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Retrospective Study
Continuous glucose monitoring defined time-in-range is associated with sudomotor dysfunction in type 2 diabetes
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Abstract
BACKGROUND
Time in range (TIR), as a novel metric for glycemic control, has robust relevance with diabetic complications. Diabetic peripheral neuropathy (DPN) is characterized by sudomotor dysfunction.

AIM
To explore the relationship between TIR obtained from continuous glucose monitoring (CGM) and sudomotor function detected by SUDOSCAN in subjects with type 2 diabetes.

METHODS
The research enrolled 466 inpatients with type 2 diabetes. All subjects underwent 3-d CGM and SUDOSCAN. SUDOSCAN was assessed with electrochemical skin conductance in hands (HESC) and feet (FESC). Average feet ESC < 60 µS was defined as sudomotor dysfunction (+), otherwise it was sudomotor dysfunction (-). TIR refers to the percentage of time when blood glucose is between 3.9-10 mmol/L during 1 d period.

RESULTS
Among the enrolled subjects, 135 (28.97%) presented with sudomotor dysfunction. Patients with sudomotor dysfunction (+) showed a decreased level of TIR (P < 0.001). Compared to the lowest tertile of TIR, the middle and the highest tertiles of TIR was associated with an obviously lower prevalence of sudomotor dysfunction (20.51% and 21.94% vs 44.52%) (P < 0.001). In addition, with the increase of TIR, HESC and FESC increased (P < 0.001). Regression analysis demonstrated that TIR was inversely and independently linked with the prevalence of sudomotor dysfunction after adjusting for confounding values (odds ratio = 0.979, 95%CI: 0.971-0.987, P < 0.001).

CONCLUSION
The tight glycemic control assessed by TIR is of vitally protective value for sudomotor dysfunction in type 2 diabetes mellitus.
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Core Tip: Diabetic peripheral neuropathy (DPN) has posed a serious threat for the economy and development of society. SUDOSCAN is an emerging technique for the detection of DPN through detecting sudomotor function of the sweat gland. Glycemic control is an independent contributor to DPN. Time in range (TIR), as a continuous glucose monitoring-derived pivotal and emerging metric, has been proved to assess short-lived glycemic control. We preliminarily explored the relationship between TIR and sudomotor function, in order to provide a basis for future large-sample, multi-center research.

INTRODUCTION
Diabetic peripheral neuropathy (DPN), as a kind of diabetes-related complications, has posed a serious threat for the economy and development of society. Previous research showed that up to 50% of diabetic individuals were affected DPN[1]. And it is a significant risk element for diabetic foot, so it can greatly increase the mortality and disability of subjects with type 2 diabetes mellitus (T2DM)[2]. DPN often affects distal diminutive nerve fibers and manifests as aching neuropathy, however, upon most occasions, symptoms of DPN are insidious[3]. At present, the gold standard of small fiber assessment detecting DPN is skin biopsy, but it is invasive, which impedes it as a widely used method to screen DPN in a wide range[4]. SUDOSCAN (Impeto Medical, Paris, France) is an emerging technique for the detection of DPN by detecting sudomotor function of the sweat gland[5]. The measurement of SUDOSCAN includes electrochemical skin conductance in hands (HESC, measured in μS) and feet (FESC), and symmetry ratio in hands (HASYM) and feet (FASYM)[6]. Sudomotor dysfunction, derived by SUDOSCAN, could detect DPN in the inchoate stage. Compared with other detection methods, this detection is more sensitive, hence, more and more doctors tend to use it for the inchoate detection of DPN[7].
The values linked with DPN are also relevant to sudomotor dysfunction[8]. The exact pathogenesis of DPN is not fully clarified. The individuals who have these risk factors like a long diabetic duration, high blood pressure, high blood glucose, lipid metabolic disorders, and smoking are prone to have sudomotor dysfunction or DPN[4,8]. Among them, the link between persistent hyperglycemia, determined by hemoglobin A1c (HbA1c), with the progression of DPN has been established. What’s more, in T2DM patients with well-controlled HbA1c, the researchers identified that glycemic variability evaluated by mean amplitude of glucose excursions (MAGE) was an independent contributor to DPN[9].
Time in range (TIR), as a CGM-derived pivotal and emerging metric, has been proved to assess short-lived glycemic control. TIR not only provides more comprehensive and sensitive results, but is also unsusceptible to clinical conditions like anemia and uremia[10]. A lower level of TIR had an adverse effect in patients who were diagnosed with diabetes mellitus with diabetic microvascular complications, including microalbuminuria and retinopathy[11]. Our previous study also documented that patients with combined diabetic cardiovascular autonomic neuropathy had a lower level of TIR. TIR was reversely associated with the presence of diabetic cardiovascular autonomic neuropathy independent of HbA1c in Chinese T2DM patients[12]. However, the association between TIR and sudomotor dysfunction has not been explored clearly yet.
In this study, we aimed to explore the correlation between TIR calculated by continuous glucose monitoring (CGM) and sudomotor dysfunction detected by SUDOSCAN in Chinese subjects with T2DM.

MATERIALS AND METHODS
Participants
This study included 466 inpatients with T2DM diagnosed according to the 1999 WHO diagnostic criteria for diabetes[13], all of whom were hospitalized at the endocrinology department of Jinling Hospital, Nanjing University from October 2017 to May 2019.  The exclusion criteria included: (1) Individuals with severe illness or acute stress such as heart failure, liver failure, acute or chronic inflammatory disorders, malignant diseases, and surgery; (2) subjects who had a history of using oral medications that may affect the nervous system and a recent history of alcoholism; and (3) subjects with other metabolic disorders like the lack of vitamin B12. The study was approved by the local ethics committee.

Physical and laboratory examinations
Medical information including age, gender, diabetes duration, height, weight, and smoking was collected through the medical records system. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured, and body mass index (BMI) was calculated. Blood samples were collected after overnight fasting for measuring hemoglobin A1C (HbA1c), uric acid (UA), triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL), fasting blood glucose (FBG), 2-h postprandial blood glucose (PBG), serum urea nitrogen (BUN), and serum creatinine (SCr). Diabetic nephropathy (DN) was defined on the basis of persistent microalbuminuria detected during at least two examinations with a high urine albumin-to-creatinine ratio (ACR > 30 mg/g). Diabetic retinopathy (DR) was diagnosed when non-proliferative or proliferative retinopathy was observed during fundus examination and stereofundus photography after pupillary dilation by the same ophthalmologist. The treatment for diabetes was recorded from the medical record system.

CGM monitoring
Seventy-two-hour dynamic blood glucose was monitored with the assistance of the CGMS (Meiqi Corporation). During this period, the nurse must input a minimum of four times of capillary blood glucose measurements per day to check monitoring procedures. In addition, all of the subjects were informed to forbid strenuous activities. All data produced every 3 s were recorded, stored, and downloaded, thus making it possible to calculate the parameters of blood glucose variability. In this work, we applied EasyGV Version 9.0R2 from Oxford University to calculate the indicators of blood glucose variability, including standard deviation (SD), MAGE, means of daily differences (MODD), average daily risk range (ADDR), M value, and TIR. TIR refers to the percentage of time when blood glucose is between 3.9-10 mmol/L during a 1-d period. TBR refers to the percentage of time when blood glucose is below 3.9 mmol/L during a 1-d period. Time above range (TAR) refers to the percentage of time when blood glucose is above 10 mmol/L during a 1-d period[10]. In our study, all subjects underwent 3-d CGM, and we used the average time percentage of blood glucose within the target range over a 3-d period as the final value of TIR, TBR, or TAR.

SUDOSCAN test
SUDOSCAN (Impeto Medical, Paris, France), as a quick, non-intrusive, and quantitative device, was applied to detect DPN on the basis of the sudomotor function of small C fibers. The appliance had two parts of electrodes for hands and feet, both of which are connected to a computer. Patients placed their limbs on the electrodes only about 2 or 3 min and an incremental low voltage (< 4 V) was applied to the electrodes automatically. The measurements of SUDOSCAN including ESC (measured in μS) and symmetry ratio in hands (HASYM) and feet (FASYM). In our study, we applied 60 µS of average FESC as the diagnostic threshold for sudomotor dysfunction on the basis of previous research[5]. Average FESC ≥ 60 µS was regarded as sudomotor dysfunction (-), otherwise sudomotor dysfunction (+). Four hundred and sixty-six patients were classified into 331 diabetic patients without sudomotor dysfunction, and 135 diabetic patients complicated with sudomotor dysfunction. What’s more, the quantitative results are unaffected by room temperature[5].

Statistical analysis
SPSS 22.0 software was applied for statistical analyses. All data are presented as the mean ± SD, median (upper and lower quartiles), or proportions according to different data types. For continuous variables, Student’s t-test was used to compare the difference between two groups, and one way ANOVA was applied for comparisons among more than two samples. Wilcoxon rank-sum test was applied for abnormal distributions. A Chi-square test was used for categorical variables. Spearman’s rank correlation was carried out to evaluate the association of TBR, TIR, or TAR and SUDOSCAN metrics. And binary logistic regression analysis was applied to explore the link between TIR (as a continuous or categorical variable) and sudomotor dysfunction after adjusting for clinical conditions including age, diabetes duration, sex, BMI, SBP, DBP, smoking, TG, TC, HbA1c, and glycemic variability metrics. A P-value < 0.01 was considered statistically significant.

RESULTS
Comparisons of clinical variables between sudomotor dysfunction (-) and sudomotor dysfunction (+) groups
Of the 466 T2DM subjects, 135 (28.97%) presented with sudomotor dysfunction. The mean age of all participants was 54.50 ± 8.76 years, and the median duration of diabetes was 8 (range, 3-13) years. Table 1 presents the baseline information between the sudomotor dysfunction (-) and sudomotor dysfunction (+) groups. Compared with patients with sudomotor dysfunction (-), patients with sudomotor dysfunction (+) had an older age (P = 0.001), a longer duration of diabetes, a bigger possibility of smoking and having diabetic nephropathy (DN) and diabetic retinopathy (P < 0.001), and a higher level of BUN (P < 0.01). However, the percentage of males, SBP, DBP, SCr, UA, TC, TG, HDL, LDL, HbA1c, BMI, FBG, PBG, SD, MODD, ADDR, MAGE, and TBR were comparable between the two groups (P > 0.05). Of note, patients with sudomotor dysfunction (+) showed increased levels of M value and TAR and a decreased level of TIR (P < 0.001).

Clinical characteristics and SUDOSCAN indicators of individuals among tertiles (T1-T3) of TIR
In order to perform more in-depth analyses of the association between TIR and sudomotor dysfunction, we further stratified all participants based on tertiles of TIR. Supplementary Table 1 shows the detailed results. Participants with the highest tertile of TIR had a shorter duration of diabetes and lower levels of HbA1c, FBG, PBG, SD, MAGE, MODD, ADDR, and M value (P < 0.01). The three groups were comparable with regard to age, smoking, SBP, DBP, BUN, SCr, UA, TC, TG, HDL, LDL, and BMI. Of note, patients with the highest tertile of TIR had higher HESC, FESC (P < 0.001) and lower HASYM, FASYM (P < 0.01).

Prevalence of sudomotor dysfunction in different tertiles of TIR
As shown in Figure 1, participants were divided into three groups on the basis of tertiles of TIR. Compared with the lowest tertile of TIR (T1 group), the middle tertile of TIR (T2 group) and the highest tertile of TIR (T3 group) were associated with an obviously lower prevalence of sudomotor dysfunction (20.51% and 21.94% vs 44.52%) (P < 0.001).

Association between TBR, TIR, or TAR and SUDOSCAN indicators
The association between TBR, TIR, or TAR and indicators of SUDOSCAN were examined by Spearman’s rank correlation analysis. As shown in Table 2. TIR was positively associated with HESC and FESC, but negatively associated with HASYM and FASYM (P < 0.001). TAR was inversely associated with HESC and FESC, and positively associated with HASYM and FASYM (P < 0.001). It should be noted that there was no relationship between TBR and parameters of SUDOSCAN (Table 2).

Binary logistic regression analysis of presence or absence of sudomotor dysfunction as the dependent variable
On binary logistic regression analysis, the results demonstrated that TIR was reversely and independently linked with the prevalence of sudomotor dysfunction after adjusting for confounding factors including age, diabetes duration, sex, BMI, SBP, DBP, smoking, TG, and TC (Model1) [odds ratio (OR) = 0.979, 95% confidence interval (CI): 0.971-0.987, P < 0.001]. After adding HbA1c as a confounding variable (Model2), the association between TIR and sudomotor dysfunction remained (OR = 0.976, 95%CI: 0.967-0.986, P < 0.001), but the association between HbA1c and sudomotor dysfunction did not exist (P > 0.05). When the blood glucose fluctuation parameters were added to confounding factors, the role of TIR was weakened. And there was a robust and independent link between M value and sudomotor dysfunction. On the basis of these data, it could be concluded that a higher level of M value and lower level of TIR were significant independent contributors to sudomotor dysfunction (Table 3).
Further statistics were applied to ascertain the link between TIR (as a categorical variable) and sudomotor dysfunction. The data demonstrated that the highest tertile of TIR was connected with a lower prevalence of sudomotor dysfunction compared with the lowest tertile of TIR in all models. But the connection was weakened after adjusting glycemic variability metrics (Table 4). 

DISCUSSION
In conclusion, in our study, we enrolled a relatively large cohort of participants with T2DM who underwent SUDOSCAN testing and 3-d CGM monitoring. We found that TIR was inversely and independently associated with the prevalence of sudomotor dysfunction detected by SUDOSCAN. Patients who suffered from sudomotor dysfunction had a lower level of TIR (P < 0.001). Compared with the lowest tertile of TIR (T1 group), the middle tertile of TIR (T2 group) and the highest tertile of TIR (T3 group) were associated with an obviously lower prevalence of sudomotor dysfunction, which was less than half of that in the T1 group (P < 0.001).
As is known to all, DPN is a vital contributing factor increasing the mortality and disability of individuals with T2DM. Previous research showed that up to 50% of diabetic individuals suffered from DPN[1]. The most common variety of DPN is distal symmetric polyneuropathy (DSPN). As one of the most vital risk factors for diabetic foot, DSPN can greatly increase the mortality and disability of individuals with T2DM[2]. The main manifestation of DSPN at the very early stage is the destruction of small unmyelinated sympathetic C nerve fibers, further resulting impairment of sudomotor function, so it is difficult to detect DSPN at an early stage[3]. On the one hand, conventional screening ways for DPN covered a variety of questionnaires, for example, Neuropathy Disability Score (NDS), Neurological Symptom Score (NSS) and so on[4]. However, not only does it require the active cooperation of patients, but it is also highly subjective. On the other hand, the traditional and common methods to detect small C fiber neuropathies include skin biopsy, quantitative sudomotor axon reflex test (QSART), and neuropad[4]. Although skin biopsy is the most authoritative assessment for small fiber, it is invasive, and also requires good skills of the pathologist[14]. QSART is a recommended method, but it is time-consuming. Also, neuropad is not a quantitative test, and it has a low sensitivity and specificity[4].
Sudomotor function measurement by SUSOSCAN is an emerging method in recent years[15]. The American Association of Clinical Endocrinologists guidelines in 2015 mentioned that SUDOSCAN can be used to detect early neuropathy[16]. SUDOSCAN test can be used in a wide range because it is fast, impersonally quantitative, and uncomplicated, and does not require patients’ preparation or full attention. Hence, more and more clinicians tend to use it for the inchoate diagnosis of DPN. In recent years, several researchers have documented the accuracy and availability of SUDOSCAN for detecting DPN. Yajnik et al[17] compared different DPN assessments and SUDOSCAN, and the results revealed that a lower level of ESC was obviously linked with more severe symptoms on the Michigan Neuropathy Scoring Instrument. Mayaudon et al[18] also documented that a set of data from SUDOSCAN had robust relevance to clinical questionnaires and pain scores. The sensitivity and specificity of SUDOSCAN in the diagnosis of DPN were 78% and 92%, separately[18].
As far as we know, the values linked with DPN are also relevant to sudomotor dysfunction[8]. The individuals who had these risk factors like a long diabetic duration, high blood pressure, high blood glucose, lipid metabolic disorders, and smoking were prone to have combined sudomotor dysfunction or DPN[4,8]. The prevalence and onset of DPN arise from persistent hyperglycemia[8]. HbA1c, as a gold criterion for diabetic control and management, can reflect average blood glucose during the previous 3 mo. Previous studies have documented that hyperglycemia determined by HbA1c is a necessary contributor to the presence of DPN. The Diabetes Control and Complications Trial study with a large-scale sample of type 1 diabetic participants revealed that, compared to the conventional insulin therapy group, the intensively treated group had a lower level of HbA1c (7.4% vs 9.1%), in which an evident risk decline for DPN (64%) was found[19]. Besides, a 6-year follow-up longitudinal trial concluded that intensive glucose management determined by HbA1c played an important role in preventing DPN in T2DM[20]. The Wisconsin epidemiologic study estimated that the prevalence of DPN declined by 20% for an every 2% increase in HbA1c[21]. Shivaprasad et al[8] also concluded that there was a robust link between hyperglycemia and sudomotor dysfunction. Otherwise, some studies reported diverse outcomes. The United Kingdom Prospective Diabetes Study (UKPDS) included more than 3000 type 2 diabetic subjects with a short diabetic duration and found that rigorous HbA1c management did not play an obvious role in DPN[22]. Thus, many researchers stressed that there were other coexisting confounders such as glycemic variability that may affect or in turn effect DPN. In 2014, a small sample study first demonstrated that glycemic variability assessed by MAGE was an independent risk factor for DPN[23]. Another cross-sectional study with 982 type 2 diabetic individuals added evidence for this relevance in 2018[9].
TIR, as a CGM-derived pivotal and emerging metric, has been proved to assess short-lived glycemic control. TIR can reflect the percentage of time when blood glucose is between 3.9-10 mmol/L during a 1-d period. TBR can reflect the percentage of time when blood glucose is below 3.9 mmol/L during a 1-d period. Otherwise, TAR mirrors the percentage of time when blood glucose is above 10 mmol/L during a 1-d period. TIR not only provides a more comprehensive and sensitive profile for blood glucose, but is also unsusceptible to clinical conditions like anemia, uremia, and so on[10]. Recent few studies put forward that patients who had a lower level of TIR were easy to suffer from different diabetic-related complications. Of a sample of more than 3000 subjects combined with T2DM, Lu et al[24] documented that patients in advanced diabetic retinopathy groups had a lower level of TIR. Besides, the prevalence of any stage of diabetic retinopathy declined significantly with the increase of TIR. The authors concluded that TIR had a significant effect on diabetic retinopathy independent of glycemic variability metrics. Beck et al[11] demonstrated that TIR correlated with the progression of retinopathy and microalbuminuria. What’s more, another research documented that TIR correlated with carotid intima-media thickness in T2DM, a predictive factor for cardiovascular events[25]. Finally, our previous study also documented that patients who had combined diabetic cardiovascular autonomic neuropathy had a lower level of TIR. TIR was reversely associated with the presence of diabetic cardiovascular autonomic neuropathy in Chinese T2DM patients[12]. 
In our work, the SUDOSCAN device was used to detect sudomotor dysfunction. Among 466 T2DM subjects, 135 (28.97%) presented with sudomotor dysfunction. First, like the data in the table, patients who had combined sudomotor dysfunction had more obvious glucose excursions, such as higher M value and TAR, and lower TIR, indicating a relevance between glycemic variability and sudomotor dysfunction. But the two groups were fully comparable with regard to TBR, and the reason may be that all of the subjects in our research were monitored with a CGM system at the inpatient department, therefore a timely intervention could be achieved when the blood glucose was less than 3.9 mmol/L. Next, compared to the lowest tertile of TIR (T1 group), the middle tertile of TIR (T2 group) and the highest tertile of TIR (T3 group) were associated with an obviously lower prevalence of sudomotor dysfunction, which was less than half of that in the T1 group. In addition, TIR was linked with SUDOSCAN indicators like FESC, HESC, HASYM, and FASYM. With the increase of TIR, HESC and FESC increased, HASYM and FASYM declined. Finally, the regression analysis demonstrated that TIR was inversely and independently linked with the prevalence of sudomotor dysfunction after adjusting for confounding factors including age, diabetes duration, sex, BMI, SBP, DBP, smoking, TG, TC, HbA1c, and glycemic variability metrics. Of note, our study found that M value rather than MAGE was an independent contributor to sudomotor dysfunction. Besides, the difference of HbA1c between the sudomotor dysfunction (-) and sudomotor dysfunction (+) groups was not significant and the regression analysis revealed there was no relevance between HbA1c and sudomotor dysfunction. These may because, as a cross-sectional study, we could only get the preliminary correlation between HbA1c level and sudomotor function, so the data from our study may only provide a basis for future longitudinal studies. And in the future study, we will focus on the relationship between the long-term variation of HbA1c and sudomotor function.
The relevant mechanism between glycemic variability and sudomotor dysfunction is not fully clarified, which may involve oxidative stress, inflammatory reaction, and destruction of vascular endothelium[26]. Persistent hyperglycemia had an adaptive effect on endothelial cells, but blood glucose fluctuation could over-activate oxidative stress and cause toxic effects[27]. In addition, Quagliaro et al[28] found that endothelial cells exposed to hyperglycemia can undergo apoptosis too quickly due to the production of reactive oxygen. Blood glucose fluctuation could also upregulate the expression of inflammatory regulatory factors, like interleukin-6 and intercellular adhesion molecule-1, thus aggravating oxidative stress and inflammatory response further[29]. Yang et al[30] also found that glycemic variability could disrupt the structure of both myelin sheath and axons.
Our study had some major limitations. First of all, all subjects in this study underwent 3 d of CGM, therefore, the results of this study may not be generalizable. Second, the study had a cross-sectional design, thus it is difficult to observe the relationship between 5-10 years of A1c and sudomotor function longitudinally. Third, this is a retrospective study and hospital-based study, and therefore unmeasured bias cannot be ruled out. Therefore, based on these limitations, large-sample, multi-center research is required in the future.

CONCLUSION
In general, our study found that patients who have combined sudomotor dysfunction have a lower value of TIR. TIR is linked with SUDOSCAN indicators like FESC, HESC, HASYM, and FASYM robustly. TIR is inversely associated with the prevalence of sudomotor dysfunction independent of HbA1c. Further prospective research is needed to identify the significant role of TIR in sudomotor dysfunction.

ARTICLE HIGHLIGHTS
Research background
Previous research showed that up to 50% of diabetic individuals were affected by diabetic peripheral neuropathy (DPN). SUDOSCAN (Impeto Medical, Paris, France) is an emerging technique for the detection of DPN through detecting sudomotor function of the sweat gland. Sudomotor dysfunction, derived by SUDOSCAN, could detect DPN in the inchoate stage. The measurement of SUDOSCAN includes electrochemical skin conductance in hands (HESC, measured in μS) and feet (FESC). The exact pathogenesis of DPN is not fully clarified. The researchers identified glycemic variability as an independent contributor to DPN. Time in range (TIR), as a CGM-derived pivotal metric, has been proved to assess short-lived glycemic control. A lower level of TIR had an adverse effect in patients who were diagnosed with diabetes mellitus with diabetic microvascular complications, including microalbuminuria and retinopathy. But the association between TIR and sudomotor dysfunction has not explored clearly yet.

Research motivation
In this study, we aimed to explore the correlation between TIR calculated by continuous glucose monitoring (CGM) and sudomotor dysfunction detected by SUDOSCAN in Chinese subjects with T2DM.

Research objectives
Our aim was to provide a novel and objective metric to monitor glycemic control in patients with T2DM, especially those who have combined complications.

Research methods
This study enrolled 466 inpatients with type 2 diabetes. All subjects underwent 3-d CGM and SUDOSCAN. SUDOSCAN was assessed with electrochemical skin conductance in hands (HESC) and feet (FESC). Average feet ESC < 60 µS was defined as sudomotor dysfunction (+), otherwise it was sudomotor dysfunction (-). TIR refers to the percentage of time when blood glucose is between 3.9-10 mmol/L during a 1-d period. First, we compared clinical variables between the sudomotor dysfunction (-) and sudomotor dysfunction (+) groups. Next, in order to perform more in-depth analyses of the association between TIR and sudomotor dysfunction, we further stratified all participants based on tertiles of TIR. And the prevalence of sudomotor dysfunction in different tertiles of TIR was compared. Next, Spearman’s rank correlation was carried out to evaluate the association of TBR, TIR, or TAR and SUDOSCAN metrics. And binary logistic regression analysis was applied to explore the link between TIR (as a continuous or categorical variable) and sudomotor dysfunction after adjusting for clinical factors including age, diabetes duration, sex, BMI, SBP, DBP, smoking, TG, TC, HbA1c, as well as glycemic variability metrics. A P value < 0.01 was considered statistically significant.

Research results
Among 466 T2DM subjects, 135 (28.97%) presented with sudomotor dysfunction. Patients who had combined sudomotor dysfunction had a lower value of TIR (P < 0.001). Compared with the lowest tertile of TIR (T1 group), the middle tertile of TIR (T2 group) and the highest tertile of TIR (T3 group) were associated with an obviously lower prevalence of sudomotor dysfunction (20.51%, 21.94% vs 44.52%, P < 0.001). In addition, TIR was linked with SUDOSCAN indicators like FESC and HESC. With the increase of TIR, HESC and FESC increased (P < 0.001).The regression analysis demonstrated that TIR was inversely and independently linked with the prevalence of sudomotor dysfunction after adjusting for confounding factors [odds ratio = 0.979, 95%CI: 0.971-0.987, P < 0.001].

Research conclusions
Patients who have combined sudomotor dysfunction have a lower value of TIR. TIR is linked with SUDOSCAN indicators like FESC, HESC, HASYM, and FASYM robustly. TIR is inversely associated with the prevalence of sudomotor dysfunction independent of HbA1c.

Research perspectives
This is the first study to investigate the association between TIR and sudomotor dysfunction assessed by SUDOSCAN. These results will interest researchers in the prevalence and management of DPN. The preliminary data from our study may provide a basis for future large-sample, multi-center research.
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Figure 1 Prevalence of sudomotor dysfunction in different tertiles of time in range. The patients were divided into three groups based on tertiles for TIR (T1: < 55.69%; T2: 55.69%-79.86%; T3: > 79.86%). Compared to the T1 group, the prevalence of sudomotor dysfunction declined obviously in the T2 and T3 groups (P < 0.001). P value for difference among the groups was determined by χ2-test. 

Table 1 Comparison of clinical variables between sudomotor dysfunction (-) and sudomotor dysfunction (+) groups
	
	Sudomotor dysfunction (-)
	Sudomotor dysfunction (+)
	x2/t/z
	P value

	n
	331
	135
	-
	-

	Male, n (%)
	234 (70.69)
	92 (68.15)
	0.296
	0.586

	Age (yr)
	53.30 ± 11.91
	57.45 ± 13.03
	-3.318
	0.001

	Diabetes duration (yr)
	7 (2, 11)
	10 (6, 15)
	-4.266
	< 0.001

	Smoking, n (%)
	84 (25.38)
	65 (48.15)
	22.86
	< 0.001

	SBP (mmHg)
	132.12 ± 15.82
	135.30 ± 20.02
	-1.646
	0.101

	DBP (mmHg)
	79.46 ± 9.69
	79.13 ± 10.57
	0.322
	0.748

	BUN (mmol/L)
	5.40 (4.50, 6.63)
	5.90 (4.80, 7.40)
	-2.845
	0.004

	SCr (µmol/L)
	56.00 (48.00, 67.00)
	60.00 (48.00, 79.00)
	-1.703
	0.089

	UA (µmol/L)
	328.18 ± 88.92
	324.04 ± 88.30
	0.456
	0.648

	TC (mmol/L)
	4.35 (3.77, 5.11)
	4.30 (3.55, 5.31)
	-0.567
	0.571

	TG (mmol/L)
	1.51 (1.04, 2.40)
	1.67 (1.12, 2.52)
	-0.856
	0.392

	HDL (mmol/L)
	1.03 (0.90, 1.24)
	1.09 (0.91, 1.27)
	-1.067
	0.286

	LDL (mmol/L)
	2.56 (2.10, 3.25)
	2.48 (1.82, 3.19)
	-1.297
	0.195

	HbA1c (%)
	8.60 ± 2.01
	8.94 ± 2.28
	-1.564
	0.118

	BMI (kg/m2)
	25.61 ± 3.53
	25.27 ± 3.82
	0.899
	0.369

	FBG (mmol/L)
	7.23 ± 2.35
	7.74 ± 2.71
	-1.770
	0.079

	PBG (mmol/L)
	15.62 ± 3.63
	15.92 ± 3.68
	-0.710
	0.478

	SD (mmol/L)
	2.25 (1.80, 2.85)
	2.46 (1.89, 3.06)
	-2.234
	0.025

	MAGE (mmol/L)
	4.38 (3.47, 5.50)
	4.08 (3.62, 5.56)
	-0.168
	0.866

	MODD (mmol/L)
	1.95 (1.40, 2.67)
	2.28 (1.63, 3.08)
	-2.562
	0.010

	ADDR (mmol/L)
	21.46 (14.55, 28.02)
	27.37 (15.11, 34.82)
	-2.411
	0.016

	M value (mmol/L)
	5.99 (3.01, 11.25)
	11.30 (3.85, 24.67)
	-4.096
	< 0.001

	TBR (%)
	0.00 (0.00, 0.00)
	0.00 (0.00, 0.00)
	-1.093
	0.274

	TIR (%)
	72.82 (53.06, 86.79)
	53.12 (28.36, 79.69)
	-4.446
	< 0.001

	TAR (%)
	26.38 (12.65, 42.97)
	44.73 (19.28, 71.20)
	-4.602
	< 0.001

	Microvascular complications
	
	
	
	

	DN, n (%)
	51 (15.41)
	53 (39.26)
	31.465
	< 0.001

	DR, n (%)
	69 (20.85)
	62 (45.93)
	29.846
	< 0.001

	Treatment, n (%)
	
	
	
	

	No treatment
	27 (8.16)
	7 (5.19)
	7.107
	0.069

	OHA
	104 (31.42)
	29 (21.48)
	
	

	Insulin
	44 (13.29)
	20 (14.81)
	
	

	OHA and insulin
	156 (47.13)
	79 (58.52)
	
	


Normally distributed variables in the table are presented as the means ± SD, non-normally distributed values are presented as medians (25% and 75% interquartiles), and categorical variables are presented as frequencies (percentages). Student’s t-test was used for comparison of data with a normal distribution, Wilcoxon rank-sum test for those with abnormal distributions, and χ2-test for categorical variables. SBP: Systolic blood pressure; DBP: Diastolic blood pressure; BUN: Blood urea nitrogen; SCr: Serum creatinine; UA: Uric acid; TC: Total cholesterol; TG: Triglyceride; HDL: High density lipoprotein; LDL: Low density lipoprotein; HbA1c: Hemoglobin A1c; BMI: Body mass index; FBG: Fasting blood glucose; PBG: Postprandial blood glucose; SD: Standard deviation; MAGE: Mean amplitude of glucose excursions; MODD: Means of daily differences; ADDR: Average daily risk range; TBR: Time below range; TIR: Time in range; TAR: Time above range; DN: Diabetic nephropathy; DR: Diabetic retinopathy; OHA: Oral hypoglycemic agents.

Table 2 Association between time below range, time in range, or time above range and SUDOSCAN indicators
	
	TBR
	TIR
	TAR

	
	r
	P value
	r
	P value
	r
	P value

	HESC
	-0.032
	0.497
	0.195
	< 0.001
	-0.207
	< 0.001

	FESC
	-0.035
	0.452
	0.164
	< 0.001
	-0.164
	< 0.001

	HASYM
	-0.014
	0.766
	-0.175
	< 0.001
	0.183
	< 0.001

	FASYM
	0.046
	0.320
	-0.180
	< 0.001
	0.169
	< 0.001


TBR: Time below range; TIR: Time in range; TAR: Time above range; HESC: Electrochemical skin conductance in hands; FESC: Electrochemical skin conductance in feet; HASYM: Asymmetry ratio in hands; FASYM: Asymmetry ratio in feet. 

Table 3 Binary logistic regression analysis with presence or absence of sudomotor dysfunction as dependent variable
	
	 
	OR
	95%CI
	P value

	Model 1
	
	
	
	

	TIR
	-0.021
	0.979
	0.971-0.987
	< 0.001

	Age
	0.023
	1.024
	1.003-1.045
	0.027

	Smoking
	0.632
	1.881
	1.115-3.174
	0.018

	Model 2
	
	
	
	

	TIR
	-0.024
	0.976
	0.967-0.986
	< 0.001

	Age
	0.024
	1.024
	1.003-1.045
	0.027

	Smoking
	0.632
	1.881
	1.113-3.177
	0.018

	Model 3
	
	
	
	

	TIR
	-0.025
	0.975
	0.957-0.994
	0.010

	Age
	0.031
	1.031
	1.008-1.055
	0.008

	Smoking
	0.717
	2.047
	1.146-3.659
	0.016

	M value
	0.093
	1.097
	1.040-1.158
	0.001


Model 1 was adjusted for age, diabetes duration, sex, body mass index, systolic blood pressure, diastolic blood pressure, smoking, triglyceride, and total cholesterol. Model 2 was adjusted for variables as in model 1 and for HbA1c. Model 3 was adjusted for variables as in model 2 and for glycemic variability values like standard deviation, mean amplitude of glucose excursions, means of daily differences, average daily risk range, and M value. TIR: Time in range; CI: Confidence interval.

Table 4 Association between tertiles of time in range and sudomotor dysfunction
	
	ꞵ
	OR
	95%CI
	P value

	Model 1
	
	
	
	

	TIR T1
	-
	-
	-
	-

	TIR T2
	-1.175
	0.309
	0.183-0.521
	< 0.001

	TIR T3
	-0.961
	0.383
	0.225-0.649
	< 0.001

	Age
	0.022
	1.022
	1.002-1.044
	0.035

	Smoking
	0.600
	1.823
	1.085-3.063
	0.023

	Model 2
	
	
	
	

	TIR T1
	-
	-
	-
	-

	TIR T2
	-1.241
	0.289
	0.164-0.509
	< 0.001

	TIR T3
	-1.032
	0.356
	0.189-0.673
	0.001

	Age
	0.022
	1.022
	1.001-1.044
	0.036

	Smoking
	0.608
	1.837
	1.092-3.091
	0.022

	Model 3
	
	
	
	

	TIR T1
	-
	-
	-
	-

	TIR T2
	-0.809
	0.445
	0.209-0.948
	0.036

	TIR T3
	-1.141
	0.320
	0.123-0.831
	0.019

	Age
	0.029
	1.030
	1.007-1.053
	0.011

	Smoking
	0.670
	1.953
	1.100-3.468
	0.022

	M value
	0.111
	1.117
	1.057-1.180
	< 0.001


Time in range T1: < 55.69%; T2: 55.69%-79.86%; T3: > 79.86%. Model 1 was adjusted for age, diabetes duration, sex, body mass index, systolic blood pressure, diastolic blood pressure, smoking, triglyceride, and total cholesterol. Model 2 was adjusted for variables as in model 1 and for HbA1c. Model 3 was adjusted for variables as in model 2 and for glycemic variability metrics like standard deviation, mean amplitude of glucose excursions, means of daily differences, average daily risk range, and M value. TIR: Time in range; CI: Confidence interval.
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