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Clinical Impact of Hemorheology Assessed Using the 
Microchannel Array Flow Analyzer on Renal Resistive Index 

in Patients With Type 2 Diabetes Mellitus

Takashi Hitsumoto

Abstract

Background: The renal resistive index (RRI) assessed using ultra-
sonography is reportedly associated with not only kidney function 
but also cardiovascular disease incidence. In contrast, hemorheology 
assessed using the microchannel array flow analyzer (MC-FAN) has 
demonstrated the significance of cardiovascular risk factors in recent 
clinical studies. This cross-sectional study aimed to clarify the clini-
cal impact of hemorheology assessed using MC-FAN on RRI in pa-
tients with type 2 diabetes mellitus from the perspective of primary 
prevention of cardiovascular events.

Methods: In total, 302 outpatients undergoing treatment for type 2 
diabetes mellitus (121 males and 181 females; mean age ± standard 
deviation, 66 ± 12 years) with no history of cardiovascular diseases 
were enrolled. The whole blood passage time (WBPT) was assessed 
using MC-FAN as a marker of hemorheology, and the relationship 
between RRI and various clinical parameters including WBPT was 
examined.

Results: A significant positive correlation was observed between 
WBPT and RRI (correlation coefficient = 0.48; P < 0.001). Further-
more, the multiple regression analysis demonstrated that WBPT was 
selected as an independent variable for RRI as a subordinate factor 
(β = 0.37; P < 0.001). Patients with high WBPT (≥ 70 s) and median 
WBPT (50.2 - 69.6 s) had a significantly higher risk (odds ratio (OR): 
7.9; 95% confidence interval (CI): 2.4 - 19.6; P < 0.01 and OR: 2.1; 
95% CI: 1.1 - 7.8; P < 0.05, respectively) of having a high RRI (≥ 
0.70) than those with low WBPT (≤ 50.0 s).

Conclusions: The results of this study indicate that hemorheology 
assessed using MC-FAN is an important determining factor for RRI 
in patients with type 2 diabetes mellitus. Furthermore, we suggest that 
an increase in RRI can be prevented by maintaining WBPT ≤ 50.0 s. 
Further investigation of a large number of prospective studies, includ-
ing intervention therapies, will be required to confirm the results of 
this study.

Keywords: Hemorheology; Microchannel method; Renal resistive 
index; Albuminuria; Skin autofluorescence; Oxidative stress; Type 2 
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Introduction

Complications of kidney dysfunction are widely known to be 
associated with the prognosis of type 2 diabetes mellitus. In 
general, the kidney function is evaluated using biomarkers, 
such as estimated glomerular filtration rate (eGFR) and uri-
nary albumin concentration, which are also well established 
as prognosis factors for cardiovascular events in patients with 
type 2 diabetes mellitus [1]. In addition, the renal resistive in-
dex (RRI), which is assessed using ultrasonography, has been 
reported as a novel marker of kidney function and a predictor 
of cardiovascular events [2, 3].

The impairment of hemorheology is considered as a cru-
cial factor in the incidence of cardiovascular events, as well as 
atherosclerosis [4, 5]. In recent years, the microchannel array 
flow analyzer (MC-FAN), a commercial device that assesses 
hemorheology using microscopic images, has been introduced 
to clinical settings [6]. MC-FAN has a simple methodology and 
is superior to other methods regarding the accuracy of channel 
dimensions and high reproducibility. Furthermore, some clini-
cal studies have reported a significant relationship between an 
increase in the whole blood passage time (WBPT), which is 
measured using MC-FAN, and cardiovascular risk factors or 
coronary artery disease [7-11].

To the best of our knowledge, there are no reports on the 
relationship between WBPT and RRI in patients with type 2 
diabetes mellitus. Therefore, this study aimed to elucidate the 
clinical impact of hemorheology assessed using MC-FAN on 
RRI in patients with type 2 diabetes mellitus from the perspec-
tive of primary prevention of cardiovascular events.

Methods

Patients

This cross-sectional study was conducted at Hitsumoto Medi-
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cal Clinic (Shimonoseki City, Japan) from February 2015 to 
January 2017. The study population comprised 302 outpatients 
(121 males and 181 females; mean age ± standard deviation, 66 
± 12 years) undergoing treatment for type 2 diabetes mellitus 
whose blood rheology was examined using MC-FAN. No pa-
tient had a history of cardiovascular events, such as coronary ar-
tery disease, cerebrovascular disease, peripheral artery disease, 
or heart failure. All participants provided informed consent, and 
the study protocol conformed to the ethical guidelines of the 
Declaration of Helsinki. Furthermore, this study was approved 
by the Local Ethics Committee of Hitsumoto Medical Clinic.

Assessment of hemorheology using MC-FAN

Hemorheology was assessed by measuring WBPT using an 
MC-FAN HR300 rheometer (MC Healthcare Inc., Tokyo, Ja-
pan), as previously reported [6, 10]. The microchannel pas-
sage time for 100 µL of physiological saline as a control was 
initially measured, followed by that for 100 µL of heparinized 
blood samples obtained from the study participants. WBPT of 
the participants was corrected for the passage time of physi-
ological saline. The microchannel formation was 7 µm wide, 
30 µm long and 4.5 µm deep. The WBPT measurements were 
performed within 60 min of blood sampling. Both inter- and 
intra-assay coefficients of variation for WBPT were 8% and 
5%, respectively.

Evaluation of RRI

Renal arteries were ultrasonographically examined using a 3.0 
MHz convex probe (HI VISION Avius; Hitachi Medical Cor-
poration, Tokyo, Japan). RRI was measured in a supine posi-
tion during suspended respiration at the end of inspiration, as 
previously reported [12]. Using pulsed wave Doppler, blood 
flow velocities were measured from segmental arteries located 
in the upper, middle, and lower thirds of the kidney for the RRI 
analysis. RRI was automatically calculated using the follow-
ing equation: (peak systolic velocity - minimum diastolic ve-
locity)/peak systolic velocity. The three values were averaged 
to obtain the mean RRI for each kidney, and the average RRI 
value between the right and left kidney was used for analysis.

Evaluation of cardiovascular risk factors

The degree of obesity was measured using the body mass 
index, which was calculated as weight in kilograms divided 
by height in meters squared. Current smoking was defined as 
smoking at least one cigarette per day during the previous 28 
days. The right brachial blood pressure was measured twice 
using a mercury sphygmomanometer with participants in the 
sitting position. An average of two readings was used to de-
termine the systolic and diastolic blood pressures. The pulse 
pressure was calculated by the difference between the systolic 
and diastolic blood pressures. In addition, eGFR was calcu-
lated using the adjusted Modification of Diet in Renal Disease 

Study equation, which was proposed by the working group 
of the Japanese Chronic Kidney Disease Initiative [13]. Uri-
nary albumin excretion was evaluated using a commercial 
kit (Siemens/Bayer DCA 2000+ Analyzer; Siemens Health-
ineers, Tokyo, Japan). Skin autofluorescence (AF), which re-
flects the accumulation of advanced glycation end products 
(AGEs), was measured on the volar side of the forearm us-

Table 1.  Baseline Clinical Characteristics

n (male/female) 302 (121/181)
Age (years) 66 ± 12
Body mass index 23.6 ± 3.8
Current smoker, n (%) 57 (19)
Systolic blood pressure (mm Hg) 143 ± 9
Diastolic blood pressure (mm Hg) 90 ± 12
Pulse pressure (mm Hg) 53 ± 13
Pulse rate (/min) 68 ± 11
White blood cell (/µL) 6,490 ± 1,220
Red blood cell (104/µL) 420 ± 40
Hematocrit (%) 38.0 ± 4.0
Platelet (104/µL) 21.2 ± 6.5
Fasting blood glucose (mg/dL) 134 ± 24
Immunoreactive insulin (µg/mL) 7.3 ± 4.4
HOMA-IR 2.5 ± 1.5
Hemoglobin A1c (%) 7.1 ± 1.3
Skin autofluorescence (AU) 2.6 ± 0.6
Total cholesterol (mg/dL) 213 ± 40
LDL-cholesterol (mg/dL) 135 ± 35
Triglyceride (mg/dL) 129 ± 63
HDL-cholesterol (mg/dL) 52 ± 15
eGFR (mL/min/1.73 m2) 63.5 ± 25.7
Log-urinary albumin (mg/g Cr) 1.52 ± 0.53
d-ROMs test (U Carr) 334 ± 99
WBPT (s) 59.3 ± 16.1
RRI 0.70 ± 0.08
Medication
  Sulfonylurea, n (%) 157 (52)
  Metformin, n (%) 81 (27)
  DPP-4 inhibitor, n (%) 172 (57)
  Insulin, n (%) 21 (7)
  RAS inhibitor, n (%) 166 (55)
  Statin, n (%) 163 (54)

Continuous values are mean ± SD. HOMA-IR: homeostasis assess-
ment insulin resistance; LDL: low-density lipoprotein; HDL: high-den-
sity lipoprotein; eGFR: estimated glomerular filtration rate; d-ROMs: 
derivatives of reactive oxygen metabolites; RRI: renal resistive index; 
WBPT: whole blood passage time; RAS: renin-angiotensin system; 
DPP: dipeptidyl peptidase.
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ing a commercial instrument (AGE Reader™; DiagnOptics, 
Groningen, the Netherlands), as previously described [14]. 
The blood cell count, plasma glucose concentration, plasma 
insulin concentration, hemoglobin A1c (HbA1c), serum lipid 
concentration, and derivatives of reactive oxygen metabolites 
(d-ROMs) were assessed using d-ROMS test. Blood samples 
were collected from antecubital veins in the morning after 12 h 
of fasting. Glucose and insulin concentrations were measured 
using the glucose oxidase method and an enzyme immunoas-
say, respectively. To assess insulin resistance, the homeostasis 
model assessment (HOMA-IR) was calculated as follows [15]: 
HOMA-IR = (fasting glucose concentration (mg/dL) × fast-
ing insulin concentration (µg/mL))/405. HbA1c levels were 
expressed using the National Glycohemoglobin Standardiza-
tion Program. Total cholesterol and triglyceride concentrations 
were evaluated using standard enzymatic methods. In addition, 
high- and low-density lipoprotein cholesterol concentrations 
were assessed using selective inhibition and the Friedewald 
formula, respectively [16]. Notably, participants with a serum 
triglyceride concentration of ≥ 400 mg/dL were excluded from 
the study because this method is accurate only below this con-
centration. The d-ROMs test, which assesses hydroperoxide 
levels, was used to measure the oxidative stress in vivo using a 
commercial device (Diacron, Grosseto, Italy) [17].

Statistical analysis

A commercially available statistical software program (Stat-

View-J 5.0; Hulinks Inc., Tokyo, Japan) was used for all statis-
tical analyses. Continuous variables were expressed as mean 
± SD. A simple regression analysis was performed using the 
Spearman’s rank correlation, and the multivariate analysis was 
conducted using multiple regression analysis or multiple lo-
gistic regression analysis. P < 0.05 was considered statistically 
significant.

Results

Table 1 shows the baseline clinical characteristics. The mean 
and median values of WBPT were 59.3 s (± 16.1 s; range, 
31.1 - 108.6 s) and 56.9 s, respectively. The mean and me-
dian values of RRI were 0.70 (± 0.08; range, 0.50 - 0.89) and 
0.71, respectively. Figure 1 shows the statistically significant 
positive correlation between WBPT and RRI. Table 2 displays 
correlations between RRI, WBPT, and various clinical param-
eters. RRI demonstrated a significant positive correlation with 
age, current smoking habits, pulse pressure, HbA1c, skin AF, 
urinary albumin concentration, and d-ROMs test. Conversely, 
RRI exhibited a significant negative correlation with diastolic 
blood pressure and eGFR. WBPT showed a significant posi-
tive correlation with body mass index, current smoking habits, 
hematocrit, HbA1c, skin AF, serum triglyceride concentra-
tion, urinary albumin concentration, and d-ROMs test. Table 
3 shows results of multiple regression analysis. The selection 
of seven explanatory factors was determined by either check-
ing multicollinearity among variables or conducting stepwise 

Figure 1. Correlation Between WBPT and RRI. The statistically significant positive correlation between WBPT and RRI (r = 0.48, 
P < 0.001). WBPT: whole blood passage time; RRI: renal resistive index.
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method. The coefficient of determination (R2) of this analysis 
was 0.33, indicating that 33% of RRI as a subordinate factor 
was explained by the seven explanatory factors. In this analy-
sis, WBPT, pulse pressure, urinary albumin concentration, skin 
AF, d-ROMs test, and age were selected as independent vari-
ables for RRI as a subordinate factor. To illustrate the simple 
threshold of WBPT for detecting high RRI (RRI ≥ 0.70), par-
ticipants were divided into three groups based on WBPT, and 
the multiple logistic regression analysis was performed (Fig. 

2). Patients with high WBPT (≥ 70 s) and median WBPT (50.2 
- 69.6 s) had a significantly higher risk (odds ratio (OR): 7.9; 
95% confidence interval (CI): 2.4 - 19.6, P < 0.01 and OR: 2.1; 
95% CI: 1.1 - 7.8; P < 0.05, respectively) of having a high RRI 
than patients with low WBPT (≤ 50.0 s).

Discussion

Previous studies have reported that the RRI value is mainly 
affected by age and pulse pressure [18, 19]. In this study, the 
multivariate analysis also indicated that age and pulse pressure 
were independent variables for RRI. Furthermore, the novelty 
of this study was elucidating the significant relationships be-
tween hemorheology assessed by microchannel methods and 
RRI. In addition, albuminuria, skin AGEs levels, and oxidative 
stress were selected as significant factors for RRI in this study.

RRI is considered to reflect renovascular resistance distal 
from the point of examination. Ikee et al reported the relation-
ship between RRI and renal histopathological data, including 
glomerular sclerosis, interstitial fibrosis/tubular atrophy, inter-
stitial infiltration, and arteriosclerosis. They concluded that the 
multivariate analysis selected only arteriosclerosis as an inde-
pendent variable for RRI [20]. In addition, this study indicated 
that WBPT had the highest β-value for RRI in the multiple re-
gression analysis. Linde et al reported a significant relationship 
between blood viscosity and peripheral vascular resistance in 
vivo [21]. Thus, the results of this and previous studies indi-
cated that an increase in RRI is caused by both arteriosclerosis 
and the impairment of blood rheology of renal arteries.

In this study, both RRI and WBPT had significant positive 
correlations with the urinary albumin concentration. Although 
the mechanisms underlying the development of albuminuria 
are not completely understood, recent basic studies using ani-
mal models have reported that the impairment of preglomeru-
lar small vessels, particularly the perforating arteries, plays 
a crucial role in the incidence of urinary albumin [22]. Con-
versely, hemorheology assessed using MC-FAN is an in vitro 
measurement that uses artificial blood vessels, with a 7 µm 
wide, 30 µm long, and 4.5 µm deep vessel lumen. Thus, assess-
ing hemorheology using MC-FAN is assumed to correspond 

Table 2.  Relationship Between RRI, WBPT and Various Clini-
cal Parameters

r
RRI WBPT

Sex (Female=0, Male=1) -0.06 0.07
Age 0.26* 0.06
Body mass index 0.09 0.16**
Current smoker (No=0, Yes=1) 0.12*** 0.13***
Systolic blood pressure 0.03 0.04
Diastolic blood pressure -0.28* 0.05
Pulse pressure 0.36* 0.04
Pulse rate 0.07 0.05
White blood cell 0.06 0.06
Red blood cell 0.10 0.10
Hematocrit 0.11 0.13***
Platelet 0.07 0.07
Fasting blood glucose 0.11 0.10
Immunoreactive insulin 0.05 0.05
HOMA-IR 0.06 0.08
Hemoglobin A1c 0.16** 0.12***
Skin autofluorescence 0.41* 0.41*
Total cholesterol 0.03 0.02
LDL-cholesterol 0.02 0.03
Triglyceride 0.09 0.13***
HDL-cholesterol -0.08 0.08
eGFR -0.20* -0.08
Log-urinary albumin 0.34* 0.45*
d-ROMs test 0.40* 0.41*
Sulfonylurea (no = 0, yes = 1) 0.03 -0.08
Metformin (no = 0, yes = 1) -0.05 -0.06
DPP-4 inhibitor (no = 0, yes = 1) -0.04 -0.07
Insulin (no = 0, yes = 1) 0.08 0.09
RAS inhibitor (no = 0, yes = 1) -0.08 -0.07
Statin (no = 0, yes = 1) -0.08 -0.09

r expressed correlation coefficient. HOMA-IR: homeostasis assess-
ment insulin resistance; LDL: low-density lipoprotein; HDL: high-den-
sity lipoprotein; d-ROMs: derivatives of reactive oxygen metabolites; 
eGFR: estimated glomerular filtration rate; DPP: dipeptidyl peptidase; 
RAS: renin-angiotensin system. *P < 0.001, **P < 0.01, ***P < 0.05.

Table 3.  Multiple Regression Analysis for RRI

Explanatory factor β P value
WBPT 0.37 < 0.001
Pulse pressure 0.24 < 0.001
Log-urinary albumin 0.22 < 0.001
Skin autofluorescence 0.21 < 0.001
d-ROMs test 0.15 < 0.01
Age 0.12 < 0.05
eGFR -0.09 0.061

R2 = 0.33. RRI: renal resistive index; WBPT: whole blood passage time; 
d-ROMs: derivatives of reactive oxygen metabolites; eGFR: estimated 
glomerular filtration rate; β: standardized regression coefficient; R2: co-
efficient of determination.
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to small vessels, including perforating arteries. Therefore, the 
impairment of blood rheology in a small-sized vessel may be 
affected by the production of albuminuria in addition to an in-
crease in RRI. It is well known that endothelial dysfunction 
plays a major role in the occurrence of cardiovascular events, 
and some studies have indicated that the urinary albumin 
concentration is closely associated with systemic endothelial 
dysfunction [23]. Yagi et al reported a significant association 
between increased WBPT and endothelial dysfunction using 
flow-mediated dilatation of the brachial artery [24]. Therefore, 
a significant relationship observed between RRI and urinary 
albumin excretion in this study may be partly attributable to 
the systemic endothelial dysfunction due to the impairment of 
hemorheology.

Among the factors of glucose-related parameters, only 
skin AF was selected as an independent variable for RRI. Fur-
thermore, skin AF had a significant positive correlation with 
WBPT. It is well known that AGEs play a crucial role in the 
pathogenesis of kidney disease [25, 26]. In contrast, the skin 
pentosidine level, which is a major component of AGEs on the 
volar side of the forearm, has been found to correlate with skin 
AF in skin biopsy [27]. Small-sized vessels are considered to 
be present in a portion of skin biopsies along with systemic 
vessels such as the kidney, heart, and brain. In addition, ba-
sic studies have reported that AGEs influence hemorheology 
by mechanisms such as leukocyte-endothelial interaction and 
platelet aggregation [28, 29]. Thus, the results of this study 
and that of previous studies may indicate that AGEs and the 
impairment of hemorheology associated with each other in 
systemic small-sized vessels consequently lead to an increased 
systemic vascular resistance, including the kidneys, in patients 
with type 2 diabetes mellitus.

A number of studies have reported an association between 
oxidative stress and the pathogenesis of diabetes mellitus [30, 

31]. In this study, the d-ROMs test, as a marker of the oxidative 
stress in vivo, also exhibited a significant correlation with RRI 
by the multivariate analysis. Thus, oxidative stress is consid-
ered as one of the important determining factors for an increase 
in RRI in type 2 diabetes mellitus. Conversely, the d-ROMs 
test also demonstrated a significant correlation with WBPT. 
Some basic and clinical studies have reported that oxidative 
stress plays an important role in blood rheology and causes 
the impairment of hemorheology through several mechanisms, 
such as platelet aggregation and increased plasma viscosity [8, 
11, 32-35]. Furthermore, the results of this study indicate that 
oxidative stress may cause an increase in RRI by impairing 
blood rheology in small renal arteries.

Evidently, the simple cut-off levels of WBPT values for 
predicting the high RRI in clinical settings are useful. This 
study clarifies the clinical usefulness of assessing WBPT to 
detect RRI as high as ≥ 0.70, which is shown to be discrimina-
tory of an increased RRI level [2, 36]. Participants were di-
vided into three groups based on simple WBPT values, and the 
multiple logistic regression analysis was performed. The re-
sults of this study indicate that patients with WBPT ≥ 70.0 s or 
50.2 - 69.6 s exhibited a significantly higher risk of high RRI 
than patients with WBPT ≤ 50.0 s. Although this was a cross-
sectional study, we believe that it is possible to evaluate the 
risk of progression of high RRI in patients with type 2 diabe-
tes mellitus by measuring WBPT. Some clinical studies have 
indicated that medications, such as antidiabetic drugs, antihy-
pertensive drugs, and antihyperlipidemic drugs, and smoking 
cessation, improve hemorheology, even though no statistically 
significant associations between these factors and WBPT were 
observed in this cross-sectional study [37-40]. We suggest that 
an increase in RRI can be prevented by interventions such as 
medication or lifestyle modification in patients with type 2 dia-
betes mellitus to maintain WBPT ≤ 50.0 s.

Figure 2. Results of Multiple Logistic Regression Analysis for High RRI. High RRI was defined as an RRI ≥ 0.70. Adjustment fac-
tors were age, pulse pressure, skin autofluorescence, urinary albumin excretion, and d-ROMs. *P < 0.01 vs. ≤ 50.0 s, **P < 0.001 
vs. ≤ 50.0 s. RRI: renal resistive index; WBPT: whole blood passage time; d-ROMs: derivatives of reactive oxygen metabolites.
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This study has several limitations. First, the drug treat-
ments for diabetes mellitus, hypertension, and dyslipidemia 
might have influenced the study results. Second, angiogra-
phy, computed tomography, magnetic resonance imaging, and 
echocardiography were not performed. Therefore, asympto-
matic cardiovascular diseases might have gone undetected. 
Third, hemorheology assessed using MC-FAN is an in vitro 
assessment that uses artificial blood vessels; therefore, the ob-
tained hemorheological data might differ from those obtained 
in vivo because of the influence of vascular factors, such as 
endothelial cells or smooth muscle cells. However, the results 
of this study indicate that WBPT is an important marker that is 
associated with an increase in RRI or risk factor of cardiovas-
cular disease incidence. Finally, this study was cross-sectional 
and conducted at a single unit with a small sample volume. 
An examination of a large number of prospective studies, in-
cluding intervention therapies, will be required to confirm the 
results of this study.

Conclusions

In conclusion, the results of this study indicate that hemorheol-
ogy assessed using MC-FAN is one of the important determin-
ing factors for RRI in patients with type 2 diabetes mellitus. 
Furthermore, we suggest that an increase in RRI can be pre-
vented by maintaining WBPT ≤ 50.0 s. Further investigation 
of a large number of prospective studies, including intervention 
therapies, will be required to confirm the results of this study.
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