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Background

Few prospective studies explored the incidence and determinant of carotid atherosclerosis (CA) progression (CAP). This community-based prospective study focused on the effects of diabetes mellitus (DM) treatments and glucose levels on CAP risks.





Methods

We followed up a group of 657 CA-positive middle-aged adults and elders for CAP. CAP was defined as an increase in the total number of carotid plaque and/or an increase in diameter stenosis by at least 10%.





Results

After 4.05 years of followed-up, CAP was detected in 364 (55.4%) subjects. The multivariable-adjusted hazard ratios (HRs) were 1.805 (95% confidence interval [CI]: 1.374-2.358) and 0.694 (95% CI: 0.510-0.944) for elevated fasting plasma glucose (eFPG; FPG≥100 mg/dL) and glucose-lowering medications (GLM), respectively. As compared to GLM-negative+eFPG-positive subjects, the multivariable-adjusted HRs were 0.497 (95% CI: 0.373-0.662), 0.537(95% CI: 0.306-0.942), and 0.586 (95% CI: 0.412-0.833) for GLM-negative+eFPG-negative, GLM-positive+eFPG-negative, and GLM-positive+ eFPG-positive subjects, respectively. The multivariable-adjusted risks of CAP were similar between GLM-negative+eFPG-negative and GLM-positive+ eFPG-positive subjects (p=0.77). Stratified analyses showed that the multivariable-adjusted HRs per 5.0 mg/dL increase in FPG were significantly increased among GLM-negative subjects (HR=1.131; 95% CI: 1.094-1.171) and non-significantly decreased among GLM-positive subjects (HR=0.985; 95% CI: 0.957-1.013).





Conclusion

We found that more than 50% of CA-positive subjects had CAP in 4 years and higher FPG significantly increased and GLM significantly decreased the risks of CAP. Additionally, GLM and FPG demonstrated an interactive effect on CAP risks. It seems possible that GLM may induce effects beyond lowering glucose levels and subsequently lowers CAP risks.
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1 Introduction

Atherosclerosis is the progress of gradual constriction of arteries by plaque formation within the artery walls (1). Atherosclerotic diseases, including myocardial infarction and stroke, induce great impacts on global heath. In 2013, cardiovascular diseases (CVDs) accounted for 17.3 million deaths globally, which was 1.4-fold of that in 1990 (2). A recent report showed that the global CVD cases were 523 million in 2019, nearly 2-fold of that in 1990 (3). Moreover, CVD continues to be one of the major causes of disease burden. The global disability-adjusted life years (DALYs) caused by CVDs was 393 million DALYs in 2019, which was1.4-fold of that in 1990 (4). It was reported that aging of global population was the leading cause of significantly increased global mortality, morbidity, and burden (3, 4). Unfortunately, the number of aged population increase rapidly than before; it was 0.73 billion in 2020 and will be 1.30 billion in 2040 (5). Undoubtedly, health, social, and financial impacts caused by atherosclerotic diseases will be inevitable and enormous. Accordingly, formulating effective prevention measures is critically relevant and prompt.

Several prospective studies showed that carotid atherosclerosis (CA) is predictive to CVD risks (6). CA at the extracranial carotid arteries can be detected non-invasively and reliably by ultrasound in the fields. CA research may provide critical evidences for identifying target determinants and population for the prevention of atherosclerotic diseases. Several prevalence studies consistently showed that diabetes mellitus (DM) was one of the major modifiable determinants for the presence of CA (7–15). It is reasonable to assume that DM treatments may subsequently reduce the risks of atherosclerosis and CVDs. Indeed, a recent meta-analysis study, which included 30 clinical trials with 225305 DM patients, demonstrated that the risk of fatal and non-fatal atherosclerotic events for subjects who received glucose-lowering medications or strategies was significantly decreased (relative risk=0.92, 95% confidence interval [CI]: 0.89-0.95, p<0.0001) (16). A similar finding was reported by another independent meta-analysis study (17). Yet, reports on DM treatments and the incidence and progression of atherosclerosis are limited.

Additionally, dozens of prospective studies used ultrasounds to detect CA and followed-up the cohort members for CVD incidence (6). However, to our knowledge, only a very limited number of them reported the incidence and progression rates of CA (18–22). Prospective studies on DM with the risk of CA progression (CAP) were rare and inconsistent (19, 23–25). Moreover, there was no report concerning DM treatment with the incidence and determinant of CAP. As a result, we conducted this prospective community-based study on a group of CP-positive middle-aged and older adults to explore the incidence rate and determinants of CAP, with a primary focus on the effects of glucose level and DM treatments.




2 Materials and methods



2.1 Study subjects

This is part of an ongoing community-based prospective study, which recruited community-dwelling middle-aged adults and elders from the northern coastal area of Taiwan (10, 13). From Sep 2014 to May 2020, well-informed invitation letters describing the objective and protocols of the study were sent to households with eligible subject(s). Residents who were willing to complete a structured questionnaire regarding personal health information and willing to provide blood samples were recruited. A total of 2533 residents aged 40-to-74 years voluntarily provided informed consent and were enrolled. Among 2478 subjects who had good quality of recorded carotid images, 1010 of them had detectable carotid plaque (CP) in their extracranial carotid arteries. Among CP-positive subjects, 76 who had a positive history of physician-diagnosed myocardial infarction or had ever received a cardiac catheter or stent were excluded, leaving a total of 934 subjects for follow-up for CAP (Figure 1).




Figure 1 | Steps of subject selection and categorization.



The follow-up examinations were conducted from Sep 2020 to Sep 2023. Of the 934 CP-positive, 657 had completed follow-up carotid ultrasonography. The completion rate of follow-up was 70.3%. Among subjects who completed follow-up examinations, 364 subjects fulfilled the criteria of CAP (Figure 1). The study complied with the 1975 Helsinki Declaration on ethics in medical research and was reviewed and approved by the institutional review boards of MacKay Medical College (No. P990001; date of approval: 5 July 2010) and MacKay Memorial Hospital (No. 14MMHIS075; date of approval: 23 May 2014).




2.2 Measurements of anthropometric attributes and biochemical profiles

The measurements of anthropometric attributes and biochemical profiles have been described previously (13, 26). In brief, we used a digital system (BW-2200; NAGATA Scale Co. Ltd., Tainan, Taiwan) to measure the subject’s body weight (BWT) and body height (BHT). Waist circumference (WC) was measured at the level of mid-distance between the bottom of the rib cage and the top of the iliac crest. Hip circumference (HC) was the distance around the largest part of the subject’s hips. Body mass index (BMI) was used as the indicator of general obesity and calculated as body weight divided by (Body weight)2. Waist-to-hip ratio (WHR) and Waist-to-height ratio (WHtR) were used as the indicators of central obesity and were calculated as WC×100% divided by HC and BHT, respectively.

Blood pressure was measured three times, with an interval of 3 minutes, after 10 min of rest. The averages of repeated measurements of systolic blood pressure (SBP) and diastolic blood pressure (DBP) were used for analyses. The fasting blood levels of total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglycerides (FTG), and glucose (FPG) were determined by an autoanalyzer (Toshiba TBA c16000; Toshiba Medical System, Holliston, MA, USA) with commercial kits (Denka Seiken, Tokyo, Japan). In the study, non-HDL-C was calculated as (total cholesterol - HDL-C). Additionally, LDL- to HDL-C ratio (LHR) and non-HDL- to HDL-C ratio (nHHR) were calculated for each subject.

In the study, we used a structured questionnaire to collect data related to health behaviors and personal histories of common diseases. In the study, cigarette smoking and alcohol drinking were defined as having smoked cigarettes or drank alcohol-containing beverages at least four days per week during the past month before enrollment. DM was defined as subjects who fulfilled at least one of the criteria: (1) FPG≥126 mg/dL, (2) a positive history of physician-diagnosed DM, and (3) the use of glucose-lowering agents. Hypertension was defined as subjects who fulfilled at least one of the criteria: (1) SBP≥140 mm Hg or DBP ≥90 mm Hg, (2) a positive history of physician-diagnosed hypertension, and (3) a positive history of taking anti-hypertensive medications. Hyperlipidemia was defined as subjects who fulfilled at least one of the criteria: (1) TC≥240 mg/dL, LDL-C≥160 mg/dL, or FTG≥350 mg/dL; (2) a positive history of physician-diagnosed high blood lipids; and (3) a positive history of taking lipid-lowering medications.




2.3 Determination of carotid plaque

The measurements of carotid atherosclerosis had been described previously (10). In brief, we used a high-resolution digital color ultrasound system (GE Healthcare Logiq E; General Electric Company, Milwaukee, USA) to obtain the transverse and cross-sectional ultrasound images of the left and right extracranial carotid arteries, according to the protocol recommended by the American Society of Echocardiography (27). The baseline and follow-up carotid ultrasonography were performed by a well-trained and experienced technician who was blinded to subject’s clinical profile. All stored ultrasound images were retrieved and measured for CA by a well-trained and experienced research assistant who was also blinded to subject’s clinical profile at the central laboratory. The thickness between the lumen-intima and media-adventitia interfaces was measured blindly using built-in automatic contouring programs. In the study, a plaque was defined as a focal protrusion 50% greater than the surrounding vessel wall, an intima-media thickness (IMT) ≥1.5 mm, or local thickening ≥0.5 mm (28). The location and size of each carotid plaque were recorded. The degree of carotid stenosis was calculated as the percentage of maximal diameter reduction at carotid arteries as recommended by the European Carotid Surgery Trialists’ Collaborative Group (29).




2.4 Definition of CA progression

In the study, two criteria were used to define CA progression (CAP), including an increase in the total number of carotid plaque and a significant increase in the diameter stenosis. To evaluate the repeatability, we randomly selected 50 CP-positive subjects and re-measured their carotid images one month after the first measurement. A total of 153 CPs were identified from these CP-positive subjects at the first measurement and only 3 CPs were missed in the second measurement. The means (standard deviation [SD]) of diameter stenosis were 29.8% (12.3%) and 29.6% (12.7%) for the first and the second measurements, respectively. The SD of the differences in the diameter stenosis between the first and the second measurements of the same set of carotid images was 4.51%. Although the baseline and follow-up carotid ultrasound scans were performed by the same technician, it was possible that the angles and alignments between the probe and the blood vessels of the baseline and follow-up ultrasound scans might be slightly varied. Consequently, we used 10%, approximately 2.2-fold of the SD of the repeated CA measurements, as the cut-off value of measurement error. A significant increase in the diameter stenosis was defined as the diameter stenosis of the follow-up ultrasound scan is at least 10.0% larger than that of the baseline scan.




2.5 Statistical analyses

In the study, we calculated the mean (SD) and frequency distribution for continuous and categorical variables, respectively. The student’s t and the Pearson’s chi-square tests were used to test the significance of continuous and categorical variables between CAP-positive and –negative subjects. The Cochran-Armitage trend test was used to test the linear trend between age and cumulative incidence of CAP in female and male subjects. In addition to DM and glucose levels, all anthropometric and clinical factors showing significant differences between CAP-positive and –negative subjects were subject to association analyses. To assess the independent effects of DM treatment and glucose level, we used Cox proportional-hazard regression analyses to estimate their hazard ratios (HRs) of CAP and controlled for the potential confounding effects of other cardio-metabolic factors. Age and sex were forced in the regression model to control for their effects. The other cardio-metabolic factors which showed significant correlations with the risk of CAP after controlling for the effects of age and sex were included in multi-variable regression anlyses. We used stepwise selection method to obtain the best-fit model. The criteria for inclusion into and stay in the regression model were 0.05 and 0.1, respectively. All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).





3 Results



3.1 Baseline clinical characteristics of study subjects

Among 934 CP-positive subjects who had no prior CVD history, 657 (70.3%) subjects had completed follow-up examinations (Figure 1). The mean (SD) interval between the baseline and the follow-up examinations was 4.05 (0.73) years.

Among subjects who completed follow-up examinations, 274 (41.7%) of them were male, and the mean (SD) age at enrollment was 61.8 (6.8) years. Table 1 also shows that the prevalence rates of hypertension, hyperlipidemia, and DM were 52.7%, 54.6%, and 19.5%, respectively. More than 1/3 of the subjects had received anti-hypertensive or lipid-lowering medications, and 18.4% of the subjects had received glucose-lowering medications.


Table 1 | Baseline characteristics of 657 CP-positive middle-aged adults and elders.



A total of 192 females and 172 males had CAP. The corresponding cumulative progression rates were 50.1% (95% CI: 43.0%-57.3%) and 62.8% (95% CI: 53.4%-72.2%) for females and males, respectively. Among female subjects, the cumulative progression rates were approximately 1/3 for subjects aged <55 years, more than 1/2 for subjects aged 60-64 years, and greater than 3/4 for subjects aged 70 years or older (Figure 2, Supplementary Table). Among male subjects, the cumulative progression rates were approximately 1/2 for subjects aged <55 years and ranged from 60% to 70% for subjects aged 55 years or older (Figure 2, Supplementary Table). The linear trend between age and cumulative progression rate was significant in female subjects (p-value of trend test <0.0001) and non-significant in male subjects (p-value of trend test=0.11).




Figure 2 | Progression rates of carotid atherosclerosis in male and female subjects.






3.2 Comparisons of baseline clinical characteristics between subjects with and without incident atherosclerosis

Table 1 also shows that compared to CAP-negative subjects, CAP-positive subjects had significantly higher means of age at enrollment, WHR, SBP, LHR, and nHHR. The mean HDL-C of CAP-positive subjects was significantly lower than that of CAP-negative subjects. The proportions of male sex, cigarette smoking, alcohol drinking, hypertension, hyperlipidemia, and DM of CAP-positive subjects were significantly higher than those of CAP-negative subjects. As compared to CAP-negative subjects, the proportions of having received anti-hypertensive and glucose-lowering medications were also significantly higher in CAP-positive subjects. There was no significant difference for other baseline clinical characteristics between CAP-positive and -negative subjects.




3.3 Association analyses for risk of carotid atherosclerosis

Univariable Cox regression analyses showed that the risks of CAP were significantly correlated with older age, male sex, higher WHR, and increased levels of LHR, nHHR, and FPG. The HRs of CAP were of borderline significance for cigarette smoking, alcohol drinking, hypertension, and hyperlipidemia (Table 2). The HRs of CAP were non-significant for DM, glucose-lowering medications, and other factors. After controlling for the effects of age and sex, the adjusted risks of CAP remained significantly increased for higher levels of WHR, LHR, nHHR, and FPG. The age-sex-adjusted HR was 1.253 (95% CI: 1.148-1.367; p<0.0001) for per 5.0% increase in WHR and were 1.223 (95% CI: 1.079-1.387; p=0.0017) and 1.127 (95% CI: 1.024-1.241; p=0.015) for per 1.0 increase in LHR and nHHR, respectively. The age-sex-adjusted HR was 1.023 (95% CI: 1.009-1.036; p=0.0008) for per 5.0 mg/dL increase of FPG.


Table 2 | Analyses for progression of carotid plaque with baseline characteristics in middle-aged adults and elders.






3.4 Multivariable analyses for risk of carotid atherosclerosis progression

Models I to II showed that risks of CAP were significantly increased for subjects with higher LHR and WHR (Table 3). The multivariable-adjusted HR for per 1.0 increase in LHR was approximately 1.15 and was approximately 1.23 for per 5.0% increase in WHR. Model I also showed that as compared to subjects who had a normal FPG level, the multivariable-adjusted HR of CAP was 1.802 (95% CI: 1.374-2.358; p<0.0001) for subjects who had an elevated FPG level (≥100 mg/dL). The multivariable-adjusted HR of CAP was 0.694 (95% CI: 0.510-0.944; p=0.020) for subjects with a positive history of glucose-lowering medications compared to those without.


Table 3 | Multivariable Cox proportional-hazard models for the progression of carotid atherosclerosis in middle-aged adults and elders.



To evaluate the combined effects of glucose-lowering medications and FPG level, subjects were categorized into four groups. Model II showed that as compared to Group1, the multivariable-adjusted risks of CAP were significantly decreased for Group 2 (HR=0.497; 95% CI: 0.373-0.662; p<0.0001), Group 3 (HR=0.537; 95% CI: 0.306-0.942; p=0.030), and Group 4 (HR=0.586; 95% CI: 0.412-0.833; p=0.0029). Compared to Group 2, the multivariable-adjusted risk of CAP only slightly increased for Group 4 (HR=1.178; 95% CI=0.884-1.569; p=0.26).




3.5 Stratified analyses for risk of carotid atherosclerosis progression

Among subjects who had no history of glucose-lowering medications, significantly increased risks of CAP were correlated with increased levels of WHR and FPG (Table 4). The multivariable-adjusted HR was 1.169 (95% CI: 1.059-1.291; p=0.019) for per 5.0% decrease in WHR and was 1.131 (95% CI: 1.094-1.171; p<0.0001) for per 5.0 mg/dL increase in FPG. Among subjects who had a positive history of glucose-lowering medications, the risks of CAP were significantly increased for higher WHR (HR=1.431; 95% CI: 1.160-1.766; p=0.0008) and non-significantly slightly increased for higher FPG level.


Table 4 | Multivariable Cox proportional-hazard models for the progression of carotid atherosclerosis in middle-aged adults and elders.







4 Discussion

In this community-based study, we followed up a group of 657 CP-positive middle-aged and older adult subjects for CAP. We found that greater than one-half of the cohort members had CAP. Multivariable-adjusted risks of CAP were significantly elevated for increased glucose levels and significantly decreased for glucose-lowering medications. Additionally, we found a significant interactive effect on the CAP risk between glucose-lowering medications and FPG levels. To our knowledge, only a very limited number of community- or population-based prospective studies had explored the incidence and determinant of CAP.

In this community-based study, after 4 years of follow-up, CAP was detected in 364 (55.4%) subjects. Although there were community- or population-based studies that used ultrasounds to determine the degree of CA, only a very limited number of them reported the progression of preclinical atherosclerosis (19, 20, 25). Additionally, there is a significant variation in the definitions of CAP among studies. The definitions of atherosclerosis progression included changes in the total plaque area (on a continuous scale) (18), development of new plaque (19, 30), increase in plaque score (24), and increase in total plaque volume (31). Additionally, some studies used single criteria and others used multiple criteria or modalities to define atherosclerosis progression. A single criterion was used in the Tromsø Study (18), the MESA study (19), a recent Italian study (24), the CCCC study (30), and a recent Chinese study (31). The present study and the Reykjavik REFINE-study (20) used two criteria to define atherosclerosis progression. The PESA study used multiple imaging instruments, including 2-D and 3-D ultrasonography and CT, and findings of multi-territory of blood vessels to define atherosclerosis progression (25). As a result, the lack of established criteria for defining CAP results in difficulty in comparing progression rates among studies. It seems necessary to establish an evidence-based indicator of atherosclerosis progression.

In this community-based study, two criteria were used to define atherosclerosis progression, including an increase in the total number of carotid plaque and a significant increase in the diameter stenosis. Undoubtedly, an increase in the total number of carotid plaque is a valid indicator of atherosclerosis progression and has been used in several recent studies (19, 20, 30). However, no report used ‘significant increase in the diameter stenosis’. In this study, we considered the influences of measurement errors and considered it as a valid indicator of CAP. There are two sources of measurement errors in determining the severity of atherosclerosis, including variation in the images obtained during ultrasound scans and variation in measuring the same images. In this study, the ultrasound system was operated by the same well-trained and experienced technician and the degrees of diameter stenosis of all recorded images were determined in the central laboratory by the same research assistant. Accordingly, the only source of measurement error in this study was the intra-observer variation. To evaluate the magnitude of intra-observer variation in CA measurements, we selected a random sample of CP-positive subjects and re-measured the degree of diameter stenosis blindly one month after the first measurement. Only 2.0% of CPs detected in the first measurement was missed in the second measurement. The SD of the differences in the diameter stenosis of the repeated measurements was 4.51%. Furthermore, we considered that intra-observer variation in the carotid images obtained from the baseline and follow-up ultrasound scans may emerge. Therefore, this study used an increase in diameter stenosis by at least 10%, which is 2.22-fold of the SD of repeated measurements, as the cut-off value of measurement error.

In this study, we found that after controlling for the effects of age and sex, risks of CAP were significantly correlated with some modifiable risk factors, including WHR, glucose, and LHR. Previous prospective studies also demonstrated the critical roles of modifiable risk factors in atherosclerosis progression, yet the significant determinants varied among studies. In the Tromos study, an increase in total plaque area was correlated with higher total cholesterol levels, higher SBP, cigarette smoking (18) and abdominal adiposity (21). In the MESA study, elevated levels of total cholesterol, glucose, and SBP, cigarette smoking, and decreased levels of HDL-C were correlated with significantly higher risks of the formation of carotid plaque (19). The PESA study showed that dyslipidemia, smoking, and family history of CVD were significantly independent predictors of atherosclerosis progression in subjects who had atherosclerosis at baseline (25). More recently, the subsequent follow-up of the PESA study showed that active smoking, higher LDL-C and SBP, and global plaque volume were correlated with significantly higher age-sex-adjusted risks of peripheral subclinical atherosclerosis disease progression (22). The difference in the significant determinants of atherosclerosis progression among studies may probably be explained by the different definitions and instruments used to detect atherosclerosis progression. It is also possible that arterial plaque at different territories of blood vessels and different indicators of atherosclerosis progression represent different entities or pathogenesis of atherosclerotic diseases. To test our speculation, large prospective studies that use multiple instruments to assess the atherosclerosis at different territory of blood vessels are necessary.

Our and several previous cross-sectional studies showed that DM was significantly correlated with higher likelihoods of having CP (7–15). However, prospective studies were rare and depicted inconsistent findings. The risk of atherosclerosis progression for DM was significantly increased in the NEFRONA study (23) but was non-significantly slightly increased in others (19, 24, 25). In this study, we also found that CAP risks were not significantly different between DM patients and non-DM controls. However, stratified analyses showed inequitable effects of glucose levels on CAP risks. The multivariable-adjusted HR of CAP for increased FPG level was close to the null value in subjects with a positive history of glucose-lowering medications, but it was significantly increased in subjects without a history of glucose-lowering medications. It is likely that the inconsistent findings from previous prospective studies may be attributable to the confounding effects of glucose-lowering medications.

In addition, we found a significant interactive effect between glucose-lowering medications and glucose level on CAP risk. As compared to subjects who had no history of glucose-lowering medications and an elevated FPG level (Table 3; Group 1), the multivariable-adjusted risks of CAP significantly decreased by more than 50% for subjects who had no history of glucose-lowering medications and a normal FPG level (Group 2); and, decreased by more than 40% for subjects who had a history of glucose-lowering medications, regardless of their FPG levels (Group 3 & 4). The multivariable-adjusted risks of CAP were similar for subjects who had no history of glucose-lowering medications and a normal FPG level (Group 2) and subjects who had a history of glucose-lowering medications and an elevated FPG level (Group 4). Although no report correlates glucose-lowering medications with CAP, there were clinical trials on DM patients showing anti-hyperglycemic therapies significantly reduce the risks of major adverse cardiovascular outcomes (16, 17). We hypothesize that glucose-lowering medications may induce beneficial effects beyond lowering glucose level and subsequently reduce the risk of CAP and atherosclerotic diseases. Our speculation was supported by two lines of evidence. The first, DM treatments were correlated with significant improvement in several cardiovascular risk factors, including blood pressure, HDL-C, and high-sensitivity C-reactive protein (32). The second, DM treatments reduce glucose variability. A recent follow-up study showed that increased glucose variability was correlated with higher risks of atherosclerosis progression (31). More large prospective studies are necessary to support our hypothesis further.

This study has two potential limitations. The observational nature of the present study means that causal inference must be made with caution. In addition, we found that glucose-lowering medications significantly lower the risk of CAP. However, most of the subjects were not able to provide the name and type of their prescribed drugs. As a result, we were not able to carry out stratified analyses to estimate the effects of individual agent.

In conclusion, this study found that higher glucose level significantly increased and glucose-lowering medications significantly decreased the risks of atherosclerosis progression. Moreover, there was an interactive effect between glucose level and glucose-lowering medications on the risk of CAP. Among subjects with a history of glucose-lowering medications, the multivariable-adjusted risk of CAP was non-significantly slightly increased for elevated glucose level. However, among subjects without a history of glucose-lowering medications, the multivariable-adjusted risk of CAP was significantly increased for elevated glucose level. It is likely that glucose-lowering medications may induce effects beyond lowering glucose level. The underlying mechanism warrants further exploration.
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