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Abstract

Aim In addition to atherosclerosis, impairment of blood
rheology is an important factor in cardiovascular events.
The present study attempted to clarify the relationship
between hemorheology and cardiovascular risk factors in
patients with type 2 diabetes mellitus assessed by a
microchannel method.

Methods We enrolled 294 patients with type 2 diabetes
mellitus (109 males and 185 females; mean age,
69 £ 11 years) with no history of cardiovascular events.
Hemorheology was evaluated with a microchannel array
flow analyzer, and the relationship between whole-blood
passage time (WBPT) and various clinical parameters was
examined.

Results WBPT was significantly correlated with advanced
glycation end-product (AGE) levels at the skin (r = 0.49,
p < 0.001), serum reactive oxygen metabolite concentra-
tions (oxidative stress markers) (r = 0.25, p < 0.001), the
cardio-ankle vascular index (CAVI, arterial function mar-
ker) (r = 0.32, p < 0.001), and a number of classical car-
diovascular risk factors in an individual (r = 0.45,
p < 0.001). Multiple regression analysis revealed that these
factors were selected as independent variables for WBPT
as a subordinate factor.

Conclusion Hemorheology is significantly associated with
novel cardiovascular risk factors, such as AGEs, in vivo
oxidative stress, and CAVI, and clustering of classical
cardiovascular risk factors in patients with type 2 diabetes
mellitus.
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Introduction

Impairment of blood rheology has been reported to be
higher in patients with cardiovascular disease [1, 2].
Clinical studies have indicated that hemorheology is clo-
sely associated with glycemic control or metabolic abnor-
malities in patients with diabetes mellitus [3, 4]. Therefore,
evaluation of hemorheology as well as an adequate therapy
for its improvement is an important factor in diabetic
patients. Recently, a commercial device that evaluates
hemorheology (Micro Channel array Flow Analyzer [MC-
FAN]) using microscopic images has been explored and is
being used in clinical settings [5]. MC-FAN is superior to
other methods in terms of accuracy of channel dimensions
and high reproducibility, and some studies have reported it
to be clinically useful for evaluating hemorheology and
cardiovascular disease risk factors [6-8].

The importance of type 2 diabetes mellitus as a risk
factor for cardiovascular disease is not always explained by
high blood glucose levels alone. Other classical cardio-
vascular risk factors, such as hypertension, dyslipidemia,
obesity, and smoking habits, are also important. Further-
more, novel cardiovascular risk factors, such as insulin
resistance, inflammation, oxidative stress, advanced gly-
cation end-products (AGEs), and arterial dysfunction, are
also known to affect the occurrence of cardiovascular
events in type 2 diabetes mellitus [9-11].

Using MC-FAN, the present study was performed to
determine specific factors, including novel risk factors for
cardiovascular disease that affect hemorheology in patients
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with type 2 diabetes mellitus and are related to primary
cardiovascular events.

Patients and methods
Patients

This cross-sectional study was conducted at the Hitsumoto
Medical Clinic in Shimonoseki City from January 2013 to
December 2015. The study population consisted of 294
outpatients with type 2 diabetes mellitus undergoing
antidiabetic treatment. None of the patients had a history of
cardiovascular events, such as ischemic heart disease,
stroke, and perivascular disease. There were 109 males and
185 females, with a mean age of 69 £ 11 years. All par-
ticipants provided informed consent, and the study protocol
conformed to the ethical guidelines of the Declaration of
Helsinki as reflected in a priori approval by the Local
Ethics Committee of the Hitsumoto Medical Clinic (date of
approval 7 January 2013; approval no. 2013-01).

Evaluation of hemorheology by MC-FAN

The evaluation of hemorheology was performed by mea-
suring the whole-blood passage time (WBPT) with the
MC-FAN HR300 rheometer (MC Healthcare, Tokyo) as
previously reported [5]. Briefly, the microchannel passage
time for 100 pl of physiologic saline was first measured as
a control; following this, the same measurement was per-
formed with 100 pl of heparinized blood obtained from the
subjects. WBPT of the subjects was expressed after cor-
rection for the passage time of physiologic saline. The
microchannel formation had a width, length, and depth of
7, 30, and 4.5 pm, respectively. Examination was per-
formed within 60 min after blood sampling. The inter- and
intra-assay coefficients of variation for WBPT were 8 and
5%, respectively.

Evaluation of cardiovascular risk factors

The degree of obesity was estimated from the body mass
index, which was calculated as the weight in kilograms
divided by the square of the height in meters; obesity was
defined as a body mass index >25 kg/m?. Current smoking
was defined as smoking at least one cigarette per day
during the previous 28 days. Hypertension was defined as a
systolic blood pressure >140 mmHg, a diastolic blood
pressure >90 mmHg, or the use of antihypertensive med-
ication. Dyslipidemia was defined as a low-density
lipoprotein cholesterol level >140 mg/dl, a high-density
lipoprotein cholesterol level <40 mg/dl, a triglyceride
level >150 mg/dl, or the use of antidyslipidemic

medication. The number of risk factors was defined as the
number of classical cardiovascular risk factors, such as
hypertension, dyslipidemia, smoking, or obesity, in an
individual. Blood cell counts, plasma glucose concentra-
tion, plasma insulin concentration, hemoglobin Alc
(HbAlc) level, serum lipid concentration, estimated
glomerular filtration rate (eGFR), serum high-sensitivity
C-reactive protein (hs-CRP) concentration, and derivatives
of reactive oxygen metabolites (d-ROMs) were measured.
Blood samples were collected from the antecubital vein in
the morning after 12 h of fasting. Glucose and insulin
concentrations were measured by the glucose oxidase
method and an enzyme immunoassay, respectively. To
measure insulin resistance, HOMA-IR was calculated as
follows [12]: HOMA-IR = fasting glucose concentration
(mg/dl) x fasting insulin concentration (pg/ml)/405.
HbAlc levels were expressed according to the National
Glycohemoglobin Standardization Program. Total choles-
terol and triglyceride concentrations were measured by
standard enzymatic methods. High- and low-density
lipoprotein cholesterol concentrations were measured using
selective inhibition and Friedewald’s formula, respectively
[13]. Subjects with serum triglyceride concentrations
>400 mg/dl were excluded. eGFR was calculated with the
adjusted Modification of Diet in Renal Disease Study
equation, proposed by the working group of the Japanese
Chronic Kidney Disease Initiative [14]. hs-CRP concen-
tration was measured by high-sensitivity, latex-enhanced
immunonephelometrics. The hydroperoxide level, as an
oxidative stress marker, was measured in vivo by the
d-ROMs test using a commercial device (Diacron, Gros-
seto, Italy) [15].

Measurement of AGE

AGE levels were quantified by skin AGE levels, which were
based on skin autofluorescence measured with a commercial
instrument (AGE ReaderTM; DiagnOptics, Groningen, The
Netherlands) as previously described [16, 17]. Briefly, aut-
ofluorescence was defined as the average light intensity per
nanometer in the range between 300 and 420 nm. Autofluo-
rescence levels, expressed in arbitrary units, were measured
on the volar side of the lower arm, approximately 10-15 cm
below the elbow fold, with the patient in a seated position.
The validity and reliability of autofluorescence levels mea-
sured by this method have been established in a Japanese
population [17].

Evaluation of arterial function
The cardio-ankle vascular index (CAVI) was measured as

an arterial function marker using a VaSera CAVI instru-
ment (Fukuda Denshi, Tokyo, Japan), according to
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previously described methods [18]. Briefly, the brachial
and ankle pulse waves were determined using inflat-
able cuffs with the pressure maintained between 30 and
50 mmHg to ensure that the cuff pressure had a minimal
effect on the systemic hemodynamics. Blood and pulse
pressures were simultaneously determined, and the mea-
surements were obtained with the subject in a supine
position. CAVI was measured after the subject had rested
for 10 min in a quiet room. The average coefficient of
variation of CAVI has been shown to be less than 5%,
which is small enough for clinical use and indicates that
CAVI measurement has good reproducibility.

Statistical analysis

A commercially available statistical software program
(StatView-J 5.0; Hulinks, Tokyo, Japan) was used for all
statistical analyses. Continuous variables were expressed as
mean =+ standard deviation. The statistical significance of
differences in the mean values was calculated by analysis of
variance. The simple regression analysis was estimated by
Spearman’s rank correlation analysis. Multivariate analysis
was performed using multiple regression analysis. A p value
<0.05 was considered to indicate statistical significance.

Results

Baseline clinical characteristics are shown in Table 1, and
the dot graph of WBPT according to age is shown in Fig. 1.
The mean value of WBPT was 61.3 £ 18.1 s, ranging
from 31.2 to 113.5 s. There was no correlation between age
and WBPT. Correlations between WBPT and various
clinical parameters are shown in Table 2. There were sig-
nificant correlations between WBPT and obesity, body
mass index, current smoking, hypertension, white blood
cell count, red blood cell count, hematocrit, HbAlc, skin
autofluorescence, serum triglyceride concentration, eGFR,
hs-CRP, d-ROMs test, CAVI, and number of risk factors.
Fasting blood glucose levels and HOMA-IR were not sig-
nificantly correlated with WBPT.

Multiple regression analysis for WBPT as a subordinate
factor was performed with explanatory variables with signifi-
cance in univariate analysis. Skin autofluorescence, number of
risk factors, current smoking, d-ROMs test, CAVI, and hema-
tocrit were selected as independent variables (Table 3).

Discussion
A recent Japanese clinical study using MC-FAN indicated

that the mean WBPT values in patients without diabetes
mellitus and in healthy control subjects were 39.9 and
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Table 1 Baseline clinical characteristics

n (male/female)

294 (109/185)

Age (years) 64 + 11
Obesity, n (%) 135 (46)
Body mass index 243 + 39
Current smoking, n (%) 86 (29)
Hypertension, n (%) 197 (67)
Systolic blood pressure (mmHg) 140 £ 18
Diastolic blood pressure (mmHg) 84 + 11
White blood cell (/ul) 6590 £+ 1400
Red blood cell (104/pl) 428 + 44
Hematocrit (%) 38.5 £ 4.1
Platelet (104/pl) 22.0 + 6.2
Fasting blood glucose (mg/dl) 133 £ 26
Immunoreactive insulin (pg/ml) 8+5
HbAlc (%) 7.0+ 0.9
HOMA-IR 2.6 £ 1.7
Skin autofluoresence (AU) 2.6 £ 0.5
Dyslipidemia, n (%) 212 (72)
Total cholesterol (mg/dl) 222 £+ 40
LDL cholesterol (mg/dl) 144 £+ 39
Triglyceride (mg/dl) 148 + 64
HDL cholesterol (mg/dl) 48 + 15
eGFR (ml/min/1.73 m?) 61 + 21
log-hs-CRP (mg/l) —1.1£05
d-ROMs test (U.Carr) 339 £ 92
CAVI 934+ 13
Number of risk factors 21+£1.0
WBPT (s) 61.3 + 18.1
Medication
Sulfonylurea, n (%) 154 (52)
DPP-4 inhibitor, n (%) 102 (35)
Insulin, n (%) 20 (7)
Statin, n (%) 142 (48)
RAS inhibitor, n (%) 122 (41)
Eicosapentaenoic acid, n (%) 12 (4)

Continuous values are mean = SD

HbAIc hemoglobin Alc, HOMA-IR homeostasis assessment insulin
resistance, LDL low-density lipoprotein, HDL high-density lipopro-
tein, eGFR estimated glomerular filtration rate, hs-CRP high sensi-
tivity C reactive protein, d-ROMs derivatives of reactive oxygen
metabolites, CAVI cardio-ankle vascular index, Risk factor obesity,
current smoker, hypertensin, dyslipidemia, WBPT whole-blood pas-
sage time, DPP dipeptidyl peptidase, RAS renin-angiotensin system

37.1 s, respectively [19, 20]. The mean WBPT of the
patients in the present study was 61.3 s, indicating that
blood rheology was impaired in patients with type 2 dia-
betes mellitus.

High blood glucose concentrations have been reported
to cause impaired blood rheology via several pathways
[21, 22]. However, the present study found no association
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Fig. 1 The dot graph of WBPT according to age. Bar expressed
mean £+ SD. WBPT whole-blood passage time

between fasting blood glucose levels and WBPT, which is
in accordance with the results of other clinical studies using
MC-FAN. HbAlc levels showed no significant relationship
with WBPT on multivariate analysis, even though the
result of single regression analysis was significant in
patients with type 2 diabetes mellitus. On the other hand,
skin autofluorescence levels, acting as a marker of AGEs
in vivo, were selected as the strongest variable for WBPT
elevation as a subordinate factor. Estimation of hemorhe-
ology by MC-FAN is an in vitro method that uses artificial
blood vessels with a lumen width of 7 pm and a depth of
4.5 pm, similar to the dimensions of a capillary. Meerwaldt
et al. reported that the level of pentosidine, which is a
major component of AGEs, measured at the volar side of
the lower arm by skin biopsy was correlated with skin
autofluorescence [23]. Capillary vessels are present in the
area of skin biopsy. Therefore, a significant relation
between skin autofluorescence and WBPT may reflect the
accumulation of AGEs in tissues through impairment of
blood rheology within the capillaries. On the other hand,
some basic studies have reported that AGEs influence
hemorheology through mechanisms such as leukocyte-en-
dothelial interaction or platelet aggregation [24, 25]. Fur-
thermore, skin autofluorescence has been reported to be
correlated with micro- and macrovascular damage in
patients with type 2 diabetes mellitus [11]. Thus, the results
of this and previous studies indicate that AGEs and
impairment of hemorheology are associated with each
other not only on the volar side of the lower arm but also in
systemic arterial vessel walls, consequently causing car-
diovascular events. Yamagishi et al. reported that AGEs
were a marker that is compatible with the theory of “hy-
perglycemic memory” [26]. Genevieve et al. examined the
relation between skin autofluorescence and HbAlc [27].
They measured HbAlc levels every 6 months and reported
that the skin autofluorescence level was significantly rela-
ted to the means of the last five and ten HbAlc values.

Table 2 Relationship between WBPT and various clinical
parameters

r p value
Sex (female = 0, male = 1) 0.10 0.10
Age 0.06 0.23
Obesity (no = 0, yes = 1) 0.31 <0.001
Body mass index 0.12 <0.05
Current smoking (no = 0, yes = 1) 0.25 <0.001
Hypertension (no = 0, yes = 1) 0.24 <0.001
Systolic blood pressure 0.02 0.68
Diastolic blood pressure 0.04 0.45
White blood cell 0.16 <0.01
Red blood cell 0.17 <0.01
Hematocrit 0.20 <0.001
Platelet 0.09 0.13
Fasting blood glucose 0.06 0.24
Immunoreactive insulin 0.11 0.05
HbAlc 0.12 <0.05
HOMA-IR 0.10 0.06
Skin autofluoresence 0.49 <0.001
Dyslipidemia 0.10 0.09
Total cholesterol —0.08 0.19
LDL cholesterol —0.04 0.45
Triglyceride 0.15 <0.01
HDL cholesterol 0.09 0.13
eGFR —0.14 <0.05
log-hs-CRP 0.12 <0.05
d-ROMs test 0.25 <0.001
CAVI 0.32 <0.001
Number of risk factors 0.45 <0.001
Sulfonylurea (no = 0, yes = 1) 0.04 0.46
DPP-4 inhibitor (no = 0, yes = 1) 0.06 0.24
Insulin (no = 0, yes = 1) 0.07 0.23
Statin (no = 0, yes = 1) —0.09 0.12
RAS inhibitor (no = 0, yes = 1) —0.08 0.18
Eicosapentaenoic acid (no = 0, yes = 1) —0.02 0.76

r expresses the correlation coefficient between WBPT and clinical
parameters. Abbreviations as in Table 1

Thus, the results of this and previous studies indicate that
we should perform long-term glucose control to improve
the hemorheology.

Some researchers have reported that high hematocrit
levels increase the risk of diabetes or diabetic complica-
tions [28]. Higher hematocrit levels also decrease blood
flow by increasing the whole-blood viscosity, causing
skeletal muscle and pancreatic beta cell dysfunction as well
as vascular events. In the present study, hematocrit levels
were selected as independent variables for WBPT in both
controls and patients with type 2 diabetes mellitus. Other
reports using MC-FAN have indicated a significant
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Table 3 Multiple regression analysis for WBPT

Explanatory factor B t value p value
Skin autofluoresence 0.47 9.1 <0.001
Number of risk factors 0.25 3.6 <0.001
Current smoking 0.17 3.0 <0.001
d-ROMs test 0.15 2.5 <0.01
CAVI 0.13 23 <0.05
Hematocrit 0.11 2.1 <0.05
Obesity 0.09 1.8 0.06
log-hs-CRP 0.09 1.7 0.07
White blood cell 0.06 1.3 0.21
Hypertension 0.06 1.2 0.24
Red blood cell 0.03 0.8 0.56
eGFR —0.01 -0.3 0.87
HbAlc 0.01 0.3 0.88
Triglyceride —0.01 -0.2 0.90

R? = 0.44, F value = 24.9, p < 0.001, (n = 294). Abbreviations as
in Table 1

relationship between hematocrit and WBPT [19]. There-
fore, hematocrit is an important factor in hemorheology,
and it can be evaluated by MC-FAN.

A number of studies have indicated that oxidative stress
contributes to the development of diabetic complications
[29, 30]. The results of the present study indicate a sig-
nificant relationship between oxidative stress and WBPT in
patients with type 2 diabetes mellitus. Several mechanisms
cause impairment of blood rheology via oxidative stress,
such as platelet aggregation and elevation of plasma vis-
cosity [31, 32]. In contrast, antidiabetic, antihypertensive,
and antihyperlipidemic drugs have been reported to
decrease oxidative stress in vivo [33-35]. Some researchers
have reported the clinical usefulness of these drugs in
improving hemorheology [36-38]. The results of the pre-
sent cross-sectional study indicate no correlation between
medication and WBPT. However, interventional studies
are warranted to examine the effectiveness of medications
on oxidative stress and WBPT. We expect to discover new
applications of antidiabetic, antihypertensive, and antihy-
perlipidemic drugs for the prevention of cardiovascular
disease in patients with type 2 diabetes.

Arterial dysfunction, such as arterial stiffness, and
endothelial dysfunction are reported to have important
roles in the progression of atherosclerosis. In this context,
CAVI is a novel marker of arterial function [18, 39, 40].
Takahashi et al. reported the effects on CAVI of beraprost
sodium, a prostaglandin I2 analogue that has a potent
vasodilating effect, and compared its effects on CAVI with
its effects on brachial ankle pulse wave velocity (baPWV)
[39]. They concluded that beraprost sodium did not
decrease blood pressure but decreased CAVI, whereas
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baPWV remained unchanged. CAVI is a parameter for
determining arterial stiffness that is relatively independent
of blood pressure levels compared with baPWV. There are
few reports on the relation between blood rheology and
arterial stiffness in patients with diabetes mellitus.
Recently, Li et al. reported a relationship between whole-
blood fluidity and stiffness of the aortic artery using
baPWYV in patients with type 2 diabetes mellitus [41]. The
results of this study indicated that hemorheology may
affect the stiffness of the aortic artery independently of
blood pressure levels. Some studies have reported a rela-
tionship between endothelial dysfunction and unfavorable
blood rheology [20]. On the other hand, Endo et al.
reported that CAVI reflected endothelial dysfunction,
which is estimated by brachial artery flow-mediated
vasodilatation [40]. Thus, a significant relationship
between WBPT and CAVI in patients with type 2 diabetes
mellitus may be partly explained by endothelial function.

It is well known that smoking habits are one of the most
important cardiovascular risk factors worldwide. Recently,
Shimada et al. reported a relationship between hemorhe-
ology, estimated by MC-FAN, and tobacco consumption or
smoking cessation in patients. They reported that WBPT
was significantly positively correlated with daily con-
sumption of tobacco in multivariate analysis and that
3 months of smoking cessation significantly reduced
WBPT [42]. The results of the present study also indicated
that current smoking was an independent factor determin-
ing WBPT in patients with type 2 diabetes mellitus.
Smoking is also known to affect oxidative stress and AGE
formation. Thus, in patients with type 2 diabetes mellitus,
smoking is considered to have a stronger influence on
hemorheology than do fasting blood glucose and HbAlc
levels.

Patients with just one cardiovascular risk factor will not
always have a cardiovascular event. Patients with multiple
risk factors are most likely to have a problem [43]. In the
present study, clustering of classical cardiovascular risk
factors, such as hypertension, dyslipidemia, smoking, and
obesity, was significantly correlated with WBPT, even
though each parameter was weakly correlated with WBPT.
MC-FAN is a simple method that uses artificial blood
vessels. Estimation of WBPT by MC-FAN is expected to
increase the reliability of prediction of cardiovascular
disease in patients with type 2 diabetes mellitus.

This study has several limitations. First, the medical
treatments for diabetes mellitus, hypertension, and dys-
lipidemia may have influenced the study results. Second,
HOMA-IR has limitations as a marker of insulin resistance,
especially in patients with high blood glucose levels. This
study included a substantial number of patients with type 2
diabetes mellitus who had high fasting blood glucose
levels. Therefore, additional studies using some other
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accurate marker of insulin resistance, such as a glucose
clamp test, are warranted to evaluate the putative rela-
tionship between insulin resistance and hemorheology in
patients with type 2 diabetes mellitus. Third, several
parameters, such as current smoking, hematocrit, d-ROMs
test results, and CAVI, were weakly correlated with
WBPT, even though these parameters were selected as
independent variables for WBPT by multivariate analysis.
Finally, data on cardiovascular disease are lacking in this
study. Further studies are needed to clarify the relation of
WBPT and cardiovascular disease and to examine the
significance of WBPT as a predictor of cardiovascular
events in patients with type 2 diabetes mellitus.

In conclusion, the present hemorheological study using
MC-FAN indicated that novel risk factors for cardiovas-
cular disease, such as AGEs, in vivo oxidative stress, and
CAVI, and clustering of classical cardiovascular risk fac-
tors are more important in determining the impairment of
hemorheology than are fasting blood glucose and HbAlc
levels in patients with type 2 diabetes mellitus.
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