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Associations of continuous glucose monitoring-assessed glucose variability with intima-media thickness and ultrasonic tissue characteristics of the carotid arteries: a cross-sectional analysis in patients with type 2 diabetes
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Abstract
Background
The association between glucose variability and the progression of atherosclerosis is not completely understood. We aimed to evaluate the associations of glucose variability with the progression of atherosclerosis in the early stages.

Methods
We conducted a cross-sectional analysis to investigate the associations of glucose variability, assessed by continuous glucose monitoring, with intima-media thickness (IMT) and gray-scale median (GSM) of the carotid arteries, which are different indicators for the progression of atherosclerosis. We used baseline data from a hospital-based multicenter prospective observational cohort study among Japanese patients with type 2 diabetes without a history of cardiovascular diseases aged between 30 and 80 years. Continuous glucose monitoring was performed by Freestyle Libre Pro, and glucose levels obtained every 15 min for a maximum of eight days were used to calculate the metrics of glucose variability. IMT and GSM were evaluated by ultrasonography, and the former indicates thickening of intima-media complex in the carotid artery wall, while the latter indicates tissue characteristics.

Results
Among 600 study participants (age: 64.9 ± 9.2 (mean ± SD) years; 63.2%: men; HbA1c: 7.0 ± 0.8%), participants with a larger intra- and inter-day glucose variability had a lower GSM and most of these associations were statistically significant. No trend based on glucose variability was shown regarding IMT. Standard deviation of glucose (regression coefficient, β = − 5.822; 95% CI − 8.875 to − 2.768, P < 0.001), glucose coefficient of variation (β = − 0.418; − 0.685 to − 0.151, P = 0.002), mean amplitude of glycemic excursion (β = − 1.689; − 2.567 to − 0.811, P < 0.001), mean of daily differences (β = − 6.500; − 9.758 to − 3.241, P < 0.001), and interquartile range (β = − 4.289; − 6.964 to − 1.614, P = 0.002) had a statistically significant association with mean-GSM after adjustment for conventional cardiovascular risk factors, including HbA1c. No metrics of glucose variability had a statistically significant association with IMT.

Conclusions
Continuous glucose monitoring-assessed glucose variability was associated with the tissue characteristics of the carotid artery wall in type 2 diabetes patients without cardiovascular diseases.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12933-021-01288-5.
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Introduction
Clinical studies have evaluated the associations between glucose variability, as assessed by continuous glucose monitoring (CGM), and cardiovascular disease (CVD) or atherosclerosis. A prospective observational study showed that glucose variability might be a predictor of CVD in patients after acute myocardial infarction [1]. Furthermore, cross-sectional studies have reported that glucose variability is associated with the presence and severity of coronary artery disease (CAD) in subjects at high risk of CAD [2] and coronary plaque vulnerability in patients with CAD [3–5]. These findings suggested that CGM-assessed glucose variability was associated with the progression of atherosclerosis in patients at a relatively developed stage of atherosclerosis.
Carotid ultrasonography is one of the assessment procedures for atherosclerosis and has several advantages, such as noninvasiveness, simplicity, inexpensiveness, and reproducibility. Moreover, it was reported that it could be a prognostic tool for patients with diabetes [6]. Due to these advantages, the indices of carotid ultrasonography have been used as a marker of atherosclerosis in previous clinical studies [7–15]. Intima-media thickness (IMT), a carotid ultrasound measure, increases over time along with the progression of atherosclerosis [16] and is one of the best indices for the detection of early-stage atherosclerosis in patients with diabetes [17]. On the other hand, gray-scale median (GSM) is a semi-quantitative measure of ultrasonic tissue characteristics in the carotid plaque or artery wall, and low GSM values are related to “vulnerable lesion,” such as atheroma and intra-plaque hemorrhage [18–20]. Although both GSM and IMT are indicators of the progress of atherosclerosis, it has been reported that GSM of the intima-media complex and IMT have only a modest correlation with each other [21]. In the earliest stage of atherosclerosis, lipids are deposited in the deep layer of the diffuse intimal thickening, followed by the infiltration of macrophages. Macrophages transform into foam cells, leading to pathologic intimal thickening [22]. Therefore, GSM may represent an earlier stage of atherosclerosis. We have reported that the addition of IMT and/or ultrasonic tissue characteristics of carotid lesions to traditional risk factors improves the predictive ability of future CVD [23–26]. In addition, change over time in IMT or ultrasonic tissue characteristics of carotid lesions is a prognostic factor for CVD and can be a useful surrogate marker [26].
The results of studies on the association between CGM-assessed glucose variability and IMT remain controversial [7–14]. In addition, the association between glucose variability and ultrasonic tissue characteristics in the carotid plaque or artery wall has not yet been investigated. It remains unclear as to whether glucose variability is associated with the progression of atherosclerosis in the early stages. To assess this association, the present study investigated whether CGM-assessed glucose variability is associated with IMT or the ultrasonic tissue characteristics of carotid lesions.
Methods
Study design
This study was a sub-analysis of a multicenter prospective observational cohort study to investigate the relationship between CGM-assessed glucose variability and the incidence of cardiovascular events among Japanese patients with type 2 diabetes without a history of CVD. We recruited 1000 patients who had a regular attendance at the outpatient clinics of 34 institutions, and the follow-up period was 5 years, as described previously [27]. We conducted a cross-sectional analysis to investigate the associations of CGM-assessed glucose variability with IMT and ultrasonic tissue characteristics of carotid lesions using baseline data from the prospective observational study.
Study population
The population of this prospective observational study consisted of Japanese patients with type 2 diabetes. The inclusion and exclusion criteria were as described previously [27]. Briefly, patients aged between 30 and 80 years without a history of CVD, whose antidiabetic medications had not been changed until CGMs for 6 months, before written informed consent was obtained, were included.
A total of 1000 patients who met the eligibility criteria were recruited between May 2018 and March 2019. One patient withdrew their consent. Among the 999 patients, 600 patients whose carotid ultrasound images at baseline were obtained were included in this analysis. The ethics committees of each participating institution approved the study protocol, and the study was conducted in accordance with the principles of the Helsinki Declaration. Written informed consent was obtained from all the participants after providing them a complete explanation regarding the study.
Measurement of major cardiovascular risk factors
As described previously [27], we obtained information about the duration of diabetes, smoking status (never or ever smoker), comorbidities, and medications from the medical records and/or by questioning the patients. Blood pressure, height, and weight were measured during the physical examination. Blood samples were obtained after overnight fasting, and HbA1c (National Glycohemoglobin Standardization Program), glucose, total cholesterol, HDL cholesterol, triglycerides, creatinine, and uric acid levels were obtained using standard techniques. The estimated glomerular filtration rate (eGFR) (mL/min/1.73 m2) was calculated according to the guidelines in the Statement of the Japanese Society of Nephrology [28]. Urine albumin-to-creatinine ratio was measured using spot urine samples.
Metrics of CGM using the Freestyle Libre Pro
The study participants received CGM using the Freestyle Libre Pro (FLP) (Abbott Japan, Tokyo, Japan). The FLP sensors were placed for 14 days in principle, and the glucose levels obtained every 15 min from 3 to 10 days were used for the analysis. In this study, the following CGM metrics were analyzed: intra-day glucose variability was assessed by standard deviation (SD), glucose coefficient of variation (CV), and mean amplitude of glycemic excursion (MAGE) [29]. Inter-day glucose variability was assessed by the mean of daily differences (MODD) [30] and interquartile range (IQR) [31]. Mean glucose, median glucose, time in range (TIR): 3.9–10.0 mmol/L, time above range (TAR): > 10.0 mmol/L, TAR: > 13.9 mmol/L, time below range (TBR): < 3.9 mmol/L, TBR: < 3.0 mmol/L, high blood glucose index (HBGI), and low blood glucose index (LBGI) [32] were also measured. TIR, TAR, and TBR were recommended as standardized CGM metrics in the International Conference on Advanced Technologies and Treatments for Diabetes 2019 [33]. TIR: 3.9–10.0 mmol/L is the percentage of time spent in the target glucose range between 3.9 and 10.0 mmol/L. TAR: > 10.0 mmol/L and TAR: > 13.9 mmol/L are the percentages of the time above the target glucose range (above 10.0 mmol/L and 13.9 mmol/L, respectively). TBR: < 3.9 mmol/L and TBR: < 3.0 mmol/L are the percentages of the time below target glucose range (below 3.9 mmol/L and 3.0 mmol/L, respectively).
Measurement of IMT and assessment of ultrasonic tissue characteristics of carotid lesions
Ultrasonographic scans of the carotid artery were performed by expert sonographers using a high-resolution B-mode ultrasound scanner equipped with a high-frequency (> 7.5 MHz) linear transducer, with a limit of detection of < 0.1 mm. The common carotid artery (CCA), carotid bulb, and internal carotid artery were scanned bilaterally in transverse sections, and then in longitudinal sections at different angles (anterior, lateral, and posterior, which approximately corresponded to 60°, 90°, and 150° for the right carotid artery, and 210°, 270°, and 300° for the left carotid artery marked on the Meijer’s Carotid Arc). The site of greatest thickness, including plaque lesions, was then sought along the arterial walls.
IMT is defined as the distance between two parallel echogenic lines corresponding to the vascular lumen and adventitial layer. To avoid inter-reader variability, all scans were stored electronically and emailed to the central office (IMT Evaluation Committee, Osaka, Japan) and were read in a random order by a single experienced reader blinded to the clinical characteristics of the patients, using automated digital edge-detection software (Intimascope; MediaCross, Tokyo, Japan) [34]. The software system averaged approximately 200 IMT values in the segment 2 cm proximal to the dilation of the carotid bulb in the right and left CCAs, and the mean value of the right and left CCAs was defined as mean-IMT. In addition, the greatest IMTs, including plaque lesions, in the right and left CCAs were measured, and then the maximum values of the right and left CCAs were defined as CCA-max-IMT. In this study, localized elevated lesions with a maximum thickness of > 1.0 mm, having a point of inflection on the surface of the intima-media complex, were defined as “carotid plaques.” The intra-reader CV for mean-IMT and CCA-max-IMT measurements was 2.0% and 2.7%, respectively, for 40 consecutively replicated measurements.
The ultrasonic tissue characteristics of carotid lesions were evaluated using the GSM method. The Adobe Photoshop software version 7.0 (Adobe Systems, San Jose, CA, USA) was used for image standardization and calculation of gray-scale values. The standardization of the B-mode image was performed using a curve option, so that the GSM values for the blood ranged between 0 and 5, and for the adventitia between 185 and 195 [35]. The right and left mean-IMT areas (the segment 2 cm proximal to the dilation of the carotid bulb) were then delineated using a freehand tool, and the GSM value of the selected area was read from the entire delineated area. The average values of the right and left carotid arteries were defined as mean-GSM. If atherosclerotic plaque lesions and/or thickened (focal IMT ≥ 1.0 mm) lesions were detected, the GSM of these lesions was also measured using the same method. The lowest values of these lesions were defined as thickened lesion-GSM. If multiple plaque lesions were found in the same individual, the plaque with the greatest thickness was subjected to GSM measurement separately in the left and right carotid arteries, and subsequently, the lower value, “plaque-GSM,” was used as the representative value of the participant’s plaques. To avoid inter-reader variability, all scans were read in a random order by a single reader (K. A.) who was unaware of the clinical characteristics of the patients. The intra-reader CV for the GSM measurements was 2.9%, for 40 consecutive measurements.
Statistical analysis
If the data were normally distributed, the continuous variables were expressed as means and standard deviations, or as medians and interquartile ranges if non-normally distributed. The categorical variables were expressed as counts and percentages. P value < 0.05 was considered statistically significant. All analyses were performed using the SAS software (version 9.4 or; SAS Institute, Cary, NC, USA).
First, the clinical characteristics of the participants in and out of the present analysis were compared. Second, the clinical characteristics and metrics of CGM were compared between the groups based on IMT or GSM. The mean-IMT ≥ 1.0 mm was defined as IMT-thickening, and the participants were categorized by the presence or absence of IMT-thickening. The participants were also categorized based on tertiles of mean-GSM, thickened lesion-GSM, or plaque-GSM. Third, IMTs and GSMs were compared between the groups based on the tertiles of the metrics of glucose variability. For the two-level classification comparisons, unpaired t-tests and Chi-square tests were used for the continuous and categorical variables, respectively. For the three-level classification comparisons, a trend analysis was performed using linear and logistic regression models for the continuous and categorical outcomes, respectively.
Next, multivariable regression analyses were performed to investigate whether the metrics of CGM were associated with IMT or GSM. Model 1 was not adjusted, and Models 2–5 were adjusted for the major conventional risk factors for CVD as follows: Model 2 additionally included age and sex; Model 3 additionally included BMI and the duration of diabetes; Model 4 additionally included smoking status, HbA1c, systolic blood pressure, total cholesterol, HDL cholesterol, log-transformed triglycerides, and uric acid; and Model 5 additionally included eGFR and the log-transformed urine albumin-to-creatinine ratio.
Results
Clinical characteristics of the study subjects
Among the 999 study patients from the original study, 600 patients with carotid ultrasound images at baseline were included in the present analysis.
The baseline clinical characteristics of the participants in the present analysis (n = 600) are summarized in Table 1. The mean age was 64.9 ± 9.2 (mean ± SD) years, 63.2% were men, and HbA1c was 7.0 ± 0.8% (53.5 ± 9.0 mmol/mol), and the estimated duration of type 2 diabetes was 13.3 ± 8.3 years. There were statistically significant differences between those who underwent carotid ultrasonographic examinations (e.g. measurement of IMT and/or GSM) (n = 600) and those who did not (n = 399) in the following variables: duration of type 2 diabetes, eGFR, urine albumin-to-creatinine ratios, prevalence of dyslipidemia, use of anti-diabetic drugs, angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, and statins. The participants in the present study also showed lower mean glucose, median glucose, SD, CV, MAGE, TAR: > 10.0 mmol/L, TAR: > 13.9 mmol/L, HBGI, MODD, and IQR, and higher TIR: 3.9–10.0 mmol/L than those in individuals who were excluded (Additional file 1: Table S1).Table 1Clinical characteristics of all the participants


	 	All (n = 600)

	Sex: male
	379 (63.2)

	Age (years)
	64.9 ± 9.2

	Duration of diabetes (years)
	11.0 (6.0, 18.0)

	Ever smoker
	327 (54.5)

	Hypertension
	347 (57.8)

	Dyslipidemia
	450 (75.0)

	BMI (kg/m2)
	24.6 ± 3.8

	Anti-diabetic medications
	894 (89.5)

	Insulin therapy
	158 (15.8)

	ACE-I or ARB use
	412 (41.2)

	Statin use
	508 (51.0)

	Systolic BP (mmHg)
	132.0 ± 14.8

	HbA1c (%)
	7.0 ± 0.8

	HbA1c (mmol/mol)
	53.5 ± 9.0

	FPG (mmol/L)
	7.63 ± 1.81

	AST (U/L)
	22.9 ± 8.7

	ALT (U/L)
	22.9 ± 13.3

	γ-GTP (U/L)
	31.0 ± 33.6

	Uric acid (μmol/L)
	308 ± 73

	Total cholesterol (mmol/L)
	4.77 ± 0.81

	HDL cholesterol (mmol/L)
	1.55 ± 0.41

	Triglycerides (mmol/L)
	1.12 (0.80, 1.58)

	LDL cholesterol (mmol/L)
	2.67 ± 0.69

	eGFR (mL/min/1.73 m2)
	73.4 ± 20.6

	u-Alb/Cr (mg/g)
	14.4 (6.4, 44.5)

	Ultrasonographic scans of the carotid artery

	 Mean-IMT (mm)
	0.76 ± 0.15

	 CCA-max-IMT (mm)
	1.11 ± 0.44

	 Mean-GSM
	48.7 ± 19.3

	 Thickened lesion-GSM
	43.5 ± 19.5

	 Plaque-GSM
	61.5 ± 29.9

	Metrics of CGM

	 Mean glucose (mmol/L)
	7.62 ± 1.68

	 Median glucose (mmol/L)
	7.25 ± 1.72

	 SD (mmol/L)
	1.96 (1.60, 2.36)

	 CV (%)
	25.7 (22.2, 29.4)

	 MAGE (mmol/L)
	5.12 (4.08, 6.52)

	 TIR (%): 3.9–10.0 mmol/L
	84.6 (70.4, 92.3)

	 TAR (%): > 10.0 mmol/L
	12.8 (4.6, 27.9)

	 TAR (%): > 13.9 mmol/L
	0.4 (0.0, 3.1)

	 TBR (%): < 3.9 mmol/L
	0.1 (0.0, 2.0)

	 TBR (%): < 3.0 mmol/L
	0.0 (0.0, 0.0)

	 HBGI
	4.35 (2.74, 6.84)

	 LBGI
	1.08 (0.44, 2.17)

	 MODD (mmol/L)
	1.63 (1.29, 2.00)

	 IQR (mmol/L)
	2.00 (1.61, 2.46)


Continuous data are presented as means ± standard deviations or medians (interquartile ranges). Categorical data are presented as counts (percentages)
ACE-I angiotensin-converting enzyme inhibitor, ARB angiotensin II receptor blocker, BP blood pressure, FPG fasting plasma glucose, AST aspartate aminotransferase, ALT alanine aminotransferase, γ-GTP gamma-glutamyl transpeptidase, eGFR estimated glomerular filtration rate, u-Alb/Cr urine albumin-to-creatinine ratio, IMT intima-media thickness, CCA common carotid artery, GSM gray-scale median, CGM continuous glucose monitoring, SD standard deviation, CV coefficient of variation, MAGE mean amplitude of glycemic excursion, TIR time in range, TAR time above range, TBR time below range, HBGI high blood glucose index, LBGI low blood glucose index, MODD mean of daily differences, IQR interquartile range



Associations between the carotid measures and metrics of CGM
The average of mean-IMT of all the participants was 0.76 ± 0.15 mm and 28 out of 600 participants had IMT-thickening (mean-IMT ≥ 1.0 mm), which indicated that the IMT thickness of the participants in this study was relatively mild. Table 2 shows comparisons of clinical parameters between participants with IMT-thickening (mean-IMT ≥ 1.0 mm, n = 28) and those without IMT-thickening (mean-IMT < 1.0 mm, n = 572). Participants with IMT-thickening had higher systolic blood pressure and urine albumin-to-creatinine ratio than those in participants without IMT-thickening. However, there were no statistically significant differences between the metrics of CGM in participants with and without IMT-thickening.Table 2Comparisons of clinical parameters between participants with and without intima-media thickness-thickening


	 	without IMT-thickening (n = 572)
	with IMT-thickening (n = 28)
	P value

	Sex: male
	359 (62.8)
	20 (71.4)
	0.353

	Age (years)
	64.8 ± 9.2
	67.5 ± 7.9
	0.123

	Duration of diabetes (years)
	13.3 ± 8.3
	14.2 ± 8.6
	0.561

	Ever smoker
	309 (54.0)
	18 (64.3)
	0.287

	BMI (kg/m2)
	24.6 ± 3.8
	24.4 ± 3.1
	0.800

	Systolic BP (mmHg)
	131.6 ± 14.6
	139.9 ± 16.6
	0.004

	HbA1c (%)
	7.1 ± 0.8
	6.8 ± 0.7
	0.108

	HbA1c (mmol/mol)
	53.6 ± 9.0
	50.8 ± 7.4
	0.108

	FPG (mmol/L)
	7.64 ± 1.81
	7.47 ± 1.72
	0.618

	AST (U/L)
	23.0 ± 8.8
	22.3 ± 7.0
	0.690

	ALT (U/L)
	23.1 ± 13.4
	18.6 ± 8.8
	0.077

	γ-GTP (U/L)
	31.3 ± 34.2
	25.4 ± 17.2
	0.373

	Uric acid (μmol/L)
	307 ± 73
	328 ± 78
	0.153

	Total cholesterol (mmol/L)
	4.77 ± 0.81
	4.67 ± 0.70
	0.540

	HDL cholesterol (mmol/L)
	1.55 ± 0.41
	1.59 ± 0.40
	0.602

	log triglycerides (mmol/L)
	0.149 ± 0.507
	0.082 ± 0.507
	0.494

	LDL cholesterol (mmol/L)
	2.65 ± 0.68
	2.64 ± 0.45
	0.929

	eGFR (mL/min/1.73 m2)
	70.3 ± 18.3
	64.5 ± 15.2
	0.099

	log u-Alb/Cr (mg/g)
	2.84 ± 1.48
	3.47 ± 1.70
	0.033

	Mean glucose (mmol/L)
	7.64 ± 1.70
	7.35 ± 1.13
	0.383

	Median glucose (mmol/L)
	7.27 ± 1.74
	6.93 ± 1.24
	0.303

	SD (mmol/L)
	1.96 ± 0.60
	1.92 ± 0.46
	0.710

	CV (%)
	25.7 ± 5.9
	26.4 ± 6.1
	0.562

	MAGE (mmol/L)
	5.29 ± 1.98
	5.08 ± 1.52
	0.587

	TIR (%): 3.9–10.0 mmol/L
	80.7 ± 18.0
	84.1 ± 11.6
	0.316

	TAR (%): > 10.0 mmol/L
	17.2 ± 18.4
	13.4 ± 11.6
	0.286

	TAR (%): > 13.9 mmol/L
	3.2 ± 8.2
	1.3 ± 2.2
	0.219

	TBR (%): < 3.9 mmol/L
	2.2 ± 4.7
	2.5 ± 5.8
	0.740

	TBR (%): < 3.0 mmol/L
	0.3 ± 1.4
	0.5 ± 1.8
	0.583

	HBGI
	5.15 ± 4.33
	4.50 ± 2.24
	0.427

	LBGI
	1.58 ± 1.65
	1.67 ± 1.68
	0.787

	MODD (mmol/L)
	1.69 ± 0.62
	1.61 ± 0.46
	0.477

	IQR (mmol/L)
	2.08 ± 0.76
	1.90 ± 0.50
	0.205


Continuous data are presented as means ± standard deviations. Categorical data are presented as counts (percentages). Unpaired t-tests were used to evaluate the differences between the groups with and without intima-media thickness (IMT)-thickening for continuous variables. Chi-square tests were used for categorical variables. Mean-IMT ≥ 1.0 mm was defined as IMT-thickening
BP blood pressure, FPG fasting plasma glucose, AST aspartate aminotransferase, ALT alanine aminotransferase, γ-GTP gamma-glutamyl transpeptidase, eGFR estimated glomerular filtration rate, u-Alb/Cr urine albumin-to-creatinine ratio, SD standard deviation, CV coefficient of variation, MAGE mean amplitude of glycemic excursion, TIR time in range, TAR time above range, TBR time below range, HBGI high blood glucose index, LBGI low blood glucose index, MODD mean of daily differences, IQR interquartile range



Table 3 shows comparisons of clinical parameters among the mean-GSM tertiles. Participants with a lower mean-GSM were statistically significantly older and a higher percentage of them were women. Furthermore, these participants had a longer duration of diabetes and higher BMI, HbA1c, and triglyceride levels, while their HDL and total cholesterol levels were lower. With regard to the metrics of CGM, these participants had higher mean glucose, median glucose, TAR: > 10.0 mmol/L, TAR: > 13.9 mmol/L, and HBGI with lower TIR: 3.9–10.0 mmol/L. These participants also had a larger SD, and higher MAGE, MODD, and IQR, which indicated larger intra- and inter-day glucose variability. Similarly, participants with a lower thickened lesion-GSM and plaque-GSM also had larger glucose variability (Additional file 1: Tables S2 and S3).Table 3Comparisons of clinical parameters among mean-gray-scale median tertiles


	 	Bottom tertile (n = 203)
	Middle tertile (n = 199)
	Top tertile (n = 197)
	P for trend

	Sex: male
	122 (60.1)
	119 (59.8)
	138 (70.1)
	0.040

	Age (years)
	65.4 ± 8.6
	65.8 ± 9.6
	63.5 ± 9.2
	0.046

	Duration of diabetes (years)
	14.5 ± 8.3
	13.5 ± 8.5
	11.9 ± 7.9
	0.002

	Ever smoker
	101 (49.8)
	110 (55.3)
	116 (58.9)
	0.067

	BMI (kg/m2)
	25.3 ± 3.4
	24.5 ± 4.3
	24.0 ± 3.6
	 < 0.001

	Systolic BP (mmHg)
	131.5 ± 13.7
	132.6 ± 16.7
	131.6 ± 13.8
	0.915

	HbA1c (%)
	7.2 ± 0.9
	7.0 ± 0.9
	6.9 ± 0.7
	0.001

	HbA1c (mmol/mol)
	55.1 ± 9.8
	53.1 ± 9.5
	52.2 ± 7.3
	0.001

	FPG (mmol/L)
	7.83 ± 1.82
	7.55 ± 1.67
	7.52 ± 1.92
	0.082

	AST (U/L)
	23.2 ± 8.4
	22.2 ± 7.7
	23.4 ± 9.8
	0.766

	ALT (U/L)
	23.7 ± 12.9
	21.9 ± 13
	23.2 ± 13.9
	0.706

	γ-GTP (U/L)
	30.1 ± 26.9
	28.9 ± 30.9
	34.1 ± 41.6
	0.243

	Uric acid (μmol/L)
	310 ± 76
	300 ± 71
	315 ± 73
	0.506

	Total cholesterol (mmol/L)
	4.66 ± 0.80
	4.80 ± 0.84
	4.84 ± 0.77
	0.034

	HDL cholesterol (mmol/L)
	1.45 ± 0.36
	1.60 ± 0.38
	1.59 ± 0.46
	 < 0.001

	log triglycerides (mmol/L)
	0.240 ± 0.500
	0.107 ± 0.491
	0.088 ± 0.519
	0.002

	LDL cholesterol (mmol/L)
	2.59 ± 0.68
	2.66 ± 0.74
	2.71 ± 0.58
	0.078

	eGFR (mL/min/1.73 m2)
	69.4 ± 20.2
	71.5 ± 16.7
	69.3 ± 17.5
	0.971

	log u-Alb/Cr (mg/g)
	2.98 ± 1.53
	2.86 ± 1.47
	2.76 ± 1.49
	0.141

	Mean glucose (mmol/L)
	7.86 ± 1.77
	7.69 ± 1.82
	7.33 ± 1.39
	0.002

	Median glucose (mmol/L)
	7.50 ± 1.80
	7.28 ± 1.88
	6.97 ± 1.40
	0.002

	SD (mmol/L)
	2.04 ± 0.64
	2.01 ± 0.56
	1.84 ± 0.57
	 < 0.001

	CV (%)
	25.9 ± 6.1
	26.4 ± 5.7
	24.9 ± 5.6
	0.096

	MAGE (mmol/L)
	5.53 ± 2.22
	5.38 ± 1.79
	4.92 ± 1.81
	0.002

	TIR (%): 3.9–10.0 mmol/L
	77.9 ± 19.0
	79.9 ± 18.4
	84.7 ± 15.0
	 < 0.001

	TAR (%): > 10.0 mmol/L
	19.8 ± 19.5
	17.9 ± 18.8
	13.3 ± 15.3
	 < 0.001

	TAR (%): > 13.9 mmol/L
	3.9 ± 8.0
	3.5 ± 9.8
	2.0 ± 5.7
	0.015

	TBR (%): < 3.9 mmol/L
	2.3 ± 4.9
	2.2 ± 5.1
	2.0 ± 4.1
	0.614

	TBR (%): < 3.0 mmol/L
	0.3 ± 1.3
	0.4 ± 1.9
	0.2 ± 0.8
	0.313

	HBGI
	5.67 ± 4.34
	5.42 ± 4.84
	4.27 ± 3.34
	0.001

	LBGI
	1.55 ± 1.73
	1.65 ± 1.83
	1.56 ± 1.35
	0.964

	MODD (mmol/L)
	1.78 ± 0.67
	1.70 ± 0.58
	1.57 ± 0.56
	 < 0.001

	IQR (mmol/L)
	2.16 ± 0.78
	2.11 ± 0.78
	1.96 ± 0.68
	0.006


Continuous data are presented as means ± standard deviations. Categorical data are presented as counts (percentages). Bottom tertile: mean-gray-scale median (GSM) ≤ 38.5, middle tertile: 38.5 < mean-GSM ≤ 52.0, top tertile: 52.0 < mean-GSM
P for trend was calculated using linear and logistic regression models for continuous and categorical outcomes, respectively
BP blood pressure, FPG fasting plasma glucose, AST aspartate aminotransferase, ALT alanine aminotransferase, γ-GTP gamma-glutamyl transpeptidase, eGFR estimated glomerular filtration rate, u-Alb/Cr urine albumin-to-creatinine ratio, SD standard deviation, CV coefficient of variation, MAGE mean amplitude of glycemic excursion, TIR time in range, TAR time above range, TBR time below range, HBGI high blood glucose index, LBGI low blood glucose index, MODD mean of daily differences, IQR interquartile range



Figures 1 and 2 show the association of the metrics of glucose variability with IMT and GSM, respectively. No trend based on glucose variability was shown regarding IMT, while the participants with larger intra- and inter-day glucose variability showed lower GSM. Most of these associations were statistically significant.[image: ../images/12933_2021_1288_Fig1_HTML.png]
Fig. 1Associations between metrics of glucose variability and intima-media thickness. Mean-intima-media thickness (IMT), and CCA-max-IMT are represented according to the tertiles of a standard deviation, b coefficient of variation, c mean amplitude of glycemic excursion, d mean of daily differences, and e interquartile range. Data are presented as means ± standard deviations. P for trend was calculated using a linear regression model. SD standard deviation, CV coefficient of variation, MAGE mean amplitude of glycemic excursion, MODD mean of daily differences, IQR interquartile range

[image: ../images/12933_2021_1288_Fig2_HTML.png]
Fig. 2Associations between metrics of glucose variability and gray-scale median. Mean-gray-scale median (GSM), thickened lesion-GSM, and plaque-GSM are represented according to the tertiles of a standard deviation, b coefficient of variation, c mean amplitude of glycemic excursion, d mean of daily differences, and e interquartile range. Data are presented as means ± standard deviations. P for trend was calculated using a linear regression model. SD standard deviation, CV coefficient of variation, MAGE mean amplitude of glycemic excursion, MODD mean of daily differences, IQR interquartile range


Table 4 shows the results of the linear regression analyses investigating the associations of the metrics of CGM with IMT and GSM. The metrics of CGM showed no statistically significant associations with mean-IMT and CCA-max-IMT. In contrast, mean glucose, median glucose, SD, CV, MAGE, TIR: 3.9–10.0 mmol/L, TAR: > 10.0 mmol/L, TAR: > 13.9 mmol/L, HBGI, MODD, and IQR had a crude association with mean-GSM. Among these metrics of CGM, mean glucose, SD, CV, MAGE, TIR: 3.9–10.0 mmol/L, TAR: > 10.0 mmol/L, HBGI, MODD, and IQR still had a statistically significant association after adjustment for age, sex, BMI, duration of diabetes, smoking status, HbA1c, systolic blood pressure, total cholesterol, HDL cholesterol, log-transformed triglycerides, eGFR, uric acid, and log-transformed urine albumin-to-creatinine ratio. Similar tendencies regarding the associations of the metrics of CGM with thickened lesion-GSM and plaque-GSM were also shown; however, most of them were not statistically significant after adjustment for these parameters (Additional file 1: Table S4). It was confirmed that these conventional risk factors showed no strong correlations with each other (Additional file 1: Table S5), suggesting the absence of multicollinearity.Table 4Association of the metrics of continuous glucose monitoring with intima-media thickness and gray-scale median


	 	mean-IMT (n = 600)
	CCA-max-IMT (n = 600)
	mean-GSM (n = 599)

	β (95% CI)
	P value
	β (95% CI)
	P value
	β (95% CI)
	P value

	Mean glucose (mmol/L)

	Model 1
	− 0.001 (− 0.008, 0.006)
	0.768
	0.005 (− 0.016, 0.026)
	0.634
	− 1.842 (− 2.750, − 0.934)
	 < 0.001

	Model 2
	− 0.002 (− 0.009, 0.005)
	0.646
	0.004 (− 0.016, 0.025)
	0.677
	− 1.950 (− 2.851, − 1.049)
	 < 0.001

	Model 3
	− 0.002 (− 0.009, 0.005)
	0.654
	0.002 (− 0.019, 0.023)
	0.850
	− 1.738 (− 2.629, − 0.846)
	 < 0.001

	Model 4
	0.004 (− 0.007, 0.015)
	0.471
	0.012 (− 0.021, 0.045)
	0.459
	− 1.987 (− 3.443, − 0.530)
	0.008

	Model 5
	0.006 (− 0.005, 0.017)
	0.302
	0.016 (− 0.018, 0.050)
	0.353
	− 1.740 (− 3.200, − 0.280)
	0.020

	Median glucose (mmol/L)

	Model 1
	− 0.001 (− 0.009, 0.006)
	0.700
	0.004 (− 0.017, 0.024)
	0.726
	− 1.722 (− 2.612, − 0.832)
	 < 0.001

	Model 2
	− 0.002 (− 0.008, 0.005)
	0.619
	0.003 (− 0.017, 0.023)
	0.744
	− 1.834 (− 2.717, − 0.951)
	 < 0.001

	Model 3
	− 0.002 (− 0.009, 0.005)
	0.626
	0.000 (− 0.020, 0.020)
	0.982
	− 1.576 (− 2.452, − 0.700)
	 < 0.001

	Model 4
	0.004 (− 0.007, 0.014)
	0.528
	0.007 (− 0.026, 0.039)
	0.682
	− 1.529 (− 2.960, − 0.098)
	0.036

	Model 5
	0.005 (− 0.006, 0.016)
	0.356
	0.010 (− 0.023, 0.043)
	0.558
	− 1.312 (− 2.747, 0.124)
	0.073

	SD (mmol/L)

	Model 1
	0.002 (− 0.018, 0.023)
	0.841
	0.036 (− 0.023, 0.095)
	0.231
	− 5.810 (− 8.353, − 3.266)
	 < 0.001

	Model 2
	− 0.008 (− 0.028, 0.011)
	0.405
	0.016 (− 0.042, 0.074)
	0.589
	− 5.460 (− 8.001, − 2.918)
	 < 0.001

	Model 3
	− 0.008 (− 0.028, 0.012)
	0.416
	0.019 (− 0.040, 0.078)
	0.532
	− 5.450 (− 7.990, − 2.909)
	 < 0.001

	Model 4
	− 0.003 (− 0.026, 0.021)
	0.830
	0.040 (− 0.030, 0.109)
	0.265
	− 6.119 (− 9.179, − 3.060)
	 < 0.001

	Model 5
	− 0.001 (− 0.025, 0.023)
	0.937
	0.042 (− 0.029, 0.113)
	0.243
	− 5.900 (− 8.952, − 2.848)
	 < 0.001

	CV (%)

	Model 1
	0.001 (− 0.001, 0.003)
	0.392
	0.005 (− 0.002, 0.011)
	0.147
	− 0.332 (− 0.595, − 0.070)
	0.013

	Model 2
	0.000 (− 0.002, 0.002)
	0.659
	0.002 (− 0.004, 0.008)
	0.557
	− 0.266 (− 0.530, − 0.001)
	0.049

	Model 3
	0.000 (− 0.003, 0.002)
	0.680
	0.003 (− 0.003, 0.009)
	0.346
	− 0.315 (− 0.580, − 0.050)
	0.020

	Model 4
	− 0.001 (− 0.003, 0.002)
	0.639
	0.003 (− 0.003, 0.009)
	0.306
	− 0.418 (− 0.686, − 0.151)
	0.002

	Model 5
	− 0.001 (− 0.003, 0.002)
	0.632
	0.003 (− 0.003, 0.009)
	0.320
	− 0.428 (− 0.696, − 0.161)
	0.002

	MAGE (mmol/L)

	Model 1
	0.002 (− 0.004, 0.008)
	0.568
	0.012 (− 0.006, 0.030)
	0.181
	− 1.665 (− 2.442, − 0.887)
	 < 0.001

	Model 2
	− 0.001 (− 0.007, 0.005)
	0.636
	0.006 (− 0.012, 0.024)
	0.503
	− 1.605 (− 2.381, − 0.829)
	 < 0.001

	Model 3
	− 0.001 (− 0.007, 0.005)
	0.652
	0.008 (− 0.010, 0.025)
	0.395
	− 1.666 (− 2.433, − 0.899)
	 < 0.001

	Model 4
	0.000 (− 0.006, 0.007)
	0.916
	0.015 (− 0.005, 0.035)
	0.137
	− 1.741 (− 2.619, − 0.862)
	 < 0.001

	Model 5
	0.001 (− 0.006, 0.008)
	0.785
	0.017 (− 0.004, 0.037)
	0.111
	− 1.684 (− 2.562, − 0.807)
	 < 0.001

	TIR (%): 3.9–10.0 mmol/L

	Model 1
	− 0.001 (− 0.008, 0.006)
	0.841
	− 0.010 (− 0.030, 0.010)
	0.343
	1.963 (1.106, 2.821)
	 < 0.001

	Model 2
	0.001 (− 0.006, 0.007)
	0.787
	− 0.007 (− 0.026, 0.013)
	0.503
	1.990 (1.139, 2.840)
	 < 0.001

	Model 3
	0.001 (− 0.006, 0.007)
	0.800
	− 0.004 (− 0.024, 0.015)
	0.668
	1.774 (0.927, 2.620)
	 < 0.001

	Model 4
	− 0.003 (− 0.013, 0.006)
	0.505
	− 0.013 (− 0.041, 0.015)
	0.357
	2.269 (1.031, 3.507)
	 < 0.001

	Model 5
	− 0.004 (− 0.014, 0.006)
	0.412
	− 0.015 (− 0.043, 0.014)
	0.318
	2.187 (0.954, 3.419)
	 < 0.001

	TAR (%): >10.0 mmol/L

	Model 1
	0.000 (− 0.001, 0.001)
	0.777
	0.001 (− 0.002, 0.002)
	0.647
	− 0.192 (− 0.276, − 0.109)
	 < 0.001

	Model 2
	0.000 (− 0.001, 0.000)
	0.560
	0.000 (− 0.002, 0.002)
	0.762
	− 0.198 (− 0.281, − 0.115)
	 < 0.001

	Model 3
	0.000 (− 0.001, 0.001)
	0.567
	0.000 (− 0.002, 0.002)
	0.962
	− 0.177 (− 0.259, − 0.095)
	 < 0.001

	Model 4
	0.000 (− 0.001, 0.001)
	0.660
	0.001 (− 0.002, 0.004)
	0.605
	− 0.234 (− 0.363, − 0.104)
	 < 0.001

	Model 5
	0.000 (− 0.001, 0.001)
	0.488
	0.001 (− 0.002, 0.004)
	0.514
	− 0.213 (− 0.342, − 0.084)
	0.001

	TAR (%): >13.9 mmol/L

	Model 1
	− 0.001 (− 0.002, 0.001)
	0.275
	0.000 (− 0.004, 0.004)
	1.000
	− 0.277 (− 0.469, − 0.085)
	0.005

	Model 2
	− 0.001 (− 0.002, 0.001)
	0.201
	0.000 (− 0.004, 0.004)
	0.954
	− 0.293 (− 0.483, − 0.103)
	0.003

	Model 3
	− 0.001 (− 0.002, 0.001)
	0.204
	0.000 (− 0.005, 0.004)
	0.887
	− 0.274 (− 0.460, − 0.087)
	0.004

	Model 4
	− 0.001 (− 0.003, 0.002)
	0.613
	0.001 (− 0.005, 0.007)
	0.857
	− 0.255 (− 0.518, 0.010)
	0.059

	Model 5
	− 0.001 (− 0.003, 0.002)
	0.653
	0.001 (− 0.005, 0.007)
	0.809
	− 0.258 (− 0.519, 0.004)
	0.054

	TBR (%): <3.9 mmol/L

	Model 1
	0.002 (0.000, 0.005)
	0.065
	0.007 (− 0.001, 0.014)
	0.071
	0.073 (− 0.254, 0.401)
	0.660

	Model 2
	0.002 (− 0.001, 0.004)
	0.220
	0.005 (− 0.002, 0.012)
	0.175
	0.122 (− 0.203, 0.448)
	0.461

	Model 3
	0.002 (− 0.001, 0.004)
	0.213
	0.005 (− 0.002, 0.013)
	0.156
	0.130 (− 0.190, 0.449)
	0.426

	Model 4
	0.001 (− 0.002, 0.003)
	0.519
	0.004 (− 0.003, 0.012)
	0.260
	− 0.089 (− 0.420, 0.242)
	0.598

	Model 5
	0.001 (− 0.002, 0.003)
	0.676
	0.004 (− 0.004, 0.012)
	0.316
	− 0.167 (− 0.500, 0.165)
	0.324

	TBR (%): <3.0 mmol/L

	Model 1
	0.007 (− 0.002, 0.016)
	0.119
	0.025 (0.000, 0.051)
	0.050
	− 0.651 (− 1.765, 0.464)
	0.252

	Model 2
	0.005 (− 0.003, 0.013)
	0.223
	0.022 (− 0.003, 0.047)
	0.087
	− 0.500 (− 1.607, 0.608)
	0.376

	Model 3
	0.005 (− 0.003, 0.014)
	0.216
	0.022 (− 0.003, 0.047)
	0.083
	− 0.438 (− 1.525, 0.650)
	0.429

	Model 4
	0.005 (− 0.004, 0.013)
	0.293
	0.023 (− 0.001, 0.048)
	0.064
	− 0.913 (− 2.010, 0.183)
	0.102

	Model 5
	0.004 (− 0.005, 0.012)
	0.385
	0.022 (− 0.003, 0.047)
	0.088
	− 1.014 (− 2.113, 0.086)
	0.071

	HBGI

	Model 1
	− 0.001 (− 0.004, 0.002)
	0.563
	0.002 (− 0.006, 0.010)
	0.646
	− 0.772 (− 1.131, − 0.414)
	 < 0.001

	Model 2
	− 0.001 (− 0.004, 0.001)
	0.306
	0.001 (− 0.007, 0.009)
	0.829
	− 0.778 (− 1.133, − 0.423)
	 < 0.001

	Model 3
	− 0.001 (− 0.004, 0.001)
	0.312
	0.001 (− 0.008, 0.009)
	0.903
	− 0.730 (− 1.081, − 0.379)
	 < 0.001

	Model 4
	0.000 (− 0.004, 0.004)
	0.937
	0.005 (− 0.008, 0.017)
	0.463
	− 0.979 (− 1.516, − 0.442)
	 < 0.001

	Model 5
	0.000 (− 0.004, 0.004)
	0.933
	0.005 (− 0.007, 0.018)
	0.412
	− 0.946 (− 1.480, − 0.411)
	 < 0.001

	LBGI

	Model 1
	0.003 (− 0.005, 0.010)
	0.476
	0.007 (− 0.015, 0.028)
	0.546
	0.261 (− 0.676, 1.199)
	0.585

	Model 2
	0.000 (− 0.007, 0.007)
	0.947
	0.002 (− 0.020, 0.023)
	0.888
	0.467 (− 0.467, 1.402)
	0.327

	Model 3
	0.000 (− 0.007, 0.007)
	0.931
	0.003 (− 0.018, 0.024)
	0.798
	0.452 (− 0.467, 1.372)
	0.335

	Model 4
	− 0.002 (− 0.009, 0.006)
	0.648
	0.001 (− 0.021, 0.024)
	0.899
	− 0.345 (− 1.333, 0.643)
	0.493

	Model 5
	− 0.003 (− 0.011, 0.005)
	0.454
	− 0.001 (− 0.024, 0.022)
	0.958
	− 0.583 (− 1.580, 0.413)
	0.251

	MODD (mmol/L)

	Model 1
	− 0.008 (− 0.028, 0.012)
	0.420
	− 0.001 (− 0.059, 0.057)
	0.968
	− 5.395 (− 7.887, − 2.902)
	 < 0.001

	Model 2
	− 0.007 (− 0.025, 0.012)
	0.495
	0.003 (− 0.054, 0.059)
	0.929
	− 5.610 (− 8.078, − 3.143)
	 < 0.001

	Model 3
	− 0.007 (− 0.026, 0.013)
	0.508
	− 0.001 (− 0.059, 0.056)
	0.966
	− 5.215 (− 7.702, − 2.728)
	 < 0.001

	Model 4
	0.003 (− 0.022, 0.028)
	0.810
	0.010 (− 0.065, 0.084)
	0.800
	− 6.702 (− 9.949, − 3.456)
	 < 0.001

	Model 5
	0.004 (− 0.022, 0.029)
	0.766
	0.009 (− 0.067, 0.085)
	0.809
	− 6.649 (− 9.908, − 3.389)
	 < 0.001

	IQR (mmol/L)

	Model 1
	− 0.012 (− 0.029, 0.004)
	0.135
	− 0.014 (− 0.061, 0.034)
	0.571
	− 3.621 (− 5.658, − 1.585)
	 < 0.001

	Model 2
	− 0.010 (− 0.025, 0.006)
	0.209
	− 0.008 (− 0.054, 0.038)
	0.735
	− 3.929 (− 5.948, − 1.910)
	 < 0.001

	Model 3
	− 0.010 (− 0.026, 0.006)
	0.212
	− 0.010 (− 0.057, 0.037)
	0.676
	− 3.676 (− 5.702, − 1.650)
	 < 0.001

	Model 4
	− 0.005 (− 0.026, 0.015)
	0.607
	− 0.009 (− 0.070, 0.051)
	0.762
	− 4.535 (− 7.207, − 1.862)
	 < 0.001

	Model 5
	− 0.004 (− 0.025, 0.017)
	0.693
	− 0.009 (− 0.071, 0.053)
	0.778
	− 4.394 (− 7.069, − 1.718)
	0.001


Univariable and multivariable linear regression analysis. Model 1 was not adjusted. Model 2 was adjusted for age and sex. Model 3 was adjusted for BMI, duration of diabetes, and the covariates in Model 2. Model 4 was adjusted for smoking status, HbA1c, systolic blood pressure, total cholesterol, HDL cholesterol, log-transformed triglycerides, uric acid, and the covariates in Model 3. Model 5 was adjusted for eGFR, log-transformed urine albumin-to-creatinine ratio, and the covariates in Model 4
IMT intima-media thickness, GSM gray-scale median, SD standard deviation, CV coefficient of variation, MAGE mean amplitude of glycemic excursion, TIR time in range, TAR time above range, TBR time below range, HBGI high blood glucose index, LBGI low blood glucose index, MODD mean of daily differences, IQR interquartile range



In addition, linear regression analysis was performed among the participants in the various subgroups according to their comorbidities or medication use. The associations of the metrics of CGM with GSM were shown to be consistent across most of the subgroups, while in several subgroups, statistical significance was not shown, which may have been due to the small sample size (Additional file 1: Table S6-S29).
Discussion
To the best of our knowledge, this is the first study to reveal that intra- and inter-day glucose variability assessed by CGM was associated with the indices of ultrasonic tissue characteristics of the carotid artery wall in patients with type 2 diabetes without CVD. Interestingly, the participants with a larger intra- and inter-day glucose variability had lower mean-GSM values that reflected histological changes related to atheromatous plaque and intra-plaque hemorrhage [18–20]. In addition, the associations remained significant after adjusting for HbA1c and other cardiovascular risk factors, which implied that glucose variability was related to the tissue characteristics of the carotid artery wall independent of the major cardiovascular risk factors, including chronic hyperglycemia.
A previous study that evaluated the association between GSM and plaque histology in 52 patients undergoing carotid endarterectomy showed that the percentages of fibrous contents in carotid plaques were positively correlated with GSM, and that the percentages of lipid and hemorrhage contents were negatively correlated [18]. Other clinical studies revealed that unstable plaque, defined as the presence of ulceration, erosion, or intra-plaque hemorrhage, had lower GSM values than stable plaques, and that low GSM values were predictive factors for unstable plaque [19, 20]. We also demonstrated that low GSM plaque was an independent predictor of future CVD events in 287 patients with type 2 diabetes without CVD, and that the addition of a low GSM plaque to the Framingham risk score and IMT improved the risk prediction for CVD events [25]. In a previous meta-analysis, we have also confirmed that plaque-GSM is a predictor of CVD [26].
The findings of this study are consistent with those of previous studies that reported the association between glucose variability and coronary plaque tissue characteristics [3–5]. Okada et al. showed that higher MAGE values were significantly correlated with increased lipid and decreased fibrous plaque contents in coronary plaques among 57 patients with acute coronary syndrome [3]. In other studies that evaluated plaque morphology among patients who underwent percutaneous coronary intervention, the percentage of necrotic core of total plaque volume, a widely used parameter of plaque vulnerability, was correlated with the metrics of glucose variability, such as MAGE, SD, MODD, and continuous overlapping net glycemic action calculated every 1 h [4, 5].
The probable underlying mechanism of glucose variability in the progression of atherosclerosis is the involvement of oxidative stress and endothelial dysfunction. Cross-sectional studies have revealed that metrics of glucose variability assessed by CGM were associated with oxidative stress [36] and endothelial dysfunction [12]. An interventional trial in patients with type 2 diabetes indicated that oscillating glucose administered by the euinsulinemic clamp technique had more deleterious effects on oxidative stress and endothelial function than constant high glucose [37]. Intermittent high glucose enhanced apoptosis related to oxidative stress in the endothelial cells through protein kinase C-dependent activation of NAD(P)H oxidase [38] and expression of adhesion molecules, such as intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and E-selectin [39]. Intermittent high glucose more potently induced monocyte adhesion to the endothelial cells in rat thoracic aorta than constant high glucose [40]. Furthermore, the activity of superoxide dismutase, an antioxidant enzyme, was lower in intermittent high glucose than in constant high glucose [41].
On the other hand, in this study, we found no significant association between IMT and intra- and inter-day glucose variability, as assessed by CGM. Similarly, several previous studies reported that IMT was not associated with the metrics of glucose variability among patients with type 1 and type 2 diabetes [10, 11, 14, 42] and overweight or obese patients [12]. However, in several other studies, IMT was significantly associated with the metrics of glucose variability, such as MAGE and SD in patients with diabetes [7–9, 43]. A meta-analysis of glucose variability in type 2 diabetes showed that it was associated with IMT [44]; however, this meta-analysis included studies that assessed long-term glucose variability (SD of HbA1c and SD of FBG). Recent large cross-sectional analysis of 2215 patients with type 2 diabetes also showed that IMT was associated with SD and MAGE; however, these associations disappeared after adjusting for other clinical parameters, including HbA1c [13]. Thus, the association between IMT and glucose variability remains controversial.
The independent association of the metrics of CGM with GSM but not with IMT in this study may have been due to several reasons.
First, a change in tissue characteristics can precede IMT thickening in the early stages of atherosclerosis. In the human coronary and carotid arteries, diffuse intimal thickening (DIT) occurs from an early age before atherosclerotic lesions develop [45]. In the earliest stage of atherosclerosis, lipids are deposited in the deep layer of the DIT, followed by infiltration of macrophages. Macrophages transform into foam cells, leading to pathologic intimal thickening [22].
Second, glucose variability may be a risk factor with a stronger relationship with GSM than that with IMT. In the present study, participants with a lower mean-GSM were older and a higher percentage were men, they had a longer duration of diabetes, higher BMI, and higher HbA1c and triglyceride levels while their HDL and total cholesterol levels were lower. In contrast, participants with IMT-thickening had higher systolic blood pressure and urine albumin-to-creatinine ratio than those in participants without IMT-thickening. A previous study that investigated the factors associated with IMT and GSM showed that GSM was associated with age, BMI, and HDL cholesterol, while IMT was associated with age, sex, BMI, and systolic blood pressure [46]. Another study revealed that GSM was associated with age, BMI, LDL and HDL cholesterol, diabetes, and smoking, while IMT was associated with age, LDL cholesterol, diabetes, and blood pressure [47]. Other clinical studies showed similar results [21, 48]. Thus, the major risk factors for IMT and GSM may be different.
Third, range restrictions [49] may have affected the results. The present study included only subjects without a history of CVD, and IMT thickness was relatively mild (only 20 participants had IMT-thickening). This restriction may have weakened the association between IMT and glucose variability.
In addition, it was reported that TIR [13] and the duration of hypoglycemia [14], as assessed by CGM, were associated with IMT. In the present study, TIR was associated with GSM but not IMT, and TBR, which was the metrics similar to the duration of hypoglycemia, was not associated with both GSM and IMT. The inconsistent associations with IMT may have been due to TIR in the study participants in the present study being relatively high and TBR being low.
The participants in this study consisted of patients with type 2 diabetes without CVD. Although glucose variability is associated with tissue characteristics in coronary plaque, to the best of our knowledge, no study has investigated the association between glucose variability and tissue characteristics of plaque or artery wall among patients without CVD. This study is the first to report the association between glucose variability and tissue characteristics of the arterial wall in patients with mild atherosclerotic changes. Another strength of this study is that the sample size was relatively larger compared to previous studies that focused on this topic of research [7–14]. In addition, there were no inter-reader differences and a few intra-reader differences in the measurements of IMT and GSM, since a single experienced reader performed the measurements of IMT and GSM.
This study has some limitations.
First, although this study found an association between CGM-assessed glucose variability and tissue characteristics of the carotid artery wall, it is unclear whether this association is causal as this was a cross-sectional study. This will be investigated in an ongoing prospective observational study [27] by evaluating the association between baseline CGM-assessed glucose variability and changes in GSM.
Second, several possible confounding factors, such as insulin resistance, diet, and socioeconomic status, were not assessed. Previous studies have shown that insulin resistance is associated with glucose variability among individuals without diabetes, and the increased glucose variability may have been due to insulin resistance [50, 51]. Basic science research has shown that insulin resistance contributes to the progression of atherosclerosis due to the relative shift in signaling from the phosphatidylinositol 3-kinase to the MAPK pathway, resulting in endothelial dysfunction and vascular damage [52, 53]. Recent clinical studies have implied an association between insulin resistance and carotid atherosclerosis [54, 55]. Therefore, insulin resistance may have been involved in the association between glucose variability and atherosclerosis. In addition, it was reported that a healthy lifestyle, including a healthy diet, moderated the relationship between CVD and its risk factors [56], and that dietary interventions, such as a low carbohydrate diet [57], the consumption of low glycemic index food [58], and food order [59], reduced glucose variability. Thus, it was possible that these diets were associated with the tissue characteristics of the carotid artery wall; however, we did not have sufficient data about these diets. Similarly, socioeconomic status could affect glucose variability and atherosclerosis.
Third, not all of the patients in the prospective observational study underwent carotid ultrasonographic evaluation. There were significant differences in certain variables at baseline between those who underwent carotid ultrasonographic measurements and those who did not (Additional file 1: Table S1), which were not irrelevant to bias.
Fourth, the exclusion criteria of the present study may have limited the generalizability of our findings. Patients whose antidiabetic medication had been changed before the CGM for six months were excluded from the study. These patients tend to have a relatively large long-term glucose variability.
Fifth, the metrics of CGM were derived from the CGM data of a maximum of eight days, which may have been insufficient to assess them as being representative of each patient. Although a recent clinical study revealed that intra-day glucose variability can be assessed using two or three days of CGM with sufficient reliability [60], it is unclear how many days are required for the reliable assessment for inter-day glucose variability.
Conclusions
In conclusion, this study showed that intra- and inter-day glucose variability was associated with the tissue characteristics of the carotid artery wall in patients with type 2 diabetes without CVD.
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