in the HPT 
axis tuning point and the accompanying TH levels, leading to altered metabolic and energy balances, which may trigger 
an increased or reduced risk of DR. TH sensitivity indices may reconcile the conflicting results of the relationship 
between a single TH and the risk of DR, which may require further laboratory research. Second, this non-linear 
relationship between TFQI and DR may persist after controlling for multiple covariates, which may be supported by 
a previous study that found TFQI to be more stable than TSH in assessing TH sensitivity.19 Moreover, the similar non- 
linear relationship between TFQI and DR suggested that FT4 may contribute more to the relationship between thyroid 
function and DR in the euthyroid range than that of TSH or FT3 in patients with diabetes. Thus, FT4 may be the ideal 
parameter for assessing thyroid status in euthyroid patients with T2DM compared to TSH and FT3, with age and 
metformin application having little effect.12 Third, numerous studies have demonstrated that changes in TH levels within 
the normal range were frequently accompanied by hypertension,34 glucose metabolism dysfunction,35 abnormal insulin 
secretion,36 vascular endothelial impairment,37 and progression of vascular neurodegeneration,38 which are the main 
pathological risk factors for developing DR. Overall, sensitivity to THs may play a non-linear role in the development of 
DR in euthyroid patients with T2DM.

We further evaluated the sex-specific association between TH sensitivity and DR risk in addressing the sex 
differences found in previous studies.39 With adjusted covariates, an inverted U-shaped relationship and threshold effect 
were similar between TSHI and TFQI and incident DR in males and females. Sex hormones (such as estrogen and 
testosterone) regulate thyroid function,40 and estrogen levels may influence diabetes development, particularly in patients 
aged 60. Sex hormone differences may explain some sex differences in the association between TH sensitivity and DR 
risk discovered in this study. However, since this study did not examine sex hormone levels, further study is required to 
investigate this idea.

The strengths of this study included specific populations, innovative TH indices, and non-linear relationship-fitting 
results with sex differences. However, the current study had several limitations that must be considered. First, given that 
this was a cross-sectional study, causality could not be inferred. Therefore, further studies are needed to determine the 
relative risk between TH sensitivity and DR risk in T2DM patients. Second, due to the short duration of the hospital stay, 
a single thyroid function was only tested once, which may have presented statistical errors. Third, diabetes increases the 
risk of low T3 syndrome and hypothyroidism.41 As this study did not assess the trans-T3 levels of the participants, the 
relationship between sensitivity to TH indices and DR risk may have been distorted. Fourth, this was a single-institute 
study where all participants were Chinese. As a result, our findings may not apply to all Chinese patients with T2DM or 
patients of other ethnicities.
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Conclusions
The study findings supported a non-linear relationship between TH sensitivity and the prevalence of DR in T2DM 
patients, particularly males, who had normal thyroid function. These findings aid in understanding the interaction 
between TH sensitivity and DR risk, which could have important clinical implications for risk stratification and 
personalized forecasting. These findings may serve as the foundation for future large-scale cohort studies. Prospective 
cohort studies are also needed to investigate the link between TH sensitivity and DR risk in euthyroid patients with 
T2DM.
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