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Abstract: Previous studies exploring the association between arterial stiffness and prediabetes remain
controversial. This study aimed to investigate the association of the different domains of prediabetes
categorized by glycated hemoglobin A1c (A1c) 5.7–6.4%, impaired fasting glucose (IFG), fasting
plasma glucose of 5.6–6.9 mmol/L, and impaired glucose tolerance (IGT), two-hour post-load glucose
of 7.8–11.0 mmol/L, on arterial stiffness. These were measured by brachial–ankle pulse-wave velocity
(baPWV). We enrolled 4938 eligible subjects and divided them into the following nine groups:
(1) normoglycemic; (2) isolated A1c 5.7–6.4%; (3) isolated IFG; (4) IFG with A1c 5.7–6.4%; (5) isolated
IGT; (6) combined IGT and IFG with A1c <5.7%; (7) IGT with A1c 5.7–6.4%; (8) combined IGT and IFG
with A1c 5.7–6.4%; and (9) newly diagnosed diabetes (NDD). The baPWV values were significantly
high in subjects with NDD (β = 47.69, 95% confidence interval (CI) = 29.02–66.37, p < 0.001), those
with IGT with A1c 5.7–6.4% (β = 36.02, 95% CI = 19.08–52.95, p < 0.001), and those with combined IGT
and IFG with A1c 5.7–6.4% (β = 27.72, 95% CI = 0.68–54.76, p = 0.044), but not in the other subgroups.
These findings suggest that increased arterial stiffness was found in prediabetes individuals having
an A1c 5.7–6.4% with IGT, but not IFG. Isolated A1c 5.7–6.4% and isolated IGT were not associated
with elevated arterial stiffness.
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1. Introduction

Type 2 diabetes mellitus is one of the leading causes of premature morbidity and mortality
worldwide, and is an increasing public health concern [1]. Subjects with a condition lying between
normoglycemia and dysglycemia are considered to be prediabetic, and these clinical conditions have
been associated with the development of microvascular and macrovascular complications [2]. Since 2009,
the American Diabetes Association (ADA) has revised the criteria for the detection of prediabetes and
diabetes to include glycated hemoglobin A1c (A1c) levels as diagnostically relevant. This is in addition
to pre-existing diagnostics establishing impaired fasting glucose (IFG) and impaired glucose tolerance
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(IGT) [3,4]. Accordingly, these ADA recommendations are based mainly on associations between A1c
levels and microvascular complications [3].

Diabetes both precedes and contributes to the development of macrovascular disease [1], and the
related diagnosis of prediabetes has become an important public issue [5]. One underlying mechanism
of diabetes and macrovascular disease is the associated elevated serum advanced glycation end products
(AGEs) that may cause the crosslinking of collagen molecules and the loss of collagen elasticity. The
glycosylation of the vessel walls has also been related to the thinning of elastin fibers, subsequently
resulting in arterial stiffness [6–8], which is an independent predictor of future cardiovascular events
and mortality [9,10]. Several non-invasive methods are currently available to evaluate the severity
of arterial stiffness, including one widely used method that measures pulse-wave velocity (PWV).
Although carotid-femoral PWV (cfPWV) is considered the gold standard indicator of arterial stiffness,
brachial–ankle PWV (baPWV) has been validated and is used in most Asian countries due to ease of
execution, reproducibility, and the strong correlations with cfPWV [11,12].

Previous studies exploring the association between arterial stiffness and prediabetes have lacked
consistency [13–17]; one explanation for the discrepancies might be related to the different ways of
defining prediabetes, including determining the fasting plasma glucose (FPG), two-hour post-load
glucose (2hPG), and A1c levels. For example, Ohnishi et al. [13] found significant differences in the
baPWV values of the normal versus the IFG groups based on FPG level alone. In contrast, using both
FPG and 2hPG level measurements, our previous study demonstrated the association of IGT with
greater arterial stiffness and isolated IFG with insignificant differences in baPWV, compared with
normal glucose tolerance [14]. Because 2hPG levels were not determined, the characteristics of the
subjects in the IFG group of the study by Ohnishi et al. may have had similar characteristics to the
subjects in the IGT group. Hence, the effects of IGT may have been misunderstood to be that of IFG.
In addition, in a large study of Caucasian adults [18], the concordance of prediabetes, diagnosed via
IFG, IGT, or A1c 5.7–6.4%, was limited, and, thus, the agreement among the three diagnostic criteria
was only 10.4%. The relationship between arterial stiffness and prediabetes requires consensus among
these three blood glucose indices. The aim of this study was to investigate the different domains of
prediabetes categorized by A1c 5.7–6.4%, IFG, and IGT, as per the ADA criteria parameters of arterial
stiffness shown by the baPWV values of a large Chinese population without known hypertension,
diabetes, or cardiovascular disease.

2. Experimental Section

2.1. Study Population

Subjects who received self-motivated physical check-ups were included in the study, which
covered the period between October 2006 and August 2009. The subjects’ data were extracted
retrospectively for secondary data analysis, without personal identification information, from the
Health Management Center of the National Cheng Kung University Hospital. None of the female
participants were pregnant. To avoid confounding effects, individuals were excluded if they: (1) had a
history of hypertension, diabetes, coronary heart disease, or stroke; (2) were using medications that are
known to influence blood pressure, plasma glucose, and lipid profiles; (3) had either of their lower
limbs amputated; (4) claimed alcohol consumption levels of more than 30 gm per week [19]; (5) had
estimated glomerular filtration rates (eGFR) of <30 mL/min/1.73 m2; (6) were anemic (hemoglobin
levels either <8.38 mmol/L in men or <7.45 mmol/L in women) [20]; or (7) had brachial–ankle indexes
of <0.95 [21]. A total of 4938 subjects (3076 men, 62.3%; 1862 women, 37.7%) met the inclusion criteria
and were enrolled. The study protocol was approved by the Ethics Committee for Human Research at
the National Cheng Kung University Hospital, Taiwan (Approval No. ER-100-164).
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2.2. Clinical Parameter Assessment

All participants completed a structured questionnaire containing questions regarding medical
history, medication use, and lifestyle habits including smoking, alcohol consumption, and regular
exercise. Smoking habits were categorized as former, current, or never; alcohol consumption was
categorized as either current or non-user. Habitual exercise was defined as vigorous exercise at least
three times per week [22]. The subjects’ height and weight were measured to the nearest 0.1 cm
and 0.1 kg, respectively using a certified anthropometry instrument, and body mass indexes (BMI;
kilograms per meter squared) were calculated for all subjects. Systolic and diastolic blood pressure
(SBP and DBP, respectively) were determined using a DINAMAP vital sign monitor (model 1846SX,
Critikon Inc., Tampa, FL, USA). The mean levels, from right and left, of brachial blood pressure
were measured while the subjects were in the supine position and wrapped in appropriately-sized
pneumatic pressure cuffs, after at least 15 min of rest.

All blood samples were collected after overnight fasting of at least 10 h, and creatinine, FPG,
cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), A1c, and hemoglobin levels
were determined. Following a 75 g oral glucose tolerance test, 2hPG levels were measured in
subjects without a history of diabetes. FPG and 2hPG levels were determined using a hexokinase
method (Roche Diagnostic GmbH, Mannheim, Germany). A1c levels were measured using
ion-exchange HPLC (HbA1c, BIO-RAD V-II TURBO Hemoglobin A1c program, Bio-Rad Laboratories,
Inc., Kent, England). Initially, subjects were divided into five groups, according to the ADA
diagnostic criteria [4]: (1) normoglycemic—FPG <5.6 mmol/L, 2hPG <7.8 mmol/L, and A1c <5.7%;
(2) isolated A1c 5.7–6.4%—FPG <5.6 mmol/L, 2hPG <7.8 mmol/L, and A1c 5.7–6.4%; (3) IFG without
IGT—FPG <7.0 mmol/L, 2hPG <7.8 mmol/L, and A1c <6.5%; (4) IGT—2hPG of 7.8–11.0 mmol/L,
FPG <7.0 mmol/L, and A1c <6.5%; and (5) with newly diagnosed diabetes (NDD)—FPG ≥7.0 mmol/L,
2hPG ≥11.1 mmol/L, or A1c ≥6.5% (Figure 1). Groups 3 and 4 were further categorized into two
and four groups, respectively: (3.1) isolated IFG—FPG of 5.6–6.9 mmol/L, 2hPG <7.8 mmol/L, and
A1c <5.7%; (3.2) IFG with A1c 5.7–6.4%—FPG of 5.6–6.9 mmol/L, 2hPG <7.8 mmol/L, and A1c 5.7–6.4%;
(4.1) isolated IGT—FPG <5.6 mmol/L, 2hPG of 7.8–11.0 mmol/L, and A1c <5.7%; (4.2) combined IGT
and IFG with A1c <5.7%—FPG of 5.6–6.9 mmol/L, 2hPG of 7.8–11.0 mmol/L, and A1c <5.7%; (4.3) IGT
with A1c 5.7–6.4%—FPG <5.6 mmol/L, 2hPG of 7.8–11.0 mmol/L, and A1c 5.7–6.4%; and (4.4) combined
IGT and IFG with A1c 5.7–6.4%—FPG of 5.6–6.9 mmol/L, 2hPG of 7.8–11.0 mmol/L, and A1c 5.7–6.4%
(Figure 2).
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Figure 2. Venn diagram representing different domains and agreements of prediabetes categorized
by glycated hemoglobin A1c (A1c) 5.7–6.4%, impaired fasting glucose (IFG), and impaired glucose
tolerance (IGT). A) IFG with A1c 5.7–6.4% (n = 137); B) combined IGT and IFG with A1c <5.7% (n = 29);
C) IGT with A1c 5.7–6.4% (n = 305); and D) combined IGT and IFG with A1c 5.7–6.4% (n = 109).

2.3. Vascular Assessment

After 5 min of supine rest, the subjects’ baPWV values were measured using a non-invasive
vascular screening device (BP-203RPE II; Colin Medical Technology, Komaki, Japan). This device allows
pulse-wave measurements from sensors in four wrapped pneumatic pressure cuffs that simultaneously
measure the blood pressure and pulse waves in the brachial arteries of both arms and the tibial arteries
of both legs. Then, we automatically computed baPWV (cm/s) by dividing the brachial–ankle distances
(L = 0.5934 × body height (cm) + 14.4014) by the time interval between rising waveforms of the brachial
region and the ankle (∆T). Because the left and right baPWV values were significantly positively
correlated (r = 0.968, p < 0.001), the mean baPWV values were used in the final analyses.

2.4. Statistical Methods

Statistical analyses were performed using SPSS software for Windows (version 17.0; SPSS, Inc.,
Chicago, IL, USA). Continuous variables are expressed as mean ± standard deviation, and categorical
variables are expressed as percentages. Differences between the unadjusted group means of continuous
variables were identified using ANOVA with Scheffé’s post hoc test. Categorical variables were
compared using Chi-square tests among groups. Multiple linear regression analyses were performed to
test the relationship between baPWV values (dependent variables) and different glycemic states, with
adjustment for other confounding variables, including age, sex, BMI, SBP, total cholesterol, triglyceride,
HDL, former smoking vs. never, current smoking vs. never, current alcohol consumption, and habitual
exercise. In Models 1 and 2 of the multiple linear regression models, glycemic states were divided into
five and nine subgroups, respectively. Unstandardized regression coefficients and 95% confidence
intervals (CI) were derived from each regression model. Through the statistical tests, the differences
and associations were considered significant when p < 0.05.
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3. Results

Initially, 4938 subjects were classified into groups, normoglycemic (n = 2583), isolated A1c 5.7–6.4%
(n = 1188), IFG without IGT (n = 211), IGT (n = 704), and NDD (n = 252). The Venn diagram representing
different domains of prediabetes, including isolated A1c 5.7–6.4%, IFG without IGT, and IGT, is shown
in Figure 1. The baseline characteristics of the subjects in these five groups are presented in Table 1.
Significant differences were identified in age, sex, BMI, SBP, DBP, FPG, 2hPG, cholesterol, triglyceride,
HDL-C, and prevalence of current alcohol drinking. Within these five groups, the mean baPWV values
were 1253.1 ± 187.6, 1353.7 ± 223.9, 1376.9 ± 227.8, 1406.3 ± 251.7, and 1491.6 ± 276.6 cm/s (ANOVA;
p < 0.001), respectively. The Scheffé’s post hoc test also revealed that baPWV values increased more in
the isolated A1c 5.7–6.4%, IFG without IGT, IGT and NDD groups than in the normoglycemic group
(p < 0.001). Following the discordance in the categorization resulting from the three tests (A1c, FPG,
2hPG), the prediabetic groups were further clarified, as shown in Figure 2, and all subjects were then
classified into nine groups, including normoglycemic (n = 2583), isolated A1c 5.7–6.4% (n = 1188),
isolated IFG (n = 74), IFG with A1c 5.7–6.4% (n = 137), isolated IGT (n = 261), combined IGT and IFG
with A1c <5.7% (n = 29), IGT with A1c 5.7–6.4% (n = 305), combined IGT and IFG with A1c 5.7–6.4%
(n = 109), and NDD (n = 252).

In the multiple linear regression analyses of the clinical variables and the baPWV values of Table 2,
Model 1 shows independently higher baPWV values only in the prediabetic group of IGT (β = 16.59,
95% CI = 4.41–28.76, p = 0.008) and the NDD group (β = 46.35, 95% CI = 27.18–65.04, p < 0.001), but not
in the isolated A1c 5.7–6.4% or IFG without IGT groups, compared with normoglycemic subjects.
In addition, age, current smoking, and SBP were positively associated with the baPWV values, whereas
BMI and habitual exercise were inversely associated with the baPWV values. These above factors
accounted for 63.2% of the total variance (adjusted R2 = 0.632). In Model 2, when the agreement
domains were stratified further using the three tests, the baPWV remained significantly higher in
the NDD group (β = 47.69, 95% CI = 29.02–66.37, p < 0.001) and the prediabetic groups of IGT with
A1c 5.7–6.4% (β = 36.02, 95% CI = 19.08–52.95, p < 0.001) and combined IGT and IFG with A1c 5.7–6.4%
(β = 27.72, 95% CI = 0.68–54.76, p = 0.044). However, compared to the normoglycemic subgroup,
the elevated baPWV values were not significant in the two subgroups—isolated and combined IGT
and IFG with A1c <5.7%—originally included from the IGT group. The above factors accounted for
63.3% of the total variance (adjusted R2 = 0.633).



J. Clin. Med. 2019, 8, 603 6 of 11

Table 1. Demographic and clinical characteristics of study subjects with differing glycemic statuses according to A1c, FPG, and 2hPG.

Normoglycemic 1 Prediabetes
NDD 5 p * Post Hoc Test **

Isolated A1c 5.7–6.4% 2 IFG without IGT 3 IGT 4

Variables (n = 2583) (n = 1188) (n = 211) (n = 704) (n = 252)
Age (years) 42.3 ± 10.7 49.6 ± 10.5 50.0 ± 11.0 50.8 ± 11.2 53.6 ± 11.1 <0.001 a, b, c, d, g, i, j
Gender, male (%) 59.5 62.4 65.9 69.7 66.3 <0.001 -
Body mass index (kg/m2) 23.3 ± 3.3 24.4 ± 3.3 25.5 ± 2.9 25.0 ± 3.5 25.7 ± 3.6 <0.001 a, b, c, d, e, f, g
Former/Current smoking (%) 5.2/9.6 5.8/9.8 7.1/10.9 8.0/9.8 9.1/9.1 0.115 -
Current alcohol drinking (%) 10.5 9.6 12.3 14.1 12.3 0.029 -
Habitual exercise (%) 7.0 8.0 6.2 6.1 4.4 0.230 -
SBP (mmHg) 113.5 ± 12.8 118.1 ± 13.6 122.4 ± 13.8 121.9 ± 15.2 125.8 ± 14.8 <0.001 a, b, c, d, e, f, g, j
DBP (mmHg) 67.4 ± 9.8 70.9 ± 9.8 73.8 ± 9.9 73.4 ± 10.3 76.1 ± 10.1 <0.001 a, b, c, d, e, f, g, j
FPG (mmol/L) 4.67 ± 0.37 4.84 ± 0.37 5.77 ± 0.22 4.96 ± 0.63 6.92 ± 2.99 <0.001 a, b, c, d, e, f, g, h, i, j
2hPG (mmol/L) 5.29 ± 1.13 5.64 ± 1.16 5.98 ± 1.13 8.93 ± 0.87 13.78 ± 4.97 <0.001 a, b, c, d, e, f, g, h, i, j
Cholesterol (mmol/L) 4.96 ± 0.89 5.27 ± 0.96 5.34 ± 0.92 5.28 ± 0.90 5.58 ± 1.06 <0.001 a, b, c, d, g, j
Triglyceride (mmol/L) 1.24 ± 0.74 1.43 ± 0.86 1.75 ± 1.22 1.69 ± 1.11 1.90 ± 1.19 <0.001 a, b, c, d, e, f, g, j
HDL-C (mmol/L) 1.39 ± 0.38 1.31 ± 0.36 1.28 ± 0.34 1.23 ± 0.33 1.22 ± 0.34 <0.001 a, b, c, d, f, g
baPWV (cm/sec) 1253.1 ± 187.6 1353.7 ± 223.9 1376.9 ± 227.8 1406.3 ± 251.7 1491.6 ± 276.6 <0.001 a, b, c, d, f, g, i, j

Data presented as means ± standard deviation or percentage (%); 1 Group 1: normoglycemic (A1c <5.7%, FPG<100 mg/dL, and 2hPG <140 mg/dL); 2 Group 2: isolated A1c 5.7–6.4%
(A1c 5.7–6.4%, FPG<100 mg/dL, and 2hPG < 140 mg/dL); 3 Group 3: IFG without IGT (FPG 100–125 mg/dL, 2hPG <140 mg/dL, and A1c <6.5%); 4 Group 4: IGT (FPG <126 mg/dL, 2hPG
140–199 mg/dL, and A1c <6.5%); 5 Group 5: NDD (FPG ≥126 mg/dL, or 2hPG ≥200 mg/dL, or A1c ≥6.5%); IFG and IGT was not included in isolated A1c 5.7–6.4%; * p for the difference,
between the five groups, by ANOVA; ** Scheffé’s tests: a—1 vs. 2; b—1 vs. 3; c—1 vs. 4; d—1 vs. 5; e—2 vs. 3; f—2 vs. 4; g—2 vs. 5; h—3 vs. 4; i—3 vs. 5; j—4 vs. 5. Abbreviations:
A1c—glycated hemoglobin A1c; IFG—impaired fasting glucose; IGT—impaired glucose tolerance; NDD—newly diagnosed diabetes; SBP—systolic blood pressure; DBP—diastolic blood
pressure; FPG—fasting plasma glucose; 2hPG—two-hour post-load glucose; HDL-C—high-density lipoprotein cholesterol; baPWV—brachial–ankle pulse-wave velocity.
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Table 2. Coefficients (β) and 95% confidence intervals (CI) for the independent effects of clinical variables on baPWV level.

Independent Variables Model 1 Model 2

β (95% CI) p Value β (95% CI) p Value

Age (years) − <0.001 8.27 (7.89~8.65) <0.001
Gender (female vs. male) 5.39 (−4.00~14.77) 0.260 5.02 (−4.36~14.39) 0.294
Body mass index (kg/m2) −8.09 (−9.41~−6.77) <0.001 −8.20 (−9.52~−6.87) <0.001
Smoking (former vs. never) 8.16 (−8.77~25.08) 0.345 8.60 (−8.32~25.52) 0.319
Smoking (current vs. never) 20.56 (6.42~34.71) 0.004 19.73 (5.59~33.87) 0.006
Current alcohol drinking (yes vs. no) -8.51 (−22.03~5.01) 0.217 −8.13 (−21.65~5.39) 0.238
Habitual exercise (≥3 times/week vs. <3 times/week) −22.12 (−37.26~−6.98) 0.004 −22.47 (−37.61~−7.34) 0.004
Cholesterol (mmol/L) 1.81 (−2.84~6.45) 0.445 1.59 (−3.04~6.24) 0.500
Triglyceride (mmol/L) 3.98 (−1.23~9.19) 0.134 3.81 (−1.41~9.02) 0.152
HDL-C (mmol/L) −9.96 (−23.79~3.87) 0.158 −9.47 (−23.92~4.36) 0.180
SBP (mmHg) 9.06 (8.74~9.37) <0.001 9.04 (8.72~9.36) <0.001
Isolated A1c 5.7–6.4% * vs. normoglycemic 4.84 (−5.08~14.75) 0.339 5.56 (−4.36~15.47) 0.272
IFG without IGT vs. normoglycemic −7.52 (−27.21~12.17) 0.454 − −

Isolated IFG vs. normoglycemic − − −14.36 (−46.13~17.40) 0.375
IFG with A1c 5.7–6.4% vs. normoglycemic − − −2.32 (−26.41~21.78) 0.851

IGT vs. normoglycemic 16.59 (4.41~28.76) 0.008 − −

Isolated IGT vs. normoglycemic − − −6.90 (−24.55~10.74) 0.443
Combined IGT and IFG with A1c <5.7% vs. normoglycemic − − 4.51 (−45.88~54.91) 0.861
IGT with A1c 5.7–6.4% vs. normoglycemic − − 36.02 (19.08~52.95) <0.001
Combined IGT and IFG with A1c 5.7–6.4% vs. normoglycemic − − 27.72 (0.68~54.76) 0.044

NDD vs. normoglycemic 46.35 (27.18~65.04) <0.001 47.69 (29.02~66.37) <0.001
Adjusted R2 (%) 63.2 63.3

* IFG and IGT were not included in isolated A1C 5.7–6.4%. Abbreviations: baPWV—brachial–ankle pulse-wave velocity; HDL-C—high-density lipoprotein cholesterol; SBP—systolic
blood pressure; A1c—glycated hemoglobin A1c; IFG—impaired fasting glucose; IGT—impaired glucose tolerance; NDD—newly diagnosed diabetes.
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4. Discussion

The present study is the first to show the different effects of prediabetes, categorized concomitantly
by A1c, FPG, and 2hPG levels, on arterial stiffness. The results showed that increased arterial stiffness
was found in individuals having either IGT with A1c 5.7–6.4% or combined IGT and IFG with
A1c 5.7–6.4% but not in those having either IGT with A1c <5.7% or combined IGT and IFG with
A1c <5.7%, independent of other cardiovascular risk factors. The elevated arterial stiffness was
insignificant in subjects having either IFG with A1c <5.7% or IFG with A1c 5.7–6.4%. The association
between prediabetes and arterial stiffness is still not consistent [13–17]. The MARK study [17] showed
that A1c, FPG, and postprandial glucose were positively related to arterial stiffness in diabetes subjects,
but not in prediabetes subjects. Ohnishi et al. [13] found that baPWV values were significantly higher
than normal fasting glucose levels in IFG subjects; however, they only had fasting glucose data and
not 2hPG data. Our previous study highlighted the importance of IGT, categorized by FPG and
2hPG values, and the associated risk of increased arterial stiffness based on FPG and 2hPG levels [14].
Di Pino et al.’s study [16] revealed that arterial stiffness, as shown by an augmentation index, was
higher in subjects with normal glucose tolerance with A1c 5.7–6.4% compared to that in subjects with
normal glucose tolerance with A1c <5.7%; however, these values were similar to those of the IGT
and type 2 diabetes patients. Liang et al. [15] found that prediabetic subjects with abnormal A1c,
FPG, and 2hPG had higher cfPWV values, but they did not test the concomitant influence of A1c,
FPG, and 2hPG on cfPWV. The discrepancy between the results of this study and those of Liang et al.
may be related to the different methodologies. Subjects were excluded from our study if they had
history of hypertension, diabetes, coronary heart disease, stroke, or peripheral vascular disease and if
they were taking medications known to influence blood pressure, plasma glucose, and lipid profiles,
whereas such subjects were not excluded from Liang et al.’s study. In Liang et al.’s study, subjects with
cardiovascular disease or those taking medications were included among subjects with A1c 5.7–6.4%,
IFG, or IGT, resulting in elevated arterial stiffness in subjects with abnormal A1c, FPG, and 2hPG.

Discrepancies in the criteria used in the three different tests for diagnosing either prediabetes or
diabetes have been reported and suggest the importance of categorizing the different characteristics
of the subjects. IFG indicates impaired first-phase insulin secretion and reduced hepatic insulin
sensitivity, whereas IGT suggests markedly peripheral insulin resistance and defective second-phase
insulin secretion, contributing to prolonged defects [23]. A1c is a marker representing both basal and
postprandial hyperglycemia, and it provides a “picture” of the average blood glucose level over the past
2–3 months [24]. In this study, increased arterial stiffness was found in prediabetes individuals having an
A1c 5.7–6.4% with IGT, but not IFG. This result highlighted the importance of 2hPG, as possibly having
a stronger associated risk of arterial stiffness than that of FPG. The main mechanism of hyperglycemia
affecting arterial stiffness is the generation and formation of AGEs, whose biochemical process may
involve the glycosylation of vessel walls, subsequent crosslinking of collagen molecules, loss of collagen
elasticity, and thinning of elastin fibers. Otherwise, AGEs can interact with certain receptors, inducing
intracellular signaling with enhanced oxidative stress, triggering the inflammatory process, and, finally,
increasing arterial stiffness [6–8,25,26]. Furthermore, the serum levels of AGEs are positive correlates
of insulin resistance [27], which is related to the reduced production of nitric oxide and its related
vasodilation [28], post-load hyperinsulinemia-induced oxidative stress [29], decreased endothelial
progenitor cells with impaired vascular repair qualities [30], and related metabolic alterations, such as
either dyslipidemia or elevated blood pressure [31]. Importantly, IGT showed a more pronounced
degree of insulin resistance than did IFG [32]. Therefore, the above findings may partially explain
elevated arterial stiffness in prediabetes individuals having an A1c 5.7–6.4% with IGT, but not IFG.

As shown previously, we have identified the independent effects of age, blood pressure, and
smoking status on arterial stiffness [33–35]. Aging is widely associated with compromised arterial
stiffness; the effects of aging on baPWV might be mediated by the intermediate parameters of
cardiovascular risk factors, such as blood pressure [36]. The positive relationship between smoking and
increased arterial stiffness may reflect increased inflammation, thrombosis, oxidation of low-density
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lipoprotein cholesterol, and oxidative stress [34]. Although the association between obesity and arterial
stiffness remained inconclusive, in agreement with Tomiyama et al. [37], BMI was negatively associated
with baPWV in this study. In the work of Ben et al. [38], arterial stiffness was reduced until middle
age, and it was speculated that vascular adaptation to obesity was lost with advanced age, meaning
that the adverse association between obesity and arterial stiffness becomes apparent only later in life.
Moreover, the effects of obesity on arterial stiffness might be mediated by intermediate cardiovascular
risk factors, such as blood pressure, and the highly associated variables included might lead to further
collinearity [39].

Despite the large study cohort, our study was limited to a cross-sectional design, which cannot
be used to establish causal relationships. Our study was also confined to the Chinese population,
and the data complemented the differences between previous studies of different ethnic groups. All
subjects were extracted from a health management center and had received regular health examinations.
Therefore, the present results should be used carefully because they are not indicative of the general
population. In addition, since the arterial stiffness in our study was measured by baPWV, a peripheral
stiffness parameter but not a direct measure of central stiffness, our results are limited and would
be more relevant if the subjects were then used for a longitudinal study, either in terms of future
cardiovascular events or mortality. Additionally, we did not measure either insulin or high sensitivity
C-reactive protein to provide more information about insulin resistance or vascular inflammation status.

5. Conclusions

In conclusion, increased arterial stiffness was found in prediabetes individuals having an
A1c 5.7–6.4% with IGT, but not IFG. Isolated A1c 5.7–6.4%, isolated IGT, and IGT with A1c <5.7% were
not associated with elevated arterial stiffness. Despite the practicality and convenience of FPG and
A1c, it is still important to consider postprandial glucose values to facilitate early recognition of the
significant proportion of the at-risk population.

Author Contributions: No potential conflicts of interest relevant to this article were reported. C.-H.L., J.-S.W., and
C.-J.C. contributed to the study design, statistical analyses, research data interpretation, discussion, and review
of the manuscript. F.-H.L. and Y.-C.Y. contributed to the analyses by means of suggestions and advice. C.-H.L.
drafted the article, and all authors were involved in the acquisition of data.

Funding: This study was supported by grants from the Department of Family Medicine, National Cheng Kung
University Hospital (NCKUHFM-100-001 and NCKUH-10804038).

Acknowledgments: The authors thank Enago (https://www.enago.tw/) for the assistance editing the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tancredi, M.; Rosengren, A.; Svensson, A.M.; Kosiborod, M.; Pivodic, A.; Gudbjornsdottir, S.; Wedel, H.;
Clements, M.; Dahlqvist, S.; Lind, M. Excess mortality among persons with Type 2 diabetes. N. Engl. J. Med.
2015, 373, 1720–1732. [CrossRef] [PubMed]

2. Brannick, B.; Wynn, A.; Dagogo-Jack, S. Prediabetes as a toxic environment for the initiation of microvascular
and macrovascular complications. Exp. Biol. Med. 2016, 241, 1323–1331. [CrossRef]

3. International expert committee report on the role of the A1c assay in the diagnosis of diabetes. Diabetes Care.
2009, 32, 1327–1334. [CrossRef] [PubMed]

4. American Diabetes Association. Standards of medical care in diabetes—2011. Diabetes Care 2011, 34, S11–S61.
[CrossRef] [PubMed]

5. Wilson, M.L. Prediabetes: Beyond the borderline. Nurs. Clin. N. Am. 2017, 52, 665–677. [CrossRef] [PubMed]
6. Aronson, D. Cross-linking of glycated collagen in the pathogenesis of arterial and myocardial stiffening of

aging and diabetes. J. Hypertens. 2003, 21, 3–12. [CrossRef] [PubMed]
7. Schram, M.T.; Henry, R.M.; van Dijk, R.A.; Kostense, P.J.; Dekker, J.M.; Nijpels, G.; Heine, R.J.; Bouter, L.M.;

Westerhof, N.; Stehouwer, C.D. Increased central artery stiffness in impaired glucose metabolism and type 2
diabetes: The hoorn study. Hypertension 2004, 43, 176–181. [CrossRef]

https://www.enago.tw/
http://dx.doi.org/10.1056/NEJMoa1504347
http://www.ncbi.nlm.nih.gov/pubmed/26510021
http://dx.doi.org/10.1177/1535370216654227
http://dx.doi.org/10.2337/dc09-9033
http://www.ncbi.nlm.nih.gov/pubmed/19502545
http://dx.doi.org/10.2337/dc11-S011
http://www.ncbi.nlm.nih.gov/pubmed/21193625
http://dx.doi.org/10.1016/j.cnur.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/29080583
http://dx.doi.org/10.1097/00004872-200301000-00002
http://www.ncbi.nlm.nih.gov/pubmed/12544424
http://dx.doi.org/10.1161/01.HYP.0000111829.46090.92


J. Clin. Med. 2019, 8, 603 10 of 11

8. Stephen, E.; Venkatasubramaniam, A.; Good, T.; Topoleski, L.D.T. The effect of glycation on arterial
microstructure and mechanical response. J. Biomed. Mater. Res. A 2014, 102, 2565–2572. [CrossRef]

9. Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of cardiovascular events and all-cause mortality
with arterial stiffness: A systematic review and meta-analysis. J. Am. Coll. Cardiol. 2010, 55, 1318–1327.
[CrossRef] [PubMed]

10. Jain, S.; Khera, R.; Corrales-Medina, V.F.; Townsend, R.R.; Chirinos, J.A. Inflammation and arterial stiffness
in humans. Atherosclerosis 2014, 237, 381–390. [CrossRef] [PubMed]

11. Tanaka, H.; Munakata, M.; Kawano, Y.; Ohishi, M.; Shoji, T.; Sugawara, J.; Tomiyama, H.; Yamashina, A.;
Yasuda, H.; Sawayama, T.; et al. Comparison between carotid-femoral and brachial-ankle pulse wave velocity
as measures of arterial stiffness. J. Hypertens. 2009, 27, 2022–2027. [CrossRef] [PubMed]

12. Cavalcante, J.L.; Lima, J.A.; Redheuil, A.; Al-Mallah, M.H. Aortic stiffness current understanding and future
directions. J. Am. Coll. Cardiol. 2011, 57, 1511–1522. [CrossRef] [PubMed]

13. Ohnishi, H.; Saitoh, S.; Takagi, S.; Ohata, J.; Isobe, T.; Kikuchi, Y.; Takeuchi, H.; Shimamoto, K. Pulse
wave velocity as an indicator of atherosclerosis in impaired fasting glucose: The Tanno and Sobetsu study.
Diabetes Care 2003, 26, 437–440. [CrossRef]

14. Li, C.H.; Wu, J.S.; Yang, Y.C.; Shih, C.C.; Lu, F.H.; Chang, C.J. Increased arterial stiffness in subjects with
impaired glucose tolerance and newly diagnosed diabetes but not isolated impaired fasting glucose. J. Clin.
Endocrinol. Metab. 2012, 97, E658–E662. [CrossRef]

15. Liang, J.; Zhou, N.; Teng, F.; Zou, C.; Xue, Y.; Yang, M.; Song, H.; Qi, L. Hemoglobin A1c levels and aortic
arterial stiffness: The cardiometabolic risk in Chinese (CRC) study. PLoS ONE 2012, 7, e38485. [CrossRef]
[PubMed]

16. Di Pino, A.; Scicali, R.; Calanna, S.; Urbano, F.; Mantegna, C.; Rabuazzo, A.M.; Purrello, F.; Piro, S.
Cardiovascular risk profile in subjects with prediabetes and new-onset type 2 diabetes identified by HbA(1c)
according to American Diabetes Association criteria. Diabetes Care 2014, 37, 1447–1453. [CrossRef] [PubMed]

17. Gomez-Sanchez, L.; Garcia-Ortiz, L.; Patino-Alonso, M.C.; Recio-Rodriguez, J.I.; Feuerbach, N.; Marti, R.;
Agudo-Conde, C.; Rodriguez-Sanchez, E.; Maderuelo-Fernandez, J.A.; Ramos, R.; et al. Glycemic markers
and relation with arterial stiffness in Caucasian subjects of the MARK study. PLoS ONE 2017, 12, e0175982.
[CrossRef] [PubMed]

18. Marini, M.A.; Succurro, E.; Castaldo, E.; Cufone, S.; Arturi, F.; Sciacqua, A.; Lauro, R.; Hribal, M.L.; Perticone, F.;
Sesti, G. Cardiometabolic risk profiles and carotid atherosclerosis in individuals with prediabetes identified
by fasting glucose, postchallenge glucose, and hemoglobin A1c criteria. Diabetes Care 2012, 35, 1144–1149.
[CrossRef]

19. Ji, A.; Lou, P.; Dong, Z.; Xu, C.; Zhang, P.; Chang, G.; Li, T. The prevalence of alcohol dependence
and its association with hypertension: A population-based cross-sectional study4 in Xuzhou city, China.
BMC Public Health 2018, 18, 364. [CrossRef]

20. Lippi, G.; Targher, G. Glycated hemoglobin (HbA1c): Old dogmas, a new perspective? Clin. Chem. Lab. Med.
2010, 48, 609–614. [CrossRef]

21. Motobe, K.; Tomiyama, H.; Koji, Y.; Yambe, M.; Gulinisa, Z.; Arai, T.; Ichihashi, H.; Nagae, T.; Ishimaru, S.;
Yamashina, A. Cut-off value of the ankle-brachial pressure index at which the accuracy of brachial-ankle
pulse wave velocity measurement is diminished. Circ. J. 2005, 69, 55–60. [CrossRef] [PubMed]

22. Whaley, M.H.; Brubaker, P.H.; Otto, R.M.; Armstrong, L.E.; American College of Sports Medicine.
ACSM’s Guidelines for Exercise Testing and Prescription, 7th ed.; Lippincott Williams & Wilkins: Philadelphia,
PA, USA, 2006. [CrossRef]

23. Nathan, D.M.; Davidson, M.B.; DeFronzo, R.A.; Heine, R.J.; Henry, R.R.; Pratley, R.; Zinman, B. Impaired
fasting glucose and impaired glucose tolerance: Implications for care. Diabetes Care 2007, 30, 753–759.
[CrossRef] [PubMed]

24. Barr, R.G.; Nathan, D.M.; Meigs, J.B.; Singer, D.E. Tests of glycemia for the diagnosis of type 2 diabetes
mellitus. Ann. Int. Med. 2002, 137, 263–272. [CrossRef] [PubMed]

25. Basta, G.; Sironi, A.M.; Lazzerini, G.; Del Turco, S.; Buzzigoli, E.; Casolaro, A.; Natali, A.; Ferrannini, E.;
Gastaldelli, A. Circulating soluble receptor for advanced glycation end products is inversely associated with
glycemic control and S100A12 protein. J. Clin. Endocrinol. Metab. 2006, 91, 4628–4634. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jbm.a.34927
http://dx.doi.org/10.1016/j.jacc.2009.10.061
http://www.ncbi.nlm.nih.gov/pubmed/20338492
http://dx.doi.org/10.1016/j.atherosclerosis.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25463062
http://dx.doi.org/10.1097/HJH.0b013e32832e94e7
http://www.ncbi.nlm.nih.gov/pubmed/19550355
http://dx.doi.org/10.1016/j.jacc.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21453829
http://dx.doi.org/10.2337/diacare.26.2.437
http://dx.doi.org/10.1210/jc.2011-2595
http://dx.doi.org/10.1371/journal.pone.0038485
http://www.ncbi.nlm.nih.gov/pubmed/22870185
http://dx.doi.org/10.2337/dc13-2357
http://www.ncbi.nlm.nih.gov/pubmed/24574348
http://dx.doi.org/10.1371/journal.pone.0175982
http://www.ncbi.nlm.nih.gov/pubmed/28414819
http://dx.doi.org/10.2337/dc11-2032
http://dx.doi.org/10.1186/s12889-018-5276-1
http://dx.doi.org/10.1515/CCLM.2010.144
http://dx.doi.org/10.1253/circj.69.55
http://www.ncbi.nlm.nih.gov/pubmed/15635203
http://dx.doi.org/10.1249/01.mss.0000189073.33400.04
http://dx.doi.org/10.2337/dc07-9920
http://www.ncbi.nlm.nih.gov/pubmed/17327355
http://dx.doi.org/10.7326/0003-4819-137-4-200208200-00011
http://www.ncbi.nlm.nih.gov/pubmed/12186517
http://dx.doi.org/10.1210/jc.2005-2559
http://www.ncbi.nlm.nih.gov/pubmed/16926247


J. Clin. Med. 2019, 8, 603 11 of 11

26. Di Pino, A.; Urbano, F.; Zagami, R.M.; Filippello, A.; Di Mauro, S.; Piro, S.; Purrello, F.; Rabuazzo, A.M. Low
endogenous secretory receptor for advanced glycation end-products levels are associated with inflammation
and carotid atherosclerosis in prediabetes. J. Clin. Endocrinol. Metab. 2016, 101, 1701–1709. [CrossRef]
[PubMed]

27. Tahara, N.; Yamagishi, S.; Matsui, T.; Takeuchi, M.; Nitta, Y.; Kodama, N.; Mizoguchi, M.; Imaizumi, T.
Serum levels of advanced glycation end products (AGEs) are independent correlates of insulin resistance in
nondiabetic subjects. Cardiovasc. Ther. 2012, 30, 42–48. [CrossRef] [PubMed]

28. Kim, J.A.; Montagnani, M.; Koh, K.K.; Quon, M.J. Reciprocal relationships between insulin resistance and
endothelial dysfunction: Molecular and pathophysiological mechanisms. Circulation 2006, 113, 1888–1904.
[CrossRef] [PubMed]

29. Arcaro, G.; Cretti, A.; Balzano, S.; Lechi, A.; Muggeo, M.; Bonora, E.; Bonadonna, R.C. Insulin causes
endothelial dysfunction in humans: Sites and mechanisms. Circulation 2002, 105, 576–582. [CrossRef]

30. Cubbon, R.M.; Kahn, M.B.; Wheatcroft, S.B. Effects of insulin resistance on endothelial progenitor cells and
vascular repair. Clin. Sci. 2009, 117, 173–190. [CrossRef]

31. Libman, I.M.; Barinas-Mitchell, E.; Bartucci, A.; Chaves-Gnecco, D.; Robertson, R.; Arslanian, S. Fasting and
2-hour plasma glucose and insulin: Relationship with risk factors for cardiovascular disease in overweight
nondiabetic children. Diabetes Care 2010, 33, 2674–2676. [CrossRef]

32. Festa, A.; D’Agostino, R., Jr.; Hanley, A.J.; Karter, A.J.; Saad, M.F.; Haffner, S.M. Differences in insulin
resistance in nondiabetic subjects with isolated impaired glucose tolerance or isolated impaired fasting
glucose. Diabetes 2004, 53, 1549–1555. [CrossRef] [PubMed]

33. Cecelja, M.; Chowienczyk, P. Dissociation of aortic pulse wave velocity with risk factors for cardiovascular
disease other than hypertension: A systematic review. Hypertension 2009, 54, 1328–1336. [CrossRef] [PubMed]

34. Tomiyama, H.; Hashimoto, H.; Tanaka, H.; Matsumoto, C.; Odaira, M.; Yamada, J.; Yoshida, M.; Shiina, K.;
Nagata, M.; Yamashina, A. Continuous smoking and progression of arterial stiffening: A prospective study.
J. Am. Coll. Cardiol. 2010, 55, 1979–1987. [CrossRef] [PubMed]

35. Lee, H.Y.; Oh, B.H. Aging and arterial stiffness. Circ. J. 2010, 74, 2257–2262. [CrossRef] [PubMed]
36. Yiming, G.; Zhou, X.; Lv, W.; Peng, Y.; Zhang, W.; Cheng, X.; Li, Y.; Xing, Q.; Zhang, J.; Zhou, Q.; et al.

Reference values of brachial-ankle pulse wave velocity according to age and blood pressure in a central Asia
population. PLoS ONE 2017, 12, e0171737. [CrossRef] [PubMed]

37. Tomiyama, H.; Yamashina, A.; Arai, T.; Hirose, K.; Koji, Y.; Chikamori, T.; Hori, S.; Yamamoto, Y.; Doba, N.;
Hinohara, S. Influences of age and gender on results of noninvasive brachial-ankle pulse wave velocity
measurement—A survey of 12517 subjects. Atherosclerosis 2003, 166, 303–309. [CrossRef]

38. Corden, B.; Keenan, N.G.; de Marvao, A.S.; Dawes, T.J.; Decesare, A.; Diamond, T.; Durighel, G.; Hughes, A.D.;
Cook, S.A.; O’Regan, D.P. Body fat is associated with reduced aortic stiffness until middle age. Hypertension
2013, 61, 1322–1327. [CrossRef] [PubMed]

39. Thomas, G.N.; Lao, X.Q.; Jiang, C.Q.; McGhee, S.M.; Zhang, W.S.; Adab, P.; Lam, T.H.; Cheng, K.K.
Implications of increased weight and waist circumference on vascular risk in an older Chinese population:
The guangzhou biobank cohort study. Atherosclerosis 2008, 196, 682–688. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/jc.2015-4069
http://www.ncbi.nlm.nih.gov/pubmed/26885882
http://dx.doi.org/10.1111/j.1755-5922.2010.00177.x
http://www.ncbi.nlm.nih.gov/pubmed/20626403
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.563213
http://www.ncbi.nlm.nih.gov/pubmed/16618833
http://dx.doi.org/10.1161/hc0502.103333
http://dx.doi.org/10.1042/CS20080263
http://dx.doi.org/10.2337/dc10-0085
http://dx.doi.org/10.2337/diabetes.53.6.1549
http://www.ncbi.nlm.nih.gov/pubmed/15161760
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.137653
http://www.ncbi.nlm.nih.gov/pubmed/19884567
http://dx.doi.org/10.1016/j.jacc.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20430271
http://dx.doi.org/10.1253/circj.CJ-10-0910
http://www.ncbi.nlm.nih.gov/pubmed/20962429
http://dx.doi.org/10.1371/journal.pone.0171737
http://www.ncbi.nlm.nih.gov/pubmed/28403173
http://dx.doi.org/10.1016/S0021-9150(02)00332-5
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01177
http://www.ncbi.nlm.nih.gov/pubmed/23608657
http://dx.doi.org/10.1016/j.atherosclerosis.2007.07.024
http://www.ncbi.nlm.nih.gov/pubmed/17765903
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Study Population 
	Clinical Parameter Assessment 
	Vascular Assessment 
	Statistical Methods 

	Results 
	Discussion 
	Conclusions 
	References

