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Purpose: To investigate the correlation between time in range (TIR) and the risk of cardiovascular autonomic neuropathy (CAN)
development in patients with Type 2 diabetes mellitus (T2DM).

Patients and Methods: This prospective cohort study enrolled patients with type 2 diabetes mellitus (T2DM) hospitalized and
followed at the Department of Endocrinology, Hefei Hospital of Anhui Medical University, between September 2020 and July 2024.
All participants underwent standardized cardiovascular autonomic neuropathy (CAN) assessment via the Ewing test, and time in range
(TIR) was derived from baseline continuous glucose monitoring (CGM) data. Cox proportional hazards regression models were used
to estimate hazard ratios (HRs) and 95% confidence intervals (Cls) for CAN incidence, adjusted for relevant covariates.

Results: Over a median follow-up of 25.0 months, 123 of 196 participants (62.8%) were diagnosed with CAN. The CAN group
exhibited longer diabetes duration, lower time in range (TIR) and body mass index (BMI), higher time above range (TAR), mean
glucose (MG), urinary albumin-to-creatinine ratio (UACR), and higher insulin use rates. Participants with low TIR were older, had
longer diabetes duration, and displayed: 1. Higher fasting plasma glucose (FPG), HbAlc, and LDL-C levels; 2. Elevated glycemic
variability (MAGE, CV, LAGE, SD, MG, TAR) via continuous glucose monitoring (CGM); 3. Greater likelihood of insulin therapy.
All differences were statistically significant (P < 0.05). Multivariable Cox regression analyses, adjusted for key covariates (eg, age,
HbAlc, insulin use), demonstrated an inverse association between TIR and CAN incidence.

Conclusion: Lower TIR is an independent risk factor for CAN in T2DM patients, with higher TIR levels associated with reduced
CAN risk (P < 0.05).
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Introduction
Diabetes mellitus (DM) has become a critical global public health issue, with an estimated 535 million people affected
worldwide. This number is projected to rise to 783 million' by 2045, of whom more than 90% suffer from T2DM.?
As the prevalence of diabetes mellitus rises, microvascular and macrovascular complications in this population are
increasing. Among these, cardiac autonomic neuropathy (CAN) is often overlooked due to its insidious and asympto-
matic early stages.’> > Studies suggest that progressive CAN involves damage to cardiovascular autonomic nerve fibers,
impairing vascular dynamics and heart rate variability. This elevates the risk of asymptomatic myocardial ischemia,
infarction,’ and sudden cardiovascular death. Cardiovascular mortality is significantly higher in T2DM patients with
CAN than in those without CAN.*"!!
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Although glycated hemoglobin (HbAlc) remains a cornerstone of glycemic management and is considered the gold
standard for glycemic control, it reflects only the average blood glucose level over 2—3 months. It does not capture intra-
day glucose fluctuations or extreme glycemic events (eg, hypoglycemia/hyperglycemia), which may exacerbate auto-
nomic nerve damage via oxidative stress and endothelial dysfunction.'? Continuous glucose monitoring (CGM) captures
24-hour glucose data, offering comprehensive, real-time insights into glycemic variability. CGM is a critical adjunct to
glucose management.'>'® The 2020 American Diabetes Association Standards of Care'” formally endorsed CGM-
derived time in range (TIR) as a key metric, given its widespread adoption in clinical research and diabetes evaluation.
TIR has become a pivotal factor in guiding glycemic management decisions.

Although TIR’s association with diabetic retinopathy and nephropathy has been explored,®'® no prospective studies
have examined its longitudinal relationship with cardiovascular autonomic neuropathy (CAN). This study aims to address
this gap by leveraging data from a prospective T2DM cohort to evaluate CGM metrics as predictors of diabetic
autonomic complications.

Subjects and Methods
Study population This prospective dynamic cohort study included patients with T2DM admitted to the Department of

Endocrinology, Hefei Hospital of Anhui Medical University, between September 2020 and July 2024. Inclusion criteria:
(1) Diagnosis of T2DM per the 1999 World Health Organization (WHO) criteria; (2) Completion of both continuous
glucose monitoring (CGM) and Ewing tests during hospitalization. Exclusion criteria: (1) Pregnant or breastfeeding
women; (2) Serious diseases of vital organs (heart, liver, brain, kidneys); (3) Mental or physical disabilities preventing
cooperation with examinations; (4) Suspected or confirmed alcohol/drug abuse; (5) Recent acute diabetes complications
(eg, diabetic ketoacidosis, hyperosmolar hyperglycemic state, lactic acidosis, or severe hypoglycemic events with altered
consciousness); (6) Use of heart rate-affecting medications (eg, beta-blockers, beta-agonists, adrenergic agents) 48 hours
prior to testing; (7) Severe hypertension or proliferative retinopathy contraindicating Ewing tests; (8) Incomplete clinical
or CGM data. Participants were advised to attend regular follow-up visits for diabetic complication screening; however,
hospitalization frequency was not standardized. During each hospitalization, specialists re-administered the Ewing test to
evaluate cardiovascular autonomic neuropathy (CAN). By July 2024, 342 patients diagnosed with type 2 diabetes
mellitus (T2DM) were enrolled. Of these, 115 had CAN at baseline. Among 227 patients without CAN, 31 were
excluded due to ineligibility, loss to follow-up, or withdrawal, resulting in 196 participants (120 men, 76 women) who
completed the study. Figure 1 shows the study flowchart.

342 patients with T2DM who were hospitalised in
the Department of Endocrinology of Hefei Hospital
of Anhui Medical University between 2020.07 and
2024.07, and all of whom had perfected the Ewing
test and wore CGM, were selected.

Exclusion of 115 T2DM patients
diagnosed with CAN at baseline status.

227 T2DM patients with non-CAN at baseline.

1) 12 patients with value-added diabetic
retinopathy were excluded.

2) 5 patients with acute complications of
diabetes mellitus in the last 3 months
were excluded.

‘ 210 patients were followed up. ‘

Lost and withdrawn patients 14 cases.

’ 196 patients were included in the analysis. ‘

Figure | Flow chart. As illustrated in the figure, the study workflow outlines the screening, follow-up, outcome assessment, and analysis procedures for all participants from
baseline to study conclusion.
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Ethical Approval and Registration

This observational cohort study adhered to the Declaration of Helsinki and received ethical approval from the Second
People’s Hospital of Hefei (HFEY-2022-070; 26 May 2022). All participants provided written informed consent. While
not registered with ClinicalTrials.gov due to its observational design, the methodology and analysis followed standar-
dized protocols to ensure transparency.

General Information
Data collected included gender, age, diabetes duration, diabetes-related complications, comorbidities, and current
medications. Blood pressure, height, and weight were measured for all participants. Body mass index (BMI) was
calculated as weight (kg) divided by height squared (m?).

Blood pressure measurement: The Omron HEM-7221 automated monitor measured blood pressure in both arms. For
the arm with the higher reading, a repeat measurement was performed after a 2-minute interval. The average of the two
readings was calculated to minimize measurement error.

Laboratory Data

Participants fasted for 10 hours before venous blood collection. Biochemical analyses included fasting blood glucose
(FBG), fasting C-peptide (FCP), hemoglobin Alc (HbAlc), total cholesterol (TC), triglycerides (TG), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), serum creatinine (Scr), serum uric acid
(SUA), and urinary albumin-to-creatinine ratio (UACR). These laboratory parameters were measured using a Beckman
Coulter AU5800 automated biochemical analyzer (Beckman Coulter, Brea, California, USA).

CGM Parameters

A continuous glucose monitoring system (CGMS; RGES 11, HuBei, China) was used to monitor blood glucose in all
patients for 72 hours. Fingertip blood glucose measurements (>4 times daily) served as calibration. The CGMS provided
the following metrics: intraday mean amplitude of glycemic excursions (MAGE), largest amplitude of glycemic
excursion (LAGE), coefficient of variation (CV), 24-hour mean blood glucose (24hMBG), standard deviation of blood
glucose (SDBG), time in range (TIR; 3.9-10.0 mmol/L), time below range (TBR; <3.9 mmol/L), and time above range
(TAR; >10.0 mmol/L). Hypoglycemic episodes (glucose <3.9 mmol/L) were classified as symptomatic if accompanied
by sympathetic activation (eg, palpitations, dizziness, hunger, sweating, or tremors) or asymptomatic if no symptoms
were reported. The proportions of total hypoglycemia and asymptomatic hypoglycemia were calculated.

CAN Diagnostic Criteria

(1). Resting heart rate: >100 beats/min (abnormal; cardiac arrhythmias and heart failure excluded). (2). Handgrip test:
After 3 minutes of sustained maximal handgrip, systolic blood pressure rise >16 mm Hg (1 mm Hg = 0.133 kPa) is
normal; <10 mm Hg is abnormal. (3). Postural blood pressure difference: Measure blood pressure in the supine position
at rest, then immediately after standing. A drop in systolic blood pressure >20 mm Hg or diastolic blood pressure
>10 mm Hg within 1 minute is abnormal. (4). Heart rate response to standing: Normal: >10 beats/min increase;
abnormal: <10 beats/min.

Participants rested for >2 minutes between tests. Abnormalities in criteria 1, 2, or 4 scored 1 point each; criterion 3
abnormalities scored 2 points. Participants with >2 abnormalities and total score >2 were diagnosed with CAN and
assigned to the CAN group. Those with a score <2 or only one abnormality comprised the no-CAN group.

Our diagnostic tests for CAN are derived from the Cardiovascular Reflex Tests (CARTs) proposed by Ewing et al in
1985. The CARTs'® consist of five simple, non-invasive tests of cardiovascular function used to assess autonomic
function. The CAN sub-committee of the Toronto Consensus of 2011?° recommended that the heart rate response to deep
breathing, standing, and the Valsalva manoeuvre (CART), and the blood pressure response to standing be the four gold
standard tests for CAN, and that abnormalities in >2 results be used as criteria for the diagnosis of CAN. And blood
pressure response during standing as the four gold standard tests for CAN and abnormalities in >2 results as the criteria
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for diagnosing CAN, which demonstrated the best sensitivity (82%) and specificity (94%) for early CAN detection in the
diabetic population. We acknowledge the operational complexities of the all-EUV test (eg, longer connection to the
bedside ECG to measure the R-R interval, which may result in skin and mucosal damage to the subject and reduced
compliance) and have supplemented our protocol with a prone-standing heart rate difference in lieu of the R-R interval in
the assessment of sympathetic injury in the onset of CAN, to improve reproducibility.

Outcome Definition

A positive outcome was defined as a participant without cardiovascular autonomic neuropathy (CAN) at baseline who
developed CAN during follow-up. Follow-up spanned from baseline enrollment until CAN diagnosis, the end of the
study period, withdrawal, or death.

Follow-up Event Definition
Valid follow-up: Participants without CAN at baseline who either developed CAN during the study or completed follow-
up without CAN diagnosis.

Ineffective follow-up: Participants who withdrew voluntarily, were lost to follow-up (>6 months), or unable to
continue due to unforeseen circumstances (eg, relocation, illness).

Statistical Methods

Continuous variables were assessed for normality via the Shapiro—Wilk test and reported as median (IQR). Categorical
variables were expressed as frequencies (%) and stratified by baseline time in range (TIR) quartiles. Group differences
were evaluated using chi-square tests (categorical variables), one-way ANOVA (normally distributed continuous data), or
the Kruskal-Wallis H-test (non-normally distributed data). TIR quartiles were analyzed as ordinal variables, with the
lowest quartile (Q1) defined as the reference group. Multivariable Cox regression models estimated hazard ratios (HRs)
and 95% confidence intervals (Cls) for CAN incidence across TIR quartiles. Variables with variance inflation factors
(VIF) >5 were excluded to mitigate multicollinearity. Kaplan-Meier curves compared CAN incidence between quartiles.
Subgroup analyses (age, sex, HbAlc, BMI) tested interactions using log-likelihood ratio tests. Restricted cubic spline
analyses explored dose-response relationships, with node locations determined by the Akaike information criterion
(AIC). Nonlinearity was assessed by comparing segmented and linear regression models using log-likelihood ratio
tests. Models adjusted for confounders estimated HRs for TIR and CAN. Analyses used R v4.3.0 (R Foundation for
Statistical Computing, Vienna, Austria). TIR quartiles (Q1: <51.5%; Q2: 51.5-70%; Q3: 70-84.5%; Q4: >84.5%) were
derived from population percentiles. The above cut points of TIR were adopted because they were close to the 25th, 50th,
and 75th percentiles of TIR in the study population. A two-sided P <0.05 was defined as statistically significant.

Results

Baseline Data Characteristics of Participants

A total of 196 participants (120 men, 76 women) were included. The median age at baseline was 59.52 (48.67, 70.13)
years, median diabetes duration was 10 (6, 16) years, and median HbAlc was 8.32% (6.37%, 10.27%). Clinical
characteristics stratified by TIR quartiles are shown in Table 1. Participants in the lowest TIR quartile were older, had
longer diabetes duration, higher FBG, HbAlc, LDL-C, and greater glycemic variability (MAGE, CV, LAGE, SD, MG,
TAR) measured by CGM, along with higher insulin use rates (p<<0.05 for all). During a median follow-up of 25.0 months,
CAN developed in 123 participants (62.8%). Baseline characteristics stratified by CAN status are shown in Table 2. The
CAN group had longer diabetes duration, lower TIR and BMI, higher TAR, MG, UACR, and higher insulin use
compared with the no-CAN group (p<0.05 for all).

Association Between TIR and CAN
Participants were stratified into four TIR quartiles: Q1 (TIR <51.5%, n=49), Q2 (51.5%<TIR<70%, n=49), Q3
(70%=<TIR<84.5%, n=49), and Q4 (TIR >84.5%, n=49), with Q1 as the reference group (Table 3). In Model 1
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Table | Analysis of Baseline Information by TIR Quartile

Variables Total (n = 196) I (n=49) 2 (n =49) 3 (n=49) 4 (n=49) P
Age, (years) 59.52 + 10.85 62.22 + 10.87 61.08 + 10.62 55.41 + 10.68 59.35 % 10.29 0.010*
Duration, (years) 10.00 (6.00, 16.00) 11.00 (5.00,19.00) 12.00 (9.00,19.00) 10.00 (6.00,15.00) 9.00 (5.00,11.00) 0.038*
SBP, (mmHg) 131.37 £ 17.76 134.86 + 18.31 131.86 + 17.39 131.29 £ 16.62 127.47 + 18.44 0.233
DBP, (mmHg) 81.48 + 10.31 80.43 + 10.06 81.12 + 10.56 84.04 + 9.39 80.33 + 11.03 0.241
BMI, (kg/m?) 2522 + 3.26 24.50 + 2.86 25.56 + 3.19 2476 + 3.38 26.06 + 3.45 0.067
FPG, (mmol/L) 7.76 £ 2.85 9.34 £ 3.98 7.89 * 2.69 7.39 £ 181 6.43 + 1.45 <0.001*
FCP, (ng/mL) 1.81 (1.17, 2.62) 1.44 (0.99,2.53) 1.86 (1.09,2.35) 1.81 (1.44,2.40) 225 (1.26,3.17) 0.063
HbAlc, (mmol/L) 832 % 1.95 9.49 £ 2.49 8.66 * 1.62 795+ 1.39 7.16 £ 1.26 <0.001*
TCH, (mmol/L) 387 £ 1.1 383+ 1.29 3.98 + 1.01 4.10 = 1.06 3.56 + 1.02 0.087
TG, (mmol/L) 1.38 (0.97, 1.99) 1.39 (0.88,2.01) 1.50 (1.01,2.42) 1.52 (1.00,1.92) 1.23 (0.91,1.72) 0.500
HDL, (mmol/L) .16 £ 0.27 1.13 £0.29 1.15 £ 0.27 1.20 £ 0.27 I.16 £ 0.26 0.678
LDL, (mmol/L) 2.14 (1.68, 2.99) 1.98 (1.49,3.04) 2.16 (1.80,2.94) 2.48 (1.87,3.14) 1.91 (1.49,2.55) 0.037*
SUA, (mmol/L) 323.73 £ 72.02 32081 +71.40 309.04 + 78.90 330.94 + 63.44 333.83 + 7323 0.318
Scr, (mg/g.cr) 69.67 + 26.09 72.08 + 31.59 64.82 + 23.62 69.89 + 24.82 71.80 + 23.61 0.495
UACR, (mmol/L) 18.30 (10.15, 39.50) | 23.40 (12.70,158.40) | 19.60 (10.45,70.30) 13.50 (7.70,35.90) 15.30 (9.30,23.20) 0.051
TBR (%) 0.00 (0.00, 0.51) 0.00 (0.00,0.04) 0.00 (0.00,0.54) 0.00 (0.00,0.59) 0.00 (0.00,0.46) 0.356
TAR (%) 17.34 (8.52, 29.02) 41.01 (33.95,49.07) | 25.00 (21.00,27.26) | 13.67 (12.00,16.98) 5.88 (2.39,7.57) <0.001*
MG, (mmol/L) 843 + 1.48 10.05 + 1.66 8.61 + 0.84 7.90 + 0.66 7.14 £ 0.52 <0.001*
SD, (mmol/L) 2.03 + 0.64 249 +0.76 223 +0.51 1.93 £0.38 1.49 + 0.31 <0.001*
MAGE, (mmol/L) 3.89 + 148 4.56 = 1.85 4.04 = 1.21 4.05 + 1.37 2.89 + 0.80 <0.001*
CV, (%) 24.05 + 6.58 24.46 £ 7.99 26.05 + 6.69 24.65 + 5.62 21.04 + 4.65 0.001*
LAGE, (mmol/L) 9.93 £ 3.46 11.36 = 4.00 10.33 £ 3.42 10.38 + 2.85 7.64 £ 2.20 <0.001*
Male, (%) 0.525

Man 120 (61.22) 30 (61.22) 26 (53.06) 31 (63.27) 33 (67.35)

Woman 76 (38.78) 19 (38.78) 23 (46.94) 18 (36.73) 16 (32.65)
Oral antidiabetic drugs, (%) 0.231

No 22 (11.22) 8 (16.33) 2 (4.08) 5 (10.20) 7 (14.29)

Yes 174 (88.78) 41 (83.67) 47 (95.92) 44 (89.80) 42 (85.71)
Insulin, (%) <0.001*

No 104 (53.06) 15 (30.61) 24 (48.98) 33 (67.35) 32 (65.31)

Yes 92 (46.94) 34 (69.39) 25 (51.02) 16 (32.65) 17 (34.69)
Antihypertension agents, (%) 0.499

No 102 (52.04) 21 (42.86) 26 (53.06) 27 (55.10) 28 (57.14)

Yes 94 (47.96) 28 (57.14) 23 (46.94) 22 (44.90) 21 (42.86)
Lipid lowering agents, (%) 0.078

No 36 (18.37) 13 (26.53) 6 (12.24) 12 (24.49) 5 (10.20)

Yes 160 (81.63) 36 (73.47) 43 (87.76) 37 (75.51) 44 (89.80)
DCAN, (%) 0.003*

No 73 (37.24) 10 (20.41) 15 (30.61) 21 (42.86) 27 (55.10)

Yes 123 (62.76) 39 (79.59) 34 (69.39) 28 (57.14) 22 (44.90)

Notes: Data were presented as mean * SD for normally distributed variables, and median (interquartile ranges) for abnormal distributions. Categorical variables were
presented as percentage (%) and were compared by chi-square test. A two-sided P <0.05 defined statistical significance (All p-values superscripted with * were considered

statistically significant).

Abbreviations: SBP, systolic pressure; DBP, diastolic pressure; HbAlc, hemoglobin AIC; MAGE, Mean amplitude of glycemic excursions; FPG, fasting plasma glucose; FCP,
fasting C-peptide; TAR, time above range (hypoglycemia>10.0 mmol/L); TBR, time below range (hypoglycemia<3.9 mmol/L); CV, coefficient of variation. LAGE, Largest
amplitude of glycemic excursion; SD, mean variance of glucose; MG, mean glucose; TG, Triglycerides; TC, total cholesterol; LDL-c, Low density lipoprotein-cholesterol;
HDL, High density lipoprotein-cholesterol; SUA, Serum uric acid; Scr, Serum creatinine; UACR, Urinary Albumin Creatinine Ratio; DCAN, Diabetic Cardiovascular

Autonomic Neuropathy.

(unadjusted), the hazard ratios (HRs) and 95% confidence intervals (Cls) across quartiles were 1.00 (reference), 0.78
(0.49-1.24), 0.62 (0.38-1.02), and 0.54 (0.32-0.92), respectively (P for trend =0.022). After adjusting for sex, age, and
BMI (Model 2), HRs were 1.00 (reference), 0.78 (0.49-1.24), 0.56 (0.33-0.95), and 0.57 (0.33-0.99) (P for trend=0.044).
In Model 3 (adjusted for Male, Age, Duration, Oral antidiabetic drugs, Insulin, Systolic pressure, diastolic pressure, BMI,
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Table 2 Analysis of Baseline Information Grouped by CAN

Variables Total (n = 196) 0(n=73) I (n=123) P
Age, (years) 59.52 + 10.85 58.12 £ 11.43 60.34 £ 10.45 0.167
Duration, (years) 10.00 (6.00, 16.00) 9.00 (5.00, 13.00) 12.00 (7.00, 19.00) 0.005*
SBP, (mmHg) 131.37 £ 17.76 129.89 £ 18.16 132.24 £ 17.54 0.371
DBP, (mmHg) 81.48 £ 10.31 82.29 £ 10.12 81.00 + 10.43 0.399
BMI, (kg/m?) 25.22 + 3.26 25.98 £ 3.56 24.77 + 3.00 0.012*
FPG, (mmol/L) 7.76 + 2.85 7.56 + 2.57 7.88 + 3.00 0.443
FCP, (ng/mL) 1.81 (1.17, 2.62) 1.83 (1.27, 2.52) 1.79 (1.09, 2.66) 0.626
HbAlc, (mmol/L) 832+ 1.95 811 £ 1.85 8.44 £ 2.00 0.253
TCH, (mmol/L) 387 + 1.11 3.80 + 1.02 391 £ 1.16 0.506
TG, (mmol/L) 1.38 (0.97, 1.99) 1.24 (091, 1.74) 1.48 (0.99, 2.13) 0.124
HDL, (mmol/L) I.16 £0.27 I.15 £0.27 1.17 £ 0.28 0.762
LDL, (mmol/L) 2.14 (1.68, 2.99) 2.13 (1.75, 2.81) 2.18 (1.67, 3.02) 0.833
SUA, (mmol/L) 323.73 £ 72.02 319.56 + 73.13 326.23 £+ 71.53 0.533
Scr, (mmol/L) 69.67 + 26.09 65.10 £ 22.21 7241 £ 27.89 0.058
UACR, (mg/g.cr) 18.30 (10.15, 39.50) | 14.15 (8.80, 24.35) | 22.30 (10.60, 67.80) | 0.008*
TIR, (mmol/L) 74.52 + 1845 80.94 £ 14.72 70.71 £ 1941 <0.001*
TBR, (%) 0.00 (0.00, 0.51) 0.00 (0.00, 0.46) 0.00 (0.00, 0.52) 0.729
TAR, (%) 17.34 (8.52, 29.02) | 12.64 (6.41, 22.43) | 21.45 (11.00, 33.33) | <0.001*
MG, (mmol/L) 843 + 1.48 8.02 £ |.16 8.67 + |.59 0.001*
SD, (mmol/L) 2.03 £ 0.64 1.96 £ 0.56 2.08 + 0.68 0.223
MAGE, (mmol/L) 3.89 + 148 3.76 + 1.28 3.96 + 1.59 0.350
CV, (%) 24.05 + 6.58 2441 £ 5.86 23.84 + 6.98 0.541
LAGE, (mmol/L) 9.93 £ 3.46 9.67 + 3.18 10.08 + 3.6l 0.433
Male, (%) 0.926

Man 120 (61.22) 45 (61.64) 75 (60.98)

Woman 76 (38.78) 28 (38.36) 48 (39.02)
Oral antidiabetic drugs, (%) 0.189

No 22 (11.22) Il (15.07) Il (8.94)

Yes 174 (88.78) 62 (84.93) 112 (91.06)
Insulin, (%) <0.001*

No 104 (53.06) 50 (68.49) 54 (43.90)

Yes 92 (46.94) 23 (31.51) 69 (56.10)
Antihypertension agents, (%) 0.998

No 102 (52.04) 38 (52.05) 64 (52.03)

Yes 94 (47.96) 35 (47.95) 59 (47.97)
Lipid lowering agents, (%) 0.876

No 36 (18.37) 13 (17.81) 23 (18.70)

Yes 160 (81.63) 60 (82.19) 100 (81.30)

Notes: Data were presented as mean * SD for normally distributed variables, and median (interquartile ranges) for abnormal
distributions. Categorical variables were presented as percentage (%) and were compared by chi-square test. A two-sided
P <0.05 defined statistical significance (All p-values superscripted with * were considered statistically significant).
Abbreviations: SBP, systolic pressure; DBP, diastolic pressure; HbAlc, hemoglobin AIC; MAGE, Mean amplitude of glycemic
excursions; FPG, fasting plasma glucose; FCP, fasting C-peptide; TIR, time in range (3.9 mmol/L<hypoglycemia<10.0 mmol/L);
TAR, time above range (hypoglycemia>10.0 mmol/L); TBR, time below range (hypoglycemia<3.9 mmol/L); CV, coefficient of
variation. LAGE, Largest amplitude of glycemic excursion; SD, mean variance of glucose; MG, mean glucose; TG, Triglycerides;
TC, total cholesterol; LDL-c, Low density lipoprotein-cholesterol; HDL, High density lipoprotein-cholesterol; SUA, Serum uric
acid; Scr; Serum creatinine; UACR, Urinary Albumin Creatinine Ratio.

FPG, HbAlc, TG, TCH, Scr, UACR), HRs were 1.00 (reference), 0.72 (0.43—1.20), 0.45 (0.25-0.81; P=0.008), and 0.48
(0.24-0.95; P=0.036). Higher TIR quartiles remained inversely associated with CAN risk after multivariable adjustment
(P for trend <0.05).
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Table 3 Multifactor Cox Regression for TIR and CAN

Variables Modell Model2 Model3
HR (95% CI) P HR (95% CI) P HR (95% CI) P
TIR quantile
| 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
2 0.78 (0.49 ~ 1.24) | 0.295 | 0.78 (0.49 ~ 1.24) | 0.294 | 0.72 (0.43 ~ 1.20) | 0.208
3 0.62 (0.38 ~ 1.02) | 0.061 | 0.56 (0.33 ~0.95) | 0.031* | 0.45 (0.25 ~ 0.81) | 0.008*
4 0.54 (0.32 ~ 0.92) | 0.022* | 0.57 (0.33 ~ 0.99) | 0.044* | 0.48 (0.24 ~ 0.95) | 0.036*

Notes: Modell: Crude, Model2: Adjust: Male, age, BMI, Model3: Adjust: Male, Age, Duration, Oral antidiabetic drugs, Insulin,
Systolic pressure, diastolic pressure, BMI, FPG, HbAlc, TG, TCH, Scr, UACR. A two-sided P <0.05 defined statistical
significance. All p-values superscripted with * were considered statistically significant.

Abbreviations: HR, Hazard Ratio (denotes the risk ratio for each elevated TIR quartile group); Cl, Confidence Interval.

Kaplan-Meier curves (Figure 2) showed lower cumulative CAN incidence in higher TIR quartiles over time. The
high-TIR group (Q4) had significantly reduced CAN risk after >30 months of follow-up (Log-rank P=0.048).
Restricted cubic spline analysis (Figure 3) revealed a nonlinear, inverse dose-response relationship between TIR and

CAN risk (P for linearity <0.05).

TIR quantile = ! ~ 2 = 3 + 4
1.00 1
0.75 4
>
3
©
o)
o
e
Q.().50 4
©
=
c
S
n
0.25 1
Log rank P = 0.048
[
0.00 4
0 6 12 8 24 30 36 42 48 54 60
Time (Months)
Number at risk
I 49 49 44 38 31 16 10 3 1 0 0
49 48 46 41 34 21 11 2 | 1 0
) 49 49 42 31 24 17 13 5 2 1 |
+ 49 49 45 32 26 16 13 3 | 1 0

Figure 2 Temporal trends in non-CAN survival in groups with different TIR levels. Patients were categorized into groups based on TIR quartiles. The proportion of non-
CAN patients progressively decreased across all groups over time, with a significant difference observed between the higher and lower TIR groups (p = 0.048). The

significant difference among the groups was determined using the y-test.
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204

HR

1.0

0.0

Estimation

95% Cl

P=0.013

P-linear<0.05

.l'( )

TIR lever

Figure 3 There is a non-linear relationship between TIR levels and the risk of developing CAN. The shaded area in Figure 3 represents the 95% confidence interval (Cl). As

shown, TIR exhibited a nonlinear negative correlation with the hazard ratio (HR) of CAN occurrence (p < 0.05 for nonlinearity).

Abbreviations: HR, Hazard Ratio; TIR, Time in range.

Subgroup Analyses of TIR versus Risk of Developing CAN

Subgroup analyses stratified by baseline age, sex, HbAlc, and body mass index (BMI) were conducted, excluding non-

relevant variables. Adjustments matched Model 3 covariates. TIR remained inversely associated with CAN risk in most

subgroups, including males, females, participants aged >65 years, and those with HbAlc >7.0 mmol/L (all P<0.05). No

significant interaction effects were observed (P for interaction >0.05) except for BMI (Figure 4).

Variables

All patients
Male
man
woman
Age , years
<65
>65
HbAlc,mmol/L
<7
>7
BM], kg/m’
<24
>24

n (%)

NO CAN

CAN

HR (95% CI)

No. of events/ No. of total

196 (100.00) 73/98

120 (61.22)  42/56
76 (38.78)  31/42
97 (49.49)  27/38
99 (50.51)  46/60
46 (2347)  11/15
150 (76.53)  62/83
101 (51.53)  43/50
95(4847)  30/48

50/98

33/64
17/34

27/59
23/39

11/31
39/67

27/51
23/47

0.54 (0.35 ~ 0.83)

0.58 (0.34 ~ 0.99)
0.36 (0.16 ~ 0.83)

0.50 (0.25 ~ 0.99)
0.60 (0.32 ~ 1.13)

0.70 (0.24 ~ 2.05)
0.52 (0.32 ~ 0.86)

0.28 (0.14 ~ 0.55)
0.84 (0.45 ~ 1.58)

—

1
1
|
=
|
1
1
1

—-—

1
1
1
1
1
1

]

-

— |
e
-
| [ ]
1 15

2

Worse better

P

0.005

0.045
0.017

0.048
0.115

0.520
0.011

<.001
0.599

P for interaction

0.839

0.366

0.818

0.043

Figure 4 Forest plot of subgroup analyses of TIR and risk of CAN occurrence. HRs of CAN with each | group increase in TIR among subgroups. Adjusted for age, sex,
duration of diabetes mellitus, body mass index, systolic blood pressure, FBG, Hb|Ac, total cholesterol, HDL cholesterol, LDL cholesterol, Scr, UACR, oral antihypertensive
agents, oral hypoglycemic agents, lipid-lowering agents, insulin, and analogues.
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Discussion

TIR has emerged as a key metric for assessing glycemic control in recent years. Prior studies have established
associations between TIR and diabetic microvascular complications (eg, retinopathy, nephropathy), carotid intima-
media thickness, all-cause mortality, cardiovascular mortality, and atherosclerotic cardiovascular disease
(ASCVD).”®15717:21 Eor instance, Lu et al'® reported an inverse relationship between TIR and long-term all-cause and
cardiovascular disease (CVD) mortality in patients with type 2 diabetes mellitus (T2DM) during a 10-year follow-up.

In this prospective study, higher time in range (TIR) was inversely associated with cardiovascular autonomic
neuropathy (CAN) risk in T2DM patients. Participants in the highest TIR quartile had significantly lower CAN risk
compared to the lowest quartile, even after adjusting for multiple confounders (P<0.05). These findings support TIR as
a critical metric for clinical glucose management. TIR is increasingly recognized as a key glycemic control metric.

Chaerul et al*® retrospectively analyzed HbAlc, fasting, and postprandial glucose, reporting an inverse association
between glycemic control and CAN incidence in T2DM patients. Similarly, Guo et al*® demonstrated that TIR
independently predicted CAN risk, irrespective of HbAlc, with lower TIR and greater glycemic variability (eg,
MAGE, CV) observed in patients with severe CAN. These findings align with our results.

Kim et al** reported a correlation between TIR and cardiovascular autonomic function (r = 0.32, p < 0.05); however,
their study did not adjust for the confounding effects of baseline HbA 1c. In the present study, multivariate Cox regression
revealed that even after adjusting for HbAlc, the risk of CAN showed a progressive decrease across ascending TIR
quartiles (p < 0.05), indicating that the predictive value of TIR for CAN is independent of traditional glycemic indices.
This finding supports the inclusion of TIR in risk stratification frameworks for diabetes-related complications.

The prevailing hypothesis for the pathogenesis of cardiovascular autonomic neuropathy (CAN) centers on chronic
hyperglycemia.?® Elevated blood glucose levels drive excessive nicotinamide adenine dinucleotide phosphate (NADPH)

production, which subsequently induces a pathologic surge in reactive oxygen species (ROS),?**’

triggering oxidative
stress. ROS mediates cellular damage by oxidizing proteins, lipids, and nucleic acids, while simultaneously exacerbating
mitochondrial dysfunction. Hyperglycemia also accelerates the non-enzymatic glycation of proteins and lipids, forming
advanced glycation end products (AGEs),”® whose synthesis rate correlates directly with blood glucose concentration.
AGEs bind to their receptor (RAGE), activating PI3K and MAPK signaling pathways. This cascade culminates in
nuclear factor-kB (NF-kB) activation, which upregulates RAGE expression and stimulates pro-inflammatory cytokine
production, thereby amplifying inflammation and insulin resistance.?®"

Furthermore, AGE accumulation disrupts microvascular endothelial integrity, causing autonomic nervous system
microvascular damage and elevating the risk of vascular complications and CAN.**

Compared to the non-CAN group, subjects with CAN exhibited higher TAR levels, glycemic variability indices (SD,
CV, and MG), and a greater proportion of insulin use. TAR reflects the percentage of time glucose levels exceeded
10 mmol/L, with higher values indicating elevated overall blood glucose levels. Mechanisms linking hyperglycemia and
CAN have been detailed previously and are not reiterated here. Patients with T2DM exhibit greater glycemic fluctuations
than those with T1DM, influenced by dietary habits, medication adherence, and other factors. Insulin resistance in T2DM
elevates free fatty acids, and lipotoxicity accumulation may directly damage autonomic axons. Acute or chronic glucose
fluctuations and insulin resistance correlate with endothelial dysfunction and oxidative stress.>*~* These three factors—
glucose fluctuation, insulin resistance, and oxidative stress—are central to CAN pathogenesis. Our findings corroborate
these mechanisms and underscore the importance of stable glycemic control in mitigating CAN risk.

Unlike Guo et al,”® we observed no significant effect modification by BMI on the TIR-CAN association (p=0.12).
This discrepancy may stem from population differences: Theme’s cohort had a higher proportion of obese participants
(mean BMI 32 kg/m? vs 26 kg/m? in our study). Future studies with larger, diverse samples are warranted to clarify
BMTI’s role as an effect modifier.

In this study, the risk of CAN was significantly reduced with TIR > 70% compared to the lowest quartile (Q1; TIR <
51.5%). Our TIR target aligns with the 2019 International Consensus on Time in Range (TIR),** which recommends that
adults with type 2 diabetes mellitus (T2DM) maintain a TIR of > 70% (equivalent to an HbAlc of ~7.0%), with an
~0.5% HbAlc reduction per 10% TIR increase. Notably, a plateau effect was observed in the highest quartile: the Q3
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(70% < TIR < 84.5%) and Q4 (TIR > 84.5%) groups showed 55% and 52% CAN risk reductions, respectively, compared
to Q1. The most significant CAN risk reduction occurred at a TIR of 70-84.5%. This nonlinear association raises the
hypothesis that exceeding this TIR threshold may yield diminished efficacy in CAN prevention.

Unresolved Questions and Future Directions: While our findings support the consensus-recommended TIR threshold,
the optimal upper limit remains undefined. The attenuated risk reduction in Q4 suggests potential ceiling effects or
confounding variables (eg, hypoglycemia risk at very high TIR). Further large-scale prospective studies are needed to:
Define the “ideal” TIR range for minimizing CAN risk. Investigate whether extremely high TIR (>85%) confers
additional benefits or unintended risks. Explore interactions between TIR, glycemic variability, and comorbidities.

Despite the geographically restricted cohort, the pathophysiological mechanisms linking hyperglycemia, insulin
resistance, and glycemic variability to vascular endothelial damage, oxidative stress, and CAN are universal. Future
studies should validate TIR’s predictive efficacy for CAN in multicenter, multiethnic cohorts and explore TIR’s
combined use with other autonomic function assessments (eg, heart rate variability).

Strengths and Limitations
Strengths: The prospective cohort design and use of continuous glucose monitoring (CGM) to derive time in range (TIR)
enhance methodological rigor.

Limitations
1. Short follow-up duration, which may insufficiently capture long-term outcomes;
2. Single-center design with a limited sample size, reducing statistical power;
3. Inclusion of only mainland Chinese T2DM patients, limiting generalizability to broader populations.

Conclusion

The findings that TIR is independently and negatively associated with the risk of developing CAN suggest that we should
pay more attention to the level of TIR in patients with T2DM in the future and should emphasize the risk of developing
CAN in T2DM patients with poorly controlled TIR.
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