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Impaired peripheral circulation in lower-leg arteries caused
by higher arterial stiffness and greater vascular resistance
associates with nephropathy in type 2 diabetic patients
with normal ankle-brachial indices
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ARTICLE INFO ABSTRACT
Article history: Diabetic nephropathy is a major cause of lower-limb amputation. We enrolled 250 type 2
Received 19 July 2007 diabetic patients without apparent occlusive peripheral arterial disease (ankle-brachial
Accepted 17 January 2008 indices >0.9) and 40 age-matched nondiabetic subjects consecutively admitted to our
Published on line 11 March 2008 hospital. Flow volume and resistive index (RI), an index of vascular resistance, at the
popliteal artery were evaluated using gated two-dimensional cine-mode phase-contrast
Keywords: magnetic resonance imaging. Brachial-ankle pulse wave velocity (baPWV) was measured as
Type 2 diabetes an index of arterial distensibility. Flow volume was negatively correlated with both baPWV
Peripheral circulation (p=0.0009) and RI (p < 0.0001) among the patients. When the patients were grouped into
Nephropathy four subgroups with or without albuminuria and renal insufficiency according to the levels

of urinary albumin excretion rate (>20 or <20 ug/min) and estimated glomerular filtration
rate (eGFR) (<60 or 260 mVmin/1.73 m®), albuminuric patients with renal insufficiency
{n = 30) showed the lowest flow volume (p=0.0078) and the highest baPWV (p =0.0006)
and RI (p = 0.0274) among the groups. Simple linear regression analyses demonstrated that
eGFR correlated positively with flow volume (p=0.0020) and negatively with baPWV
(p = 0.0258) and RI {p = 0.0029) in patients with albuminuria (n = 92), but not with normoal-
buminuria (n = 158). Impaired peripheral circulation in lower-leg arteries associates with
nephropathy in diabetic patients even though they have normal ankle-brachial indices.
© 2008 Elsevier Ireland Ltd. All rights reserved.

% Introduction excretion [3] and decrease in glomerular filtration rate (4] are

powerful markers of increased cardiovascular morbidity and
Diabetic nephropathy is the leading cause of lower-limb mortality for diabetic patients. Therefore, current diabetes
amputation [1], end-stage renal failure and death from  guidelines recommend screening for elevated urinary albumin
cardiovascular disease (CVD) [2]. Elevated urinary albumin  excretion as the earliest clinical evidence of nephropathy [5] in

* Corresponding author. Tel.: +81 58 230 6373; fax: +81 58 230 6375.
E-mail address: esuzuki@gifu-u.ac.jp (E. Suzuki).
0168-8227/$ - see front matter (3 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/].diabres.2008.01.023
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addition to screening for decline in estimated glomerular
filtration rate (eGFR) calculated by the Modification of Diet in
Renal Disease (MDRD) formula to detect chronic kidney
disease attributed to diabetes [6]. Duplex Doppler sonography
has demonstrated that alterations in glomerular capillaries
and tubulointerstitial compartments of the kidney result in
increase of intrarenal vascular resistance [7]. Type 2 diabetic
patients with nephropathy are known to have elevated
intrarenal vascular resistance compared with other types of
renal disease [8]. Furthermore, among diabetic patients with
nephropathy, increased vascular resistance in the intrarenal
arteries associates with the severity of systemic atherosclero-
sis assessed by brachial-ankle pulse wave velocity (baPWV) as
a marker of large artery stiffness [8], or intima-media
thickness (IMT) in the carotid or femoral artery [9]. In the
lower-leg arteries, diabetic patients show two types of
insufficient arterial blood flow associated with the vessel wall
properties. Firstly, diabetic condition is likely to increase
atherosclerotic plaque formation in the vessel wall and
promote peripheral artery occlusive disease (PAOD) in the
lower extremities, resulting in reduced blood flow to lower
limbs during exercise or at rest [10]. To help identify high-risk
patients with PAOD, the ankle-brachial index (ABI) is generally
used [11]. Secondly, arterial distensibility and vascular
resistance reduce blood supply in the lower-leg arteries even
though the individual has no apparent PAOD [12]. Gradual
accumulation of advanced glycation end-products (AGEs) [13],
increased IMT [14], and radiologically detectable calcified
deposits in the vessel walls [15] are seen at different stages of
the atherosclerotic process and are considered to be respon-
sible for the pathogenesis of vascular rigidity. Endothelial
dysfunction develops during the atherosclerotic process and is
associated with reduction in vasodilator capacity and increase
in peripheral vascular resistance [16]. Although it is desirable
to ameliorate insufficient arterial blood flow before the onset
of lower-limb ischemia, the role of diabetic nephropathy in
peripheral circulation in lower-leg arteries has not been fully
elucidated.

The aim of the present study was to clarify the association
of impaired peripheral circulation in lower-leg arteries with
nephropathy in type 2 diabetic patients with normal AEI by
using a new technique of two-dimensional cine-mode phase
contrast magnetic resonance imaging (2D-cine-PC MRI).

2, Materials and methods

We enrolled 250 type 2 diabetic patients and 40 age-matched
nondiabetic subjects ranging in age from 50 to 75 years who
had been consecutively admitted to our hospital. All patients
were admitted for strict glycemic control or assessment of
diabetic complications, and no patients had history of
cerebrovascular disease, coronary arterial disease, and/or
PAOD. Patients were considered to have cerebrovascular
disease if they had a history of sudden focal neurological
deficit. Coronary arterial disease was diagnosed if the patients
had a history of myocardial infarction or showed abnormal
electrocardiographic findings. PAOD was diagnosed if the
patients had an abnormal ABI [11]. Patients who had foot
edema caused by heart failure, liver cirrhosis or severe

nephropathy (serum creatinine >2mg/dl), malignant neo-
plasm, alcohol abuse, acute illness, urinary tract infections or
hematuria were excluded from the study. Presence of pyuria
or hematuria was diagnosed by microscopic examination and
counting of the number of white blood cells or red blood cells
per high-power field in the last voided urine of a 24-h
collection. Every patient with hypertension (>140/90 mmHg)
received antihypertensive treatment to reduce the risk of CVD
events. Although administration of renin-angiotensin system
inhibitors, including angiotensin converting enzyme inhibitor
(ACEI) [17] and angiotensin II receptor blocker (ARB) [18], can
decrease the urinary albumin excretion and slow the decline
in glomerular filtration rate among type 2 diabetic patients,
those medications were used for the management of raised
blood pressure. The study was approved by the ethics
committee of our institution, and informed consent was
obtained from all patients before the examinations.

An automatic device (BP-203RPE; Colin, Komaki, Japan) was
used to measure ABI and baPWYV, as an index of the elastic
properties of large arteries [19]. Because the PWV from the
heart to the brachial artery in diabetic patients is similar to
that in control subjects, baPWV is regarded as a quantitative
measure of arterial stiffness from the heart to the ankle. A
trained ophthalmologist carried out fundus ophthalmoscopies
and identified diabetic patients as either without retinopathy,
having simple retinopathy or having proliferative retinopathy.
Patients with diabetes were screened for distal symmetric
polyneuropathy using a 128-Hz tuning fork applied to the bony
prominence at the dorsalis surface of both great toes, just
proximal to the nail bed [20]. When the tuning fork was placed
on the foot for 10 s, if the patients required >10s to detect the
vibration, vibration perception was regarded as compromised.
Each patient was also identified by smoking habit as being a
current smoker or non-smoker. Nonsmokers were defined as
not having tobacco consumption for at least the previous 3
years. Urinary albumin excretion rate (AER) was measured in
24-hurine samples. Diabetic patients were classified as having
normoalbuminuria (n = 158), microalbuminuria (n=>56), or
overt proteinuria (n = 36) when the AER was <20, 20-200, or
>200 p.g/min, respectively. The Japanese ethnic factor for the
MDRD equation has been reported to be 0.881 [21]. Therefore,
the eGFR is calculated by the MDRD formula as follows: eGFR
(mV/min/1.73 m?) = 0.881 x 186.3 x Age™2%* x sCr 45 (if
female x 0.742), where SCr is serum creatinine (mg/dl). With
or without renal insufficiency was defined as eGFR of <60 or
>60 ml/min/1.73 m* [22].

An MRI scanner operating at 1.5 T (Signa Horizon-LX; GE
Medical Systems, Milwaukee, WI) was used for the following
experimental protocols as previously described [23]. All
patients were at rest in the supine position during examina-
tions, which were done in a temperature-controlled room at
25°C. To set up the individual flow analysis, the popliteal
artery was depicted by gated 2D time-of-flight magnetic
resonance angiography. A single slice was oriented perpendi-
cular to the flow direction, and flow data were obtained using
2D-cine-PC MRI with 80-cm/s velocity encoding triggered by
peripheral gating. Flow data were analyzed on an Advantage
Windows version 4.2 workstation (GE Medical Systems,
Milwaukee, WI) to determine the direction and velocity
through the cardiac cycle. The instantaneous flow volume
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at 16 equally spaced time points through the cardiac cycle was
calculated from the individual velocity images by integrating
the velocity across the area of the vessel. A resistive index (RI),
which allows quantitative analysis of the waveform and
associates with arterial resistance to blood flow, has been
defined as (A — B)/A, where A is the systolic peak velocity and B
is the end-diastolic velocity (24].

Statistical evaluation was carried out on SPSS software
version 11.0 for Windows (SPSS, Chicago, IL). Comparisons
between the diabetic patients and their control group were done
using the unpaired Student’s t-test. A multiple comparison of
significant differences amongthe four groups was carried outby
one-way ANOVA followed by Scheffe’s F-test. The chi-squared
test for 2-by-2 or Bonferroni test for 2-by-4 contingency table
was used to compare the frequencies between two or among
four groups. Values were expressed as the means +5.D. We
considered p-values <0.05 to be statistically significant.

3. Results
3.1.  All subjects

Clinical characteristics and vascular parameters in all subjects
are shown in Table 1. There were no significant differences
between the groups for prevalence of male sex, age, body mass
index (BMI), total cholesterol (TC), prevalence of smoking

status, and eGFR. However, compared with nondiabetic
subjects, diabetic patients had higher fasting plasma glucose
(FPG) (p < 0.0001), hemoglobin Alc (HbAlc) (p < 0.0001),
triglycerides (TGs) (p=0.0261), and systolic blood pressure
(sBP) (p=00230) and lower HDL cholesterol (HDL-C)
(p=0.0024), and diastolic blood pressure (dBP) (p =0.0202).
Although ABI, heart rate and systolic and early diastolic flow
volumes were similar between the groups, diabetic patients
had lower total { p = 0.0005) and late diastolic (p < 0.0001) flow
volumes and higher baPWV (p < 0.0001) and RI (p < 0.0001)
than those in the nondiabetic subjects, indicating that arterial
stiffness and vascular resistance are possible risk factors for
reduced blood flow in diabetic patients. To clarify the
associations among those vascular parameters, simple linear
regression analyses were performed. Total flow volume,
baPWV, and Rl were negatively (total flow volume vs. baPWV,
r=-0.209, p=0.0009; total flow volume vs. RI, r=-0.645,
p < 0,0001) or positively (baPWV vs. Rl, r=0.176, p = 0.0053)
correlated with each other, suggesting that coexistence of
arterial stiffness and vascular resistance acts as a risk factor
for impaired peripheral circulation in lower-leg arteries in
diabetic patients even though they have a normal ABL

3.2.  Peripheral circulation and nephropathy

Simple linear regression analysis demonstrated that the entire
group of diabetic patients (n = 250) did not show a significant
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correlation between total flow volume and eGFR, Therefore, to
clarify the role of nephropathy in impaired blood flow in
lower-leg arteries, diabetic patients were classified into four
subgroups with or without albuminuria and renal insuffi-
ciency. Although they showed normoalbuminuria, 22 of the
250 (8.8%) patients had renal insufficiency. Clinical character-
istics and vascular parameters in those subgroups are shown
in Table 2. There were no significant differences among the
groups for frequency of male gender, BMI, FPG, HbAlc, TC,
HDL-C, TGs, frequency of smoking habit and neuropathy.
However, albuminuric patients with renal insufficiency
showed the oldest age (p=0.0249), longest duration of
diabetes (p < 0.0001), and highest sBP (p < 0.0001), frequency
of patients taking ACEl and/or ARB (p < 0.01), and frequency of
retinopathy (p < 0.01) among the groups. There were no
significant differences in ABI ameng the groups. Normoalbu-
minuric patients with and without renal insufficiency had
similar baPWV, whereas albuminuric patients with renal
insufficiency showed the highest baPWV (p = 0.0006) among
the groups, indicating that elevated urinary albumin excretion
is a possible risk factor for arterial stiffness. Waveform
analysis at the popliteal artery using gated 2D-cine-PC MRI

is shown in Fig. 1. Normoalbuminuric patients without renal
insufficiency showed a typically triphasic waveform, which
could be clearly separated into systolic, early diastolic and late
diastolic phases during the cardiac cycle (Fig. 1A). Waveforms
in the normoalbuminuric patients with renal insufficiency
(Fig. 1B) and albuminuric patients without renal insufficiency
(Fig. 1C) were similar to those in the normoalbuminuric
patients without renal insufficiency, whereas albuminuric
patients with renal insufficiency (Fig. 1D) showed reduced
blood flow and abnormal flow reversal in late diastole,
suggesting the presence of higher arterial stiffness and greater
vascular resistance in lower-leg arteries. There were no
significant differences in heart rate and early diastolic flow
reversal among the groups. Although normealbuminuric
patients with renal insufficiency and albuminuric patients
without renal insufficiency had similar flow parameters,
albuminuric patients with renal insufficiency demonstrated
the lowest total (p=0.0078), systolic (p=0.0019) and late
diastolic (p=0.0147) flow volumes and the greatest Rl
(p=0.0274) among the groups, suggesting that parallel
development of albuminuria and renal dysfunction is a
possible risk factor for vascular resistance and impaired blood
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Fig. 1 - Waveform analysis at the popliteal artery in type 2 diabetic patients with normal ankle-brachial indices (ABI > 0.9)
grouped into four subgroups with or without albuminuria and renal insufficiency according to the levels of urinary albumin
excretion rate (AER) of >20 or <20 pg/min and estimated glomerular filtration rate (eGFR) of <60 or =60 ml/min/1.73 m?. Data
are expressed as means + 5.D. (A) Normoalbuminuric patients without renal insufficiency; (B) normoalbuminuric patients
with renal insufficiency; (C) albuminuric patients without renal insufficiency; (D) albuminuric patients with renal

insufficiency.

flow. Ta clarify the role of elevated urinary albumin excretion
in peripheral circulation in lower-leg arteries, patients were
classified into two subgroups with normoalbuminuria (n = 158)
or albuminuria (n = 92). Simple linear regression analyses, as
shown in Fig. 2, revealed that among the patients with
albuminuria eGFR was correlated positively with total flow
volume (r=0.319, p=0.0020) (Fig. 2A) and negatively with
baPWV (r=-0.232, p=0.0258) (Fig. 2B) and RI (r=-0.308,
p=0.0029) (Fig. 2C). However, there were no significant
correlations between eGFR and those vascular parameters
in patients with normoalbuminuria (Fig. 2D-F).

4. Discussion
4.1.  Peripheral circulation

In the present study, waveforms at the popliteal artery in the
normoalbuminuric patients with renal insufficiency and
albuminuric patients without renal insufficiency were similar
to those in the normealbuminuric patients without renal
insufficiency, whereas the albuminuric patients with renal

insufficiency showed reduced blood flow and abnormal flow
reversal in late diastole. These results suggest that albumi-
nuric patients with renal insufficiency have higher arterial
stiffness and greater vascular resistance in lower-leg arteries.
There are important differences among elastic and muscular
arteries and arterioles. All are impaired in diabetic patients
[16,25]. Large arteries, including the aorta and its major
branches, have elastic properties of the vessel wall and act as
carrying vessels and blood supply reservoirs [26]. When there
is a decrease in arterial elasticity, less blood can be stored in
these arteries, resulting in a decrease in diastolic forward flow.
The medium- and small-caliber arteries and arterioles, which
have functional smooth muscles in the vessel wall, act as
resistance vessels regulating blood flow to the capillaries [26].
Endothelial dysfunction and reduced lumen diameter in small
vessels can increase peripheral vascular resistance [1€],
resulting in an abnormal flow reversal in late diastale. These
vascular abnormalities can coexist in the same individual {27].
Our data demonstrated that blood flow, arterial stiffness, and
vascular resistance were negatively or positively correlated
with each other, suggesting that coexistence of arterial
stiffness and vascular resistance acts as a risk factor for
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Fig. 2 - Simple linear regression analyses between estimated glomerular filtration rate (eGFR) and total flow volume,
brachial-ankle pulse wave velocity (baPWV), or resistive index in lower-leg arteries in albuminuric (n = 92) (A-C) or
normoalbuminuric (n = 158) (D-F) type 2 diabetic patients with normal ankle-brachial indices (ABI > 0.9).

impaired peripheral circulation in lower-leg arteries in
diabetic patients even though they have a normal ABL

4.2.  Nephropathy

As we reported previously, when the diagnostic criterion for
critical lower-limb ischemia in diabetic patients of transcu-
taneous oxygen tension of <50 mmHg at the dorsum of the
foot was used [28], 16 of 60 (26.7%) diabetic patients had
ischemic lower limbs although they had no apparent PAOD
[23]. Diabetic nephropathy is a major cause of lower-limb
amputation associated with peripheral vascular disorders [1].
It is desirable to ameliorate insufficient arterial blood flow
before the onset of lower-limb ischemia. Endothelium actively
regulates vascular tone and permeability and balance between
coagulation and fibrinolysis [29]. Therefore, elevated urinary
albumin excretion is regarded as a renal expression of
systemic endothelial damage being extended to the whole
arterial system [29]. In our present study, when the diabetic
patients were classified into four subgroups with or without
albuminuria and renal insufficiency, albuminuric patients
with renal insufficiency showed the highest arterial stiffness,
greatest vascular resistance, and lowest blood flow in lower-
leg arteries among the groups. These results suggest that
parallel development of albuminuria and renal dysfunction is
a possible risk factor for arterial stiffness, vascular resistance,
and impaired blood flow in lower-leg arteries. Our data

revealed that renal function was correlated positively with
blood flow and negatively with arterial stiffness and vascular
resistance in lower-leg arteries among the patients with
albuminuria, but not in those with normoalbuminuria.
Alterations in capillaries, glomeruli and tubulointerstitial
compartments of the kidney can increase renal vascular
resistance assessed by duplex Doppler sonography [7], and
those abnormalities associate with the severity of systemic
atherosclerosis [8,9). Therefore, although we did not measure
intrarenal vascular resistance in the present study, we
surmise that increased vascular resistance at the popliteal
artery may associate with the severity of diabetic nephro-
pathy.

Nephropathy in patients with type 2 diabetes is more
heterogeneous than that in type 1 diabetes. Type 2 diabetic
patients can develop renal impairment in the absence of
increased albuminuria, and those conditions are initially
developed during the prediabetic state secondary to age,
hypertension and other factors [30). In the United States, 30%
of newly diagnosed type 2 diabetic patients showed renal
insufficiency although they did not have retinopathy and
albuminuria [31). Our study revealed that 8.8% of our patients
had normoalbuminuric renal insufficiency. It has been
reported that risk for progression of renal failure or death in
diabetic patients with normoalbuminuric renal insufficiency
is lower than in those with albuminuric renal insufficiency
[32]. In the present study, arterial stiffness, vascular resistance



