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Abstract
Background: Vascular endothelial function can be evaluated based on reactive hyperemia peripheral arterial tonometry (RH-PAT). This 

information can be used to perform appropriate risk assessments and therapeutic interventions. We investigated the relationship between the RH-
PAT index (RHI) and cardiovascular risk factors or daily blood glucose variations according to type of diabetes.

Methods: This study included 25 patients with diabetes but no severe organ damage (type 1 diabetes [T1D]: 12 cases, type 2 diabetes [T2D]: 
13 cases). The patients were evaluated to determine their RHI and its relation with continuous glucose monitoring (CGM) parameters, glycated 
hemoglobin (HbA1c), glycoalbumin (GA), high-density lipoprotein-cholesterol (HDL-C), triglycerides (TG), and tumor necrosis factor (TNF-α). 
Various other clinical and laboratory parameters were analyzed for associations with RHI.

Results: Mean ages were 40±12 years in the T1D group and 54±13 years in the T2D group. Mean HbA1c levels were 7.6±1.0% in the T1D group 
and 7.0 ± 0.9% in the T2D group. RHI was positively correlated with GA among all cases (p=0.02) and among T1D cases (p=0.011). Among T2D 
cases, RHI was positively correlated with HDL-C (p=0.034) and negatively correlated with TG (p=0.03) and TNF-α (p=0.047). In the multivariate 
analysis, RHI was independently correlated with GA among all cases (β=0.471, p=0.02) and among T1D cases (β=0.727, p=0.011). RHI was also 
independently correlated with HDL-C among T2D cases (β=0.586, p=0.045). Among T1D cases, GA was negatively correlated with hypoglycemia 
frequency (p=0.005).

Conclusions: Endothelial dysfunction may be related to hypoglycemia in T1D and to HDL-C in T2D
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Introduction
Declining vascular endothelial function may indicate early 

stage of arteriosclerosis, and may be an independent risk factor 
for future cardiovascular events [1]. Thus, vascular endothelial 
function should be evaluated to perform appropriate risk 
assessments and therapeutic interventions. A widely used 
noninvasive test of vascular endothelial function is flow-mediated 
dilation (FMD), which quantifies changes in the brachial artery’s 
diameter that are caused by a blood flow-dependent vasodilatation 
reaction. This vasodilatation is related to endothelial-derived 
nitric oxide (NO) activity, which causes the relaxation of vascular 
smooth muscle and is triggered by increased blood flow and shear 
stress after the release of a vascularization. Thus, FMD can detect 
changes in the response to NO activity and vascular endothelial 
function, although this test is also influenced by various other 
factors [2, 3]. Moreover, there are no standardized equipment 
or procedures for FMD (e.g., measuring conditions, cuff position, 
technique for measuring blood vessel diameter in the resting 
and expanded states), which can lead to inter-facility variations 
in the measured FMD values and subsequent problems with the 
reproducibility of FMD data [3].

Recent research has led to the introduction of a new method 
for measuring peripheral arterial hyperemia (reactive hyperemia 
peripheral arterial tonometry [RH-PAT]), which has low inter-
examiner variation and good reproducibility [4, 5]. The RH-PAT 
technique is used to calculate an index of vascular endothelial 
function (RH-PAT index, RHI), which is correlated with various 
cardiovascular risk factors, such as body mass index (BMI), 
total cholesterol, high-density lipoprotein cholesterol (HDL-C), 
diabetes, and smoking [6]. Previous reports have also indicated 
that other indices of vascular endothelial function, such as FMD, 
are negatively correlated with the magnitude of blood glucose 
fluctuations and improve when blood glucose fluctuations are 
minimized [7–9]. However, few reports have addressed the 
relationship between RHI and daily blood glucose fluctuations [10, 
11]. Therefore, the present study used RHI to evaluate vascular 
endothelial functions among patients with diabetes and used 
continuous glucose monitoring (CGM) to examine blood glucose 
parameters. These results were used to examine the associations 
between RHI and multiple arteriosclerosis-related factors, such 
as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and 
advanced glycation end products (AGEs) according to the type of 
diabetes.
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Patients and Methods
Patients

Twenty-eight patients with diabetes aged ≥20 years and 
who had glycated hemoglobin (HbA1c) levels of 6–10% visited 
our outpatient clinic between June 2014 and March 2016 were 
enrolled in the study. These individuals included 14 women with 
type 1 diabetes (T1D) and 14 patients (5 men, 9 women) with 
type 2 diabetes (T2D).

All patients with T1D were female and were treated using 
multiple daily insulin injections. Among patients with T2D, 1 
patient was receiving insulin injections, 5 patients were receiving 
insulin injections and oral hypoglycemic agents, 6 patients were 
receiving only medication, and 2 patients were being treated 
using diet therapy. None of patients were used insulin pump, All 
patients underwent evaluations to determine their RHI, and 3 
patients were excluded because of device errors, and data from 
25 patients (12 with T1D and 13 with T2D) were included in the 
study. Patients were considered excluded from participation if 
they had active infections, severe liver/kidney diseases, eating 
disorders, or psychiatric disorders. All patients provided written 
informed consent prior to participation, and our study protocol 
was approved by the ethics committee of Tokyo Women’s Medical 
University (131009; January 22, 2014).

Glucose monitoring and RHI measurement processes

Each patient completed CGM (iPro 2, Medtronic, Minneapolis, 
USA) for 3 days before RHI measurement, and their daily blood 
glucose fluctuations were recorded. RHI measurement was 
performed in a room with a constant luminous intensity and a 
temperature of 21–26°C at 8:00 a.m., before taking breakfast and 
after resting for more than 20 minutes. The measurement was 
carried out on the day of removing CGM, and then blood sampling 
was also performed.

Testing parameters

The patients’ height, weight, BMI, abdominal circumference, 
and blood pressure were measured immediately before RHI 
measurement. Glucose metabolism was evaluated based 
on levels of blood glucose, HbA1c (HPLC method; Arkley, 
Kyoto), glycoalbumin (GA; Asahi Kasei Pharma, Tokyo), and 
1,5-anhydroglucitol (1,5AG; Kyowa Medex, Tokyo). Additional 
laboratory testing was performed to obtain values for high-
sensitivity C-reactive protein, TNF-α (R&D SYSTEMS, Minnesota), 
adiponectin (LSI Medience, Tokyo, Japan), low-density lipoprotein 
cholesterol (LDL-C), HDL-C, triglycerides, pentosidine, blood 
urea nitrogen, creatinine, aspartate aminotransferase, alanine 
aminotransferase, lactate dehydrogenase, alkaline phosphatase, 
gamma-glutamyl transpeptidase, fasting serum C peptide, 
plasma insulin, cystatin C, and the albumin/creatinine ratio in 
the first morning urine (Nittobo Medical, Tokyo). The estimated 
glomerular filtration rate (mL/min/1.73 m2) was calculated as  
194×Cr-1.094× Age-0.287(×0.739※)(※for women)[12]. Pulse wave 
velocity was measured using the branchial/ankle method (Omron 
Colin Corporation Tokyo). The intima-media thickness (IMT) was 
measured using carotid B mode ultrasonography (Toshiba Aplio, 

Tokyo), which was used to determine the values for the average 
bilateral mean IMT, the larger of the left or right IMT, and the 
plaque score. 

Daily insulin dose (U/kg/day) was obtained from the 
patients’ medical records. Fluctuations in blood glucose were 
evaluated based on the means of daily differences (MODD) [13], 
mean amplitude of glycemic excursions (MAGE) [14], J-index 
[15], and M-value [16]. MODD was defined as the average value 
for differences in blood glucose at the same time during two 
consecutive days. MAGE was defined as the average amplitude 
of blood glucose fluctuations that exceeded 1 standard deviation 
for the 24-h average blood glucose value from CGM. The J-index 
was calculated as 0.324 × (mean blood glucose level + standard 
deviation)2. The M-value was defined as the average deviation of 
measured blood glucose levels from the basic value of 100 mg/
dL.

Measuring vascular endothelial function

Vascular endothelial function was measured using an 
EndoPAT2000® device (Itamar Medical, Israel). One upper arm 
was avascularized and then subjected to RH-PAT to determine the 
change in blood flow in the index finger artery before and after 
avascularization. To adjust for changes in the rate of blood flow 
related to systemic circulation fluctuations and changes in the 
sympathetic nervous system, the non-avascularized side was also 
evaluated. The RHI value was then calculated by dividing RH-PAT 
on the avascularized side by that on the non-avascularized side. 
Higher RHI values reflect better vascular endothelial function, 
with an RHI value of 1.67 used as a cut-off to identify vascular 
endothelial dysfunction [17].

Statistical analysis

Continuous variables with parametric distributions were 
compared using Student’s t test, and continuous variables with 
non-parametric distributions were compared using the Mann–
Whitney U test. Univariate analyses of the correlations between 
RHI and clinical or laboratory parameters were performed 
using Pearson’s correlation coefficient, as a parametric test, and 
Spearman’s correlation coefficient, as a non-parametric test. 
Multivariate analysis was performed using RHI as the dependent 
variable and using the stepwise method. All analyses were 
performed using IBM SPSS software (version 21; IBM Japan, 
Tokyo, Japan), and the significance level was set at p < 0.05. 

Results 
Patients’ clinical characteristics

 Patients with T2D had significant higher values than those 
with T1D for age, abdominal circumference, and uric acid. 
Patients with T1D had higher values for HDL-C than those with 
T2D (Table 1). There was no significant difference in RHI between 
patients with type 1 and type 2.

Clinical factors that were related to RHI among all 
cases

Relation with RHI and clinical factors were evaluated using 
bivariate or multivariate analyses. RHI was positively correlated 
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Table 1: Clinical characteristics 

T1D T2D P

n 12 13

Sex (male/female) 0/12 5/8

Age (years) 41±13 53±13 <0.05

Duration of diabetes (years) 17.3±11.0 12.4±9.2 0.444

BMI (kg/m2) 24.6±4.0 27.0±4.0 0.162

Abdominal circumference (cm) 80.6±10.4 89.3±9.0 <0.05

HbA1c (％) 7.5±1.0 7.0±0.9 0.232

sBP (mmHg) 123.0±21.0 135.5±10.5 0.073

dBP (mmHg) 76.5±10.4 78.5±8.4 0.606

HR (bpm) 81.7±13.8 74.6±15.0 0.243

TG (mg/dl) ※ 103.7±77.5 88.7±40.3 0.689

LDL-C (mg/dl) 109.1±31.1 108.8±25.0 0.978

HDL-C (mg/dl) 79.5±15.4 60.0±14.8 <0.05

eGFR (ml/min) ※ 87.5±22.9 83.2±24.3 0.47

ACR (mg/gCr) ※ 30.2±83.4 5.3±4.4 0.769

UA (mg/dl) 3.8±1.0 5.5±1.3 <0.05

RHI 2.08±0.74 1.83±0.70 0.194

Student’s ｔ -test ※Mann-Whitney U test 

Supplementary　Table 1: Clinical factors correlated with RHI in all patients (n=25)

Variable R P

Age(years) -0.065 0.757

Duration(years) 0.137 0.513

BMI(kg/m2) -0.325 0.112

HbA1c(％) 0.262 0.206

GA(％) 0.471 0.02

LDL-C(mg/dl) 0.063 0.764

HDL-C(mg/dl) 0.337 0.099

eGFR(ml/min) -0.062 0.768

High-sensitivity CRP(ng/ml) -0.352 0.099

Pentosidine (μg/ml) -0.225 0.302

TNF-α(pg/ml) -0.046 0.835

MODD 0.201 0.347

MAGE 0.066 0.755

J-INDEX 0.323 0.116

M-value※ 0.293 0.155

CGM mean blood glucose(mg/dl) 0.166 0.428

Frequency of hypoglycemia below 70mg/dl（/day） -0.114 0.586

Pearson’s correlation coefficient ※Spearman
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Figure 1: 

with GA (r = 0.471, p = 0.02), but was not significantly correlated 
with MODD, MAGE, J-index, or M-value (Suppl. Table 1, Suppl. Fig. 
1). There was no significant difference in the RHI values between 
patients with T1D and T2D. In the multivariate analysis which 
was adjusted for age, duration of diabetes, BMI, FBG, GA, TG, 
HDL-C, and HbA1c, only GA was independently correlated with 
RHI (β = 0.462, p = 0.026).

Clinical factors that were related to RHI among patients 
with type 1 diabetes

Among the patients with T1D, bivariate analyses revealed that 
RHI was strongly correlated with GA (r = 0.727, p = 0.011) (Table 
2, Figure 1a). In the multivariate analysis, which was adjusted for 
age, duration of diabetes, BMI, FBG, GA, average blood glucose, 

Table 2: Clinical factors related to RHI in patients with T1D (n=12) 

Variable R P

Age (years) -0.24 0.453

Duration of diabetes (years) -0.277 0.383

BMI (kg/m2) -0.406 0.191

FBG (mg/dl) -0.414 0.181

HbA1c (％) 0.295 0.351

GA (％) 0.727 0.011

TG (mg/dl)※ 0.291 0.359

LDL-C (mg/dl) 0.090 0.781

HDL-C (mg/dl) -0.008 0.98

eGFR (ml/min) 0.200 0.532

High-sensitivity CRP (ng/ml)※ -0.373 0.259

Pentosidine (μg/ml)※ -0.582 0.06

TNF-α (pg/ml) 0.314 0.347

MODD 0.298 0.347

MAGE 0.138 0.669

J-INDEX 0.445 0.148

CGM mean blood glucose(mg/dl) 0.53 0.077

Frequency of hypo <70mg/dl（/day） -0.522 0.082

hypo: hypoglycemia Pearson’s correlation coefficient ※Spearman

Supplementary Figure 1: 
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TG, HDL-C, high-sensitivity CRP, TNF-α, and pentosidine, only GA 
was independently correlated with RHI (β = 0.747, p = 0.013). 
Among patients with T1D, GA was strongly and negatively 
correlated with the frequency of hypoglycemic events (<70 mg/
dL; r = –0.725, p = 0.012) (Figure 1b).

Clinical factors that were related to RHI among patients 
with type 2 diabetes

Among patients with T2D, RHI was negatively correlated with 

TG (r = –0.601, p = 0.03) and TNF-α (r = –0.583, p = 0.047) but 
positively correlated with HDL-C (r = 0.588, p = 0.034) (Table 3, 
Figure 2). However, unlike among patients with T1D, RHI was not 
correlated with GA among patients with T2D. In the multivariate 
analysis, which was adjusted for age, duration of diabetes, BMI, 
FBG, GA, average blood glucose, TG, HDL-C, high-sensitivity 
CRP, TNF-α, and pentosidine, only HDL-C was independently 
correlated with RHI (β = 0.586, p = 0.045).

Table.3  Clinical factors related to RHI in T2D patients (n=13) 

Variable R P

Age (years) 0.256 0.398

Duration of diabetes (years) 0.531 0.062

BMI (kg/㎡) -0.183 0.55

FBG (mg/dl) 0.047 0.88

HbA1c (％) 0.156 0.611

GA (％) 0.171 0.576

TG (mg/dl)※ -0.601 0.03

LDL-C (mg/dl) 0.031 0.919

HDL-C (mg/dl) 0.588 0.034

eGFR (ml/min) -0.337 0.261

High-sensitivity CRP (ng/ml)※ -0.49 0.106

Pentosidine (μg/ml)※ -0.217 0.498

TNF-α (pg/ml) -0.583 0.047

MODD -0.004 0.991

MAGE -0.27 0.373

J-INDEX -0.27 0.372

CGM mean blood glucose(mg/dl) -0.051 0.868

Frequency of hypo < 70mg/dl（/day） 0.17 0.58

hypo: hypoglycemia Pearson’s correlation coefficient ※Spearman

Figure 2: 
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Discussion
The present study examined the relations of RHI with 

cardiovascular risk factors and daily fluctuation of blood glucose 
levels among patients with T1D and T2D, who did not exhibit 
any significant difference in their HbA1c levels. Among patients 
with T1D, RHI was positively correlated with GA, while RHI was 
positively correlated with HDL-C, among patients with T2D.

Among 4,352 patients from various cohorts of the 
Framingham study (55 ± 16 years old, 51% female), RHI was 
significantly associated with age, systolic blood pressure, heart 
rate, BMI, total cholesterol/HDL-C ratio, diabetes, and smoking 
[18]. Furthermore, among 106 Japanese patients with T2D, 
RHI was significantly associated with the ankle-brachial index, 
carotid IMT, and statin use [19]. In the present study, RHI was 
not correlated with GA among patients with T2D, although RHI 
was correlated with lipid profile factors, TNF-α, and HDL-C. These 
results indicate that RHI is correlated with arteriosclerotic factors 
and supports the results of the Framingham study [18] and those 
by Ueda et al. [19].

A previous study indicated that patients with T1D have 
remarkably lower RHI values than non-diabetic patients [20]. In 
addition, patients with T1D and endothelial dysfunction based on 
their RHI value tend to have high HbA1c levels [21]. A prospective 
study of 73 young patients with T1D suggested that RHI improved 
with better control of HbA1c [22], although this relationship was 
not observed in the present study.

The present study revealed that among patients with averaged 
16-year durations of T1D, RHI was correlated with GA. In addition, 
GA was negatively correlated with the frequency of hypoglycemia 
(<70 mg/dL; r = –0.727, p = 0.011), which suggests that RHI may 
decrease with hypoglycemia. This possibility is also supported 
by the fact that RHI may be reduced during vasoconstriction 
caused by sympathetic nerve stimulation. Furthermore, among 
patients with T1D, FMD values were found to be negatively 
correlated with two indicators of hypoglycemia (glycemic risk 
assessment diabetes equation [GRADE] and low blood glucose 
index [LBGI]) [23]. Moreover, patients with T1D and frequent 
severe hypoglycemic episodes exhibited higher levels of plaque 
in the carotid and femoral arteries, as well as notably increased 
serum markers of inflammation [24]. Although it remains 
unclear how hypoglycemia can influence changes in vascular 
function, hypoglycemia is known to stimulate the sympathetic 
nervous system to increase heart rate, cardiac output, myocardial 
contraction, systolic blood pressure, plasminogen activation 
inhibitor, and inflammatory reactions (e.g., through platelet 
activity, P-selectin, and high-sensitivity CRP) [25, 26]. Thus, 
patients with diabetes who experience constant oxidative stress 
during hypoglycemia may experience compensatory physical 
changes, hematological changes, and an increased inflammatory 
response. 

The onset or development of diabetic complications may 
be mediated by AGEs, which bind to receptors for AGE (RAGE) 
on almost all cells and activate intracellular signals. In this 
context, the AGE–RAGE system is a trigger of oxidative stress 
and is related to inflammation and apoptosis [27]. Furthermore, 

the accumulation of AGEs causes arteriosclerotic disease, 
and is involved in the development of microangiopathy and 
macroangiopathy in patients with diabetes. Although AGEs are 
through to decrease NO synthase expression in the vascular 
endothelium and subsequently decrease FMD-measured vascular 
endothelial function [28], no reports have suggested that AGEs 
may be related to RHI. The present study also failed to detect 
an association between RHI and serum pentosidine (one of the 
AGEs) among patients with T1D or T2D. However, further studies 
are needed to address this issue, since the present study only 
examined a small sample of young patients. 

The present study demonstrated that it is possible to examine 
the relation between RHI and arteriosclerosis-related factors 
or CGM parameters. Another possible strength of the present 
study is that a single examiner performed all RHI measurements, 
which indicates that the measurement error may be very small. 
However, the present study is limited by the small sample size 
(28 patients) and the fact that 23 of the 28 patients were women.

Conclusion
The results from the present study suggest that vascular 

endothelial function (evaluated based on RHI from RH-PAT) 
decreases as GA decreases among patients with T1D, while 
endothelial function is maintained at high HDL-C levels among 
patients with T2D.
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