

[image: Association between blood glucose levels and arterial stiffness marker: comparing the second derivative of photoplethysmogram and cardio-ankle vascular index scores]
Association between blood glucose levels and arterial stiffness marker: comparing the second derivative of photoplethysmogram and cardio-ankle vascular index scores





ORIGINAL RESEARCH

published: 21 September 2023

doi: 10.3389/fendo.2023.1237282

[image: image2]


Association between blood glucose levels and arterial stiffness marker: comparing the second derivative of photoplethysmogram and cardio-ankle vascular index scores


Young-Jae Park 1,2*‡


1 Department of Biofunctional Medicine & Diagnostics, College of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea, 2 Department of Diagnosis and Biofunctional Medicine, Kyung Hee University Hospital at Gangdong, Seoul, Republic of Korea




Edited by: 

Guanghong Jia, University of Missouri, United States

Reviewed by: 

Amilia Aminuddin, National University of Malaysia, Malaysia

Dana Ciobanu, University of Medicine and Pharmacy Iuliu Hatieganu, Romania

Daniel Bia, Universidad de la República, Uruguay

*Correspondence: 

Young-Jae Park
 bmpomd@khu.ac.kr

‡ORCID: 

Young-Jae Park
 orcid.org/0000-0002-1582-7858


Received: 09 June 2023

Accepted: 30 August 2023

Published: 21 September 2023

Citation:
Park Y-J (2023) Association between blood glucose levels and arterial stiffness marker: comparing the second derivative of photoplethysmogram and cardio-ankle vascular index scores. Front. Endocrinol. 14:1237282. doi: 10.3389/fendo.2023.1237282






Objective

This study aimed to compare the association between fasting plasma glucose (FPG) and glycosylated hemoglobin A1c (HbA1c) levels using the second derivative of photoplethysmogram (SDPTG) index and the cardio-ankle vascular index (CAVI).





Methods

Electronic medical records of 276 participants (160 men, 116 women) who visited the health promotion center of a university hospital were examined. Age, sex, body mass index (BMI), blood pressure, and lipid profile were considered as risk factors for arterial stiffness, together with the FPG, HbA1c, CAVI, and SDPTG indices. Hierarchical regression models were constructed, and all participants were divided into low-normal, high-normal, prediabetic, and diabetic groups to examine the group-based differences in CAVI and SDPTG indices.





Results

FPG and HbA1c were independently predictive of increased CAVI, and their predictive powers for CAVI were equivalent (β = 0.214 and 0.200, respectively). Risk factors, including age, BMI, and male sex, were also predictive of CAVI (β= 0.593-0.630, -0.256 – -0.280, and 0.142-0.178, respectively). None of the FPG and HbA1c values were predictive of the SDPTG indices. The CAVI was higher in the diabetes group than in the other three groups according to HbA1c level, while the d/a index of the SDPTG decreased in the prediabetes group and increased in the diabetes group.





Conclusions

CAVI may not be substituted for SDPTG indices when evaluating arterial stiffness based on the glucose level. Moreover, the progression rate of arterial stiffness may differ between the diabetic and nondiabetic stages.
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1 Introduction

Increased fasting plasma glucose (FPG) levels are risk factors for arterial stiffness and cardiovascular disease (CVD) (1). Compared with FPG, glycosylated hemoglobin A1c (HbA1c) is a more stable indicator of glucose levels over the previous 3−4 months (2). Similar to FPG, an increase in HbA1c has been reported to be related to the development of arterial stiffness (3). Arterial stiffness can be noninvasively assessed using the pulse wave velocity (PWV). Carotid-femoral PWV (cf-PWV) is recommended as a representative marker for cardiovascular risk in individuals with hypertension by the European Society of Cardiology and the American Heart Association (4, 5). Together with cf-PWV, brachial-ankle PWV (ba-PWV) and cardio-ankle vascular index (CAVI) have been widely used to examine the severity of arterial stiffness because of the convenience of measurement (6–8). Some studies have suggested that increased FPG or HbA1c is related to arterial stiffness estimated by ba-PWV and CAVI not only in patients with diabetes (9, 10), but also in participants with normal and high-normal glucose levels (8, 11). These results suggest a graded increase in blood glucose levels with worsening arterial stiffness, irrespective of the diagnosis of diabetes.

The second derivative of the photoplethysmogram (SDPTG) is another indicator of arterial stiffness (12), and is related to risk factors of CVD, including hypertension and dyslipidemia (13). In terms of convenience, SDPTG measurement is much simpler than ba-PWV and CAVI measurement because the former requires only one photoplethysmography (PTG) transducer attached to the participant’s index finger and completes in less than 2 min. Although the relationship between the increase in ba-PWV and CAVI and the increase in blood glucose level is well established, studies on the relationship between blood glucose level and arterial stiffness using SDPTG are controversial. One study reported that the ratio of the amplitude of the b wave to the a wave of the SDPTG (b/a) was higher in patients with diabetes with HbA1c ≥ 8.0% than that in patients with diabetes with HbA1c < 8.0% (14). Another study reported a non-significant relationship between SDPTG indices and blood glucose levels in a large population (15). To examine whether SDPTG indices reflect arterial stiffness based on rising glucose levels, it may be helpful to simultaneously utilize SDPTG and CAVI for a population, including normal, prediabetic, and diabetic groups. Previously, Bortolotto et al. examined SDPTG and cf-PWV in patients with hypertension and found that the blood glucose level was predictive only of cf-PWV, not SDPTG indices (15). However, none of the studies have compared SDPTG with CAVI. This study mainly aimed to comparatively assess the relation of SDPTG indices and CAVI as a marker of arterial stiffness based on the increase in FPG and HbA1c levels. Previous studies have reported significant aging effects and sex differences in FPG and HbA1c levels in CAVI (5, 16). SDPTG has been also reported to have an aging effect (12, 13). However, standardized beta (β) coefficients were not reported in previous studies; therefore, it was not possible to compare the strength of the influence of FPG or HbA1c on other risk factors. In this study, a hierarchical regression model was constructed, and in addition to unstandardized beta values, β values of FPG, HbA1c, and other risk factors were examined.

Even if a linear relationship between FPG, HbA1c, and arterial stiffness is widely accepted, there is still a possibility that arterial stiffness may change suddenly or fluctuate among the normal, prediabetic, and diabetic groups. Gomez-Sanchez et al. reported that CAVI in subjects with high glucose levels was higher than that in subjects with normal and high-normal glucose levels in a Caucasian population (17). Shin et al. reported significant differences in ba-PWV between groups according to FPG levels in a Korean population (8). However, no study has addressed the differences in the SDPTG and CAVI indices according to glucose levels in a Korean population. Therefore, this study also aimed to examine the differences in CAVI and SDPTG indices according to FPG and HbA1c levels in a Korean population.




2 Methods



2.1 Subjects

This study followed a cross-sectional design. Among the 466 subjects who visited the health promotion center of a university hospital between April 2014 and December 2014, electronic medical recordings (EMRs) of 276 subjects who completed CAVI, SDPTG, FPG, HbA1c, and lipid profiles were investigated. Data on FPG, HbA1c, total cholesterol, and high- and low-density lipoprotein cholesterol (HDL- and LDL-cholesterol) levels after an overnight fast were collected from the EMRs of all subjects. Data on blood samples, the heart rate (HR), systolic and diastolic blood pressure (SBP and DBP), and body mass index (BMI) were collected. The CAVI and SDPTG tests were conducted in random order. The study protocol was approved by the Institutional Review Board of the Kyung Hee University Korean Medical Hospital at Gangdong (IRB approval number: KHNMCOH 2016-09-002-002).




2.2 CAVI and SDPTG measurements

The CAVI was measured using a VS-1000 (Fukuda Denshi, Tokyo, Japan) with a supine position. This device includes four cuffs for estimating the BP and obtaining the PTG data of the left and right brachial and tibial arteries. Further, the phonocardiograms and electrocardiogram transducers were attached to the participants’ left chest. Through the 5 minute-test, the left and right CAVI values were automatically calculated. Although PTG data were recorded from the brachial and tibial arteries, only the PTG data of the brachial artery were used to estimate the time point of the first cardiac sound, which was caused by the opening of the aortic valve, and this time point corresponding to that at which the PTG for the tibial artery was generated. The stiffness parameter S was estimated by the following equation: S = 2ρ × 1/(Ps − Pd) × ln (Ps/Pd) × PWV2, where ρ is blood density, and Ps and Pd are SBP and DBP in mmHg, respectively (16). For the SDPTG measurement, each participant was seated comfortably in a chair, and the PTG was recorded for 90-second periods on the index finger of the left hand using SA-3000P (Medicore Co., Seoul, Korea). The SDPTG consists of four systolic waves (a, b, c, and d) and a diastolic wave (e). The b/a reflects large artery stiffness, whereas the ratio of the amplitude of the d wave to the a wave (d/a) reflects an earlier-returned component of the pulse wave caused by peripheral artery stiffness (12). The vascular aging index (VAI = (b-c-d-e)/a) reflects both large and peripheral artery stiffness (15). Since SA-3000P did not present e-wave information, a modified VAI (mVAI = (b-c-d)/a) was considered in this study (18).




2.3 Formation of the hierarchical regression model

Since there was a very strong correlation between the left and right CAVIs (r = 0.954), the mean left-right CAVI value was used during regression analysis. The association of aging (10, 12, 13), sex differences (8, 15), obesity (19), hypertension (15, 20), and dyslipidemia (21) with arterial stiffness has been previously reported. While previous studies used multiple regression models to calculate the predictability of risk factors and glucose level indicators for arterial stiffness (5, 6, 8, 11), this study adopted hierarchical regression models consisting of two blocks of independent variables. In the hierarchical regression model, risk factors including age, sex differences, BMI, BP, and lipid-related markers were inserted into the first block, and the overall predictive power of the risk factors for arterial stiffness was calculated. One of the FPG or HbAlc was inserted into the second block, and the influence of FPG or HbA1c on arterial stiffness was calculated. The reason for separating FPG and HbA1c from the second block was that these two indicators had the possibility of multicollinearity. After designing the two blocks of independent variables, three SDPTG indices (mVAI, b/a, and d/a) and CAVI were used as dependent variables in the regression models. Because one of the FPG or HbA1c levels was input to the dependent variable, a total of eight hierarchical regression models were formed. On comparing the β-values of FPG and HBA1c with the β-values of the other risk factors, the eight hierarchical regression models yielded information on the comparative predictability of FPG and HBA1c with other risk factors on arterial stiffness, as well as the comparative predictability of FPG with HBA1c on arterial stiffness.




2.4 Classification of normal, prediabetes, and diabetes groups

To examine differences in CAVI and SDPTG indices according to FPG and HbA1c levels, all subjects were categorized into four groups: low-normal, high-normal, prediabetes, and diabetes8. Using the diagnostic criteria of the American Diabetes Association by FPG (22), 17 subjects with FPG > 126 mg/dL were categorized into the diabetes group. The remaining 259 subjects were categorized into three groups according to tertiles of FPG levels: low-normal (n=84, FPG<89 mg/dL), high-normal (n=86, 89 mg/dL ≤ FPG <98 mg/dL), and prediabetes (n = 89, 98 mg/dL ≤ FPG<126 mg/dL) groups. Similar to the FPB classification, four groups were defined according to HbA1c levels. That is, 20 subjects with HbA1c over 6.5% were categorized into the diabetes group (22), and the remaining 256 subjects were assigned to one of the three groups by HbA1c levels: low-normal (n=89, HBA1c < 5.3%), high-normal (n=95, 5.3%≤ HbA1c <5.6%), and prediabetes (n=72, 5.6% ≤ HbA1c <6.5%) groups. In this study, the four groups based on FPG and HbA1c levels were abbreviated as quartile 1 (Q1, low-normal), Q2 (high-normal), Q3 (prediabetes), and Q4 (diabetes), although the number of patients in the diabetes group was smaller than that in the other three groups.




2.5 Statistical analysis

In the hierarchical regression model, multivariate normality for age, HR, SDP, DBP, BMI, FPG, and HbA1c values were checked using the Kolmogorov−Smirnov test. If any indices violated normality, they were log-transformed. All the independent variables were inserted into blocks using a stepwise method. The significance of the F-value was investigated to examine whether the significance of the new regression model remained when one independent variable was added. A variance inflation factor (VIF) was used to examine whether there was any multicollinearity between the independent variables. If there were aging effects on CAVI and SDPTG indices, partial correlations with age as a covariate were conducted for CAVI, mVAI, b/a, and d/a values. Partial correlations were compared with the results of Pearson or Spearman correlations to examine how the aging effect resulted in changes in the correlations between the CAVI and SDPTG indices.

If FPG or HbA1c was predictive of any indices of CAVI or SDPTG, differences in CAVI or SDPTG indices between FPG or HbA1c groups were investigated to examine which factor, among FPG or HbA1c, was more effective for changes in arterial stiffness levels. If the regression modeling found age effects and sex differences, a two-way analysis of covariance (ANCOVA) with age as a covariate was considered. In the ANCOVA model, sex and the four groups according to FPG or HbA1c levels were assigned to two independent factors. However, the sample numbers of the four groups were not equal, so equality of error variances needed to be guaranteed before the ANCOVA test. Therefore, a two-way ANCOVA was conducted only if the equality of error variances was accepted. If equality of error variances was violated, differences in CAVI or the SDPTG indices by FPG or HbA1c groups were examined using the Kruskal−Wallis rank test and differences between two groups and between sexes within each group were examined using the Mann−Whitney U test. All statistical analyses were conducted using Statistical Package for Social Sciences version 21 (SPSS, Inc., Chicago, Illinois, USA). Values are presented as means ± standard deviations, and P values < 0.05 were considered statistically significant. In the hierarchical regression models, a VIF above 10 denoted multicollinearity between independent variables (23).





3 Results

Table 1 lists sex-based descriptive characteristics of age, FPG, HbA1c, BP, and BMI. In the multivariate normality test, HR, HDL cholesterol, FPG, and HbA1c values were not normally distributed, and these values were log-transformed when inserted into the hierarchical regression model. Table 2 lists the regression model summary of SDPTG and CAVI as the dependent variables. In the models with mVAI, b/a, and d/a as dependent variables, none of FPG and HbA1c contributed to an increase in the adjusted R2 values of mVAI, b/a, and d/a (significance of F change: 0.679 -0.836), although age, sex differences, BMI, DBP, and LDL-cholesterol independently contributed to an increase in the adjusted R2 values of the SDPTG indices (significance of F change: 0.0001 -0.037). This indicated that FPG and HbA1c levels were not predictive of any SDPTG index. In the models with CAVI as the dependent variable, FPG and HbA1c contributed to the increase in adjusted R2 values (significance of F change < 0.001), indicating that FPG and HbA1c were independent predictors of arterial stiffness estimated by CAVI, even after controlling for risk factors such as age, sex, and BMI. The adjusted R2 values of age, sex differences, and BMI in the CAVI model were approximately twice those in the SDPTG model, indicating that the predictive power of risk factors to CAVI was stronger than that to the SDPTG indices.


Table 1 | Sex-based descriptive characteristics of study participants.




Table 2 | Regression model summary with CAVI and SDPTG indices as dependent variables.



Table 3 lists unstandardized and β values, standard errors, and VIF values of the independent variables in the regression models. All independent variables showed the VIF levels under two points, indicating that they were free of multicollinearity. In the comparison of β values, age was the most influential factor, ranging from -0.327 to 0.630. In the two regression models with CAVI as a dependent variable, β value of FPG was 0.214, being similar to 0.200 of HbA1c. The β values of the sex variable in the two CAVI models were -0.142 (FPG model) and -0.178 (HbA1c model), indicating that CAVI was higher in men than women. Inversely, β value of sex in the b/a model was 0.206, indicating that b/a was higher in women than men. The β values of BMI in the two CAVI models were -0.280 (FPG model) and -0.256 (HbA1c model), indicating that lower BMI was associated with increased arterial stiffness. Although final regression models of the CAVI were significant (P <0.001), the P value of HR exceeded 0.05 when FPG or HbA1c was inserted as an independent variable. This indicated the possibility of a decrease in HR according to an increase in FPG or HbA1c.


Table 3 | Model summary of hierarchical regression with CAVI and SDPTG indices as dependent variables.



As the right CAVI did not satisfy multivariate normality using the Kolmogorov–Smirnov test (z = 1.552, P=0.016), Spearman’s correlations between CAVI and the SDPTG indices were calculated. Moreover, regression analysis results showed a strong age effect on the SDPTG indices and CAVI, so a partial correlation with age as a covariate was conducted. Table 4 lists the Spearman and partial correlations between the CAVI and SDPTG indices. Spearman’s correlations showed moderate positive or negative correlations between the CAVI and SDPTG indices (r = ± 0.319 – ± 0.410). However, partial correlations between them were notably decreased compared to Spearman’s correlations, without controlling for age. Moreover, the correlation between CAVI and the b/a index became non-significant in the partial correlations.


Table 4 | Spearman- and partial- correlations between CAVI and the SDPTG indices.



Differences in CAVI values among the four groups according to FPG and HbA1c levels were examined. As age effect and sex differences for the CAVI were found, a two-way ANCOVA was performed, where four groups and sex were assigned to independent variables, and age was inserted as a covariate. To conduct ANCOVA, it is necessary to guarantee equality of error variance for the dependent variables by the group. As the null hypothesis of equality of variances was accepted for HbA1c (P = 0.185), group effects and sex differences were examined by ANCOVA, and multiple comparisons were performed to examine the differences in HbA1c levels between the groups and between sexes. For FPG groups, the null hypothesis of equality of variances was not accepted (F=2.109, P = 0.043), the group effect of FPG on CAVI was examined using the Kruskal−Wallis rank test and differences between the groups and between the sexes within each group were examined using the Mann−Whitney U test. Table 5 lists the descriptive characteristics of the CAVI according to the four groups based on HbA1c and FPG. Since two-way ANCOVA was conducted only for the four groups by HbA1c level, age, sex, and group effects, and interaction of sex and group effect on CAVI values are also presented only to the groups by HbA1c. For the groups by FPG level, only the group effect, except for age, sex, and the interaction of sex and age, is presented. The four groups by HbA1c showed a significant age effect (F=133.876, P < 0.001), group effect (F = 4.483, P = 0.004), and sex differences (F=4.391, P=0.037). There was no interaction between sex and group effects (F=0.105, P=0.957). Similar to the HbA1c group, the FPG group showed a significant group effect (χ2 = 21.549, P <0.001).


Table 5 | Differences in the CAVI values between low-normal, high-normal, prediabetes, and diabetes groups by HbA1c and FPG level.



Figure 1A shows the differences in CAVI among the four groups based on HbA1c levels. Multiple comparisons showed that a significant group effect was caused by the differences between one group consisting of the low-normal (Q1), high-normal (Q2), and prediabetes groups (Q3), and the other group consisting of the diabetes group (Q4). That is, CAVI gradually increased in the low-normal, high-normal, and prediabetes groups but suddenly increased in the diabetes group (Q4). Moreover, the CAVI was higher in men than in women in all four groups. Figure 1B shows the differences in CAVI among the four groups according to FPG. The Mann-Whitney U test was conducted for six pairs of groups by FPG level (Q1-Q2, Q1-Q3, Q1-Q4, Q2-Q3, Q2-Q4, and Q3-Q4), and for four pairs of sexes within each group (men: women within Q1, Q2, Q3, and Q4). The CAVI of the four groups by FPG showed a step-like difference. That is, the CAVI of the low-normal group was lower than that of the high-normal and prediabetes groups, whereas the CAVI of the high-normal and prediabetes groups was lower than that of the diabetes group. There were no sex differences in the CAVI within each group according to FPG.




Figure 1 | Differences in CAVI and d/a index of SDPTG between low-normal, high-normal, prediabetes, and diabetes groups by HbA1c and FPG levels. CAVI, cardio-ankle vascular index; SDPTG, the second derivative of photoplethysmogram; HbA1c, glycosylated haemoglobin A1c; FPG, fasting plasma glucose. (A) differences in CAVI by HbA1c, (B) differences in CAVI by FPG, (C) differences in d/a index by FPG. Solid arrows indicate comparison between groups, while dotted arrows indicate comparison between sexes. **; P<0.01, *; P<0.05, NS, non-significant.



Although there was no significant linear relationship between FPG, HbA1c, and the SDPTG indices, it is still possible that there will be differences in mVAI, b/a, and d/a indices between the groups based on FPG and HaA1c. Table 6 lists the differences in the mVAI, b/a, and d/a indices between the FPG and HbA1c groups. The null hypothesis of equality of error variance was not accepted in the examination of differences in the d/a index by FPG groups, and the group differences were examined using the Kruskal-Wallis rank test. The other SDPTG indices satisfied the equality of error variances, and the group effect and sex differences for the indices were examined using two-way ANCOVA with age as a covariate. None of the SDPTG indices, except for the d/a index by the FPG group, showed significant group effects. Therefore, for the d/a index by FPG groups, the Mann-Whitney U test was conducted for six pairs of groups by and for four pairs of sexes within each group, similar to the examination of differences in CAVI by FPG groups. Figure 1C shows the differences in the d/a index between the four groups according to FPG. Similar to the CAVI by FPG groups, the d/a index showed step-like differences between the four groups by FPG. However, d/a in the low-normal group decreased in the high-normal and prediabetes groups and increased again in the diabetes group. Finally, there were no differences in the d/a values between the low-and diabetic groups. Regarding sex differences, the d/a index was higher in men than in women only in the prediabetes group; there were no sex differences among the other three groups.


Table 6 | Differences in SDPTG indices between low-normal, high-normal, prediabetes, and diabetes groups by HbA1c and FPG level.






4 Discussion

The main finding of this study was that none of the FPG and HbA1c levels were predictive of the SDPTG indices. Nonetheless, the mVAI, b/a, and d/a indices of the SDPTG were predicted by risk factors for arterial stiffness, including age, sex, BMI, DBP, and LDL-cholesterol. In contrast, FPG and HbA1c were predictive of an increase in CAVI, consistent with previous study results (6–11). Another finding was that the CAVI level was higher in the diabetes group than in the low-normal, high-normal, and prediabetes groups by HbA1c level. These findings suggest that CAVI may not be substituted for SDPTG indices when evaluating arterial stiffness according to the increase in glucose level, despite the measurement convenience of SDPTG, and there is a possibility of a difference in the progress speed of arterial stiffness in the diabetic and non-diabetic stages.

Previous studies have reported the relationship between glucose levels and arterial stiffness in normal, prediabetic, and diabetic stages using ba-PWV (5, 8, 11) or CAVI (17). The results of this study support the hypothesis that normal- and prediabetes-glucose levels may result in vascular dysfunction before the diagnosis of diabetes (8), and glucose levels estimated by FPG or HbA1c should be cautiously monitored to prevent the progression of arterial stiffness in the normal and prediabetes stages, as well as in diabetes. This study also supports the study by Gomez-Sanchez, where FPG and HbA1c levels were independently predictive of CAVI (17). However, this study overcomes the limitations of the previous study by using an unstandardized beta coefficient and shows that the association of FPG with CAVI is equivalent to that of HbA1c with CAVI. Although HbA1c has the advantage of being free of fasting and a more stable indicator than FPG, it also has some issues in that the former is affected by the variability of the test method, abnormal hemoglobin, anemia, and racial differences (24). Therefore, it is recommended that the blood glucose test be selected based on the laboratory conditions and the subject’s circumstances.

In the examination of the predictive power of FPG, HbA1c, and the risk factors on CAVI, the overall adjusted R2 of age, BMI, sex differences, and HR was 0.460, whereas FPG and HbAlc contributed to the addition of the overall adjusted R2 by 0.037 and 0.03, respectively. In the examination of β values of the independent variables, changes of one standard deviation of age resulted in changes of 0.63 standard deviations of the CAVI, while one standard deviation of FPG and HbA1c resulted in changes of 0.214 and 0.200 standard deviations of the CAVI. The effect of BMI on CAVI was greater than that of FPG and HbA1c on CAVI. Considering the addition of the predictive power of FPG and HbA1c to the overall adjusted R2 and their β values, it appears that despite the independent effect of glucose level indicators on arterial stiffness, risk factors, including aging and BMI, should be cautiously monitored, and managed along with FPG and HbA1c for the progression of arterial stiffness.

With age, the artery enlarges with wall thickening and elastic properties at the level of the large arteries are reduced (25). It has been reported that sex hormones, especially estrogen, induce differences in arterial stiffness between the sexes. During reproductive age, arterial stiffness is lower in women than in men; however, during menopause, arterial stiffness rises rapidly in women, which may be mediated by estrogen (26). However, the effect of sex differences on arterial stiffness is not consistent with previous studies in the Korean population. Shin et al. reported that sex differences were not predictive of an increase in ba-PWV (8), whereas Kim et al. reported a significant increase in cf-PWV in men than in women (27). This study supports Kim’s study results, and the effect of sex hormones on the increase in arterial stiffness may not have been activated, so CAVI was lower in women than in men (27). Although a significant positive correlation was observed between the degree of obesity and PWV (19), several studies on the relationship between BMI and arterial stiffness reported negative correlations between them (11, 28, 29). This study also found that a decrease in BMI was predictive of an increase in CAVI. Concerning the “obesity paradox,” Tang et al. speculated that differences in sample size, interaction with BMI and other risk factors such as BP, differences in metabolic effects between obese and non-obese groups, and differences in waist/hip ratio and BMI as an obesity indicator, may have resulted in negative correlations between obesity indicators and arterial stiffness (29). In this study, the mean BMI value of men was 24.97 kg/m2 and that of women was 23.28 kg/m2. Therefore, one possibility is that the relationship between BMI and CAVI in the non-obese group may have been different from that in the overweight or obese group. Another possibility is that the interaction between age and BMI may have contributed to the “obesity paradox”. Hence, BMI may have decreased with age among the participants of this study. However, the examination of the interactions between risk factors and glucose level indicators was not conducted in this study, and it is challenging to examine the “obesity paradox,” considering the differences between obese and non-obese groups and interactions between BMI and other risk factors, in further studies.

Since a strong age effect was found through regression analysis, partial correlations between CAVI and the SDPTG indices with age as a covariate were conducted and compared using Spearman’s correlations. Spearman’s correlations showed moderate levels (r; 0.319 -0.410) and they were higher than the correlations between cf-PWV and SDPTG indices in Hashimoto’s study (r; 0.164-0.205) (30). However, partial correlations were much lower than Spearman’s correlations, and the relationship between the b/a index and CAVI became non-significant. Considering hierarchical regression analysis and lowered correlations after correcting for age, SDPTG indices may not possibly be involved in the mechanism by which blood glucose levels affect arterial stiffness, although CAVI and SDPTG may share the mechanism by which risk factors such as age, sex, and BMI affect arterial stiffness. Zheng et al. speculated that increased blood glucose levels may affect arterial stiffness through damage to endothelial and capillary diastolic functions (31). Arterial stiffness may again decrease capillary perfusion so that insulin resistance in hepatic tissue or skeletal muscle and blood glucose levels will be increased. Therefore, one possibility is that CAVI may be more sensitive to damage to the endothelial wall and decreased capillary perfusion due to increased glucose levels than SDPTG. Interestingly, one study reported that the b/a index was higher in the diabetes group with over 8.0% of HbA1c than in the diabetes group under 8.0% of HbA1c (14). Considering that b/a reflects large arterial stiffness while d/a reflects peripheral artery stiffness (12), and that most subjects (259/276 by FPG, 256/276 by HbA1c) were included in the normal and prediabetes groups, it is still possible that b/a may reflect large arterial stiffness due to increased glucose levels in the advanced stage of diabetes.

In the examination of differences in CAVI among the four groups by HbA1c, CAVI was lower in the low-normal, high-normal, and prediabetes groups than in the diabetes group. This indicated that despite the linear relationship between blood glucose levels and arterial stiffness, there was a possibility of rapid aggravation of arterial stiffness at the beginning of diabetes. CAVI was higher in men than in women in all four groups. However, differences in CAVI among the four groups by FPG were rearranged into three groups: CAVI in the high-normal and prediabetes groups was higher than that in the low-normal group, and CAVI in the diabetes group was higher than that in the high-normal and prediabetes groups. It is not clear why this discrepancy occurred between the FPG and HbA1c levels. One possibility is that FPG values were not normally distributed; therefore, the assignment of sample numbers to each group by FBS was not as homogeneous as that by HbA1c. Therefore, further studies including more samples from patients with diabetes are needed to clarify the changes in CAVI.

Kruskal−Wallis rank and Mann−Whitney U tests showed that d/a in the high-normal and prediabetes groups was lower than d/a in the low-normal group; thereafter, d/a increased in the diabetes group, equivalent to that in the low-normal group. This indicated that peripheral artery stiffness estimated by d/a increased according to increased glucose levels in the high-normal and prediabetes stages, and again decreased in the diabetes stage. However, this result should be interpreted cautiously because hierarchical regression models did not find a significant relationship between FPG and d/a. Therefore, it does not appear that increased glucose levels directly result in changes in d/a. One possibility is that the compensation mechanism may have been activated during the pre-diabetes stage. Increased glucose levels induce endothelial vasodilator dysfunction (29). Insulin itself vasodilates skeletal muscle so that insulin-induced microvascular flow increases its tissue delivery, as well as the delivery of nutrient substrates in the prediabetes stage (32). After entering the diabetes stage, endothelial damage due to increased insulin resistance may have a more dominant influence on arterial stiffness than the compensation mechanism of peripheral vasodilation.

This study has some limitations. The sample size of the diabetes group was smaller than those of the other three groups. Data on medications for hypertension or hyperlipidemia, regular exercise, sedentary lifestyle, body composition, and smoking were not considered. Interactions among FPG, HbA1c, and other risk factors were not considered. The results of this study are limited to the Korean population only. Further studies are required to validate the results of this study.




5 Conclusions

This study found that none of the SDPTG indices were predicted by FPG or HbA1c levels, although other risk factors such as age, sex, and BMI were significant predictors of the SDPTG indices. Hence, CAVI may not be substituted for SDPTG indices to estimate arterial stiffness with increased glucose levels possibly because SDPTG indices may not reflect the mechanism by which blood glucose affects arterial stiffness. Moreover, the progression rate of arterial stiffness may differ between the diabetic and nondiabetic stages.
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