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OBJECTIVE- To document an association between .\rterial wall stiffnes:; and reduced flow
volume in the lower-extremity arteriesl."\f diabetic patients.

RESEARCH DESIGN AND METHODS -We recruited 60 conseL-utive t}'Pe 2 diabetic
patients who had no history or synlptoms of peripheral arterial disease t?AD) in the lower
extremities and nortnal ankle/brachial systolic blood pressure index at the time of the study
(non-?AD group) and 20 age-matched nondiabetic subjects (control group). We used an auto-
matic de\'ice to measure pulse \vave velocity (?\\'\I) in the lower e~"treI1lities as an index of aneri31
wall stiffness. At the popliteal artery. \ve evaluated fio\v volunJe and the re:;istive index as an
indexofirterial re:;istanc:e to blood now using gated two~dimensional cine-mode phase-contrdSt
magnetic resonance imaging.

RESULTS- Consistent \vith previOt1S report:;. we confinned that the non-?AD group had an
abnonnally higher ?w"V compared \..'ith that of the control group (P < 0.001). To funher
demonstrate decreased nO\V volume and abnonnal now pattern at the popliteal anery in patients
~'ith a higher degree of arterial wall stiffness. ~'e assigned the 60 nl."\n-?AD patients to tertiles
based on their le\'els of ?\v'V. In the highest group. magnetic resonance angiograrns of the calf
and foot arteries sho\ved decreased intravascular signal intensity. indicating the decreased arte-
rial infl\."\w in those arteries. The highest group was also characteri::ed by the lo\vest late diastolic
and total now volumes as well as the highest resistive index among the groups. From stepwise

multiple regt.ession analysis. F\\-'V and autonomic functi(tn were identified as independent
detertninants for late diastolic flo\v volume (1.2 = 0.300; p < 0.001).

CONCLUSIONS- Arterial wall stiffness was associated with reduced anerial flow volume
in the lo\ver extremities of diabetic patients.

Diabetes Care 24:2107-2114, 2001

from contrast medium (4). Other reasons
include the invasiveness of the procedure
itself. associated risks, and costs (4).
Therefore. it is important to innovate
noninvasive vascular assessment of the
lower extremities for the prevention of
macrovascular events. To help identify
high-risk patients "'ith occlusive arterial
disease in the lower extremities, the an-
kle/brachial blood presS1.\re index (ABI) is
generally used (5). Although a negative
ABl does not exclude peripheral vascular
disease (PAD) (6), the presence of an ab-
nonnal ABI is e.'Ctremely useful and has
been sho\\'n in multiple studies to predict
cardiovascular disease. To evaluate struc-
tural and functional vessel \\'all proper-
ties, the thickness of the intima-media
complex (7,8), medial arterial calcifica-
tion (6), vascular resistance to blood flow
(9). and arterial wall stiffness (10) are
beneficial. Arterial wall stiffness can be
noninvasively assessed by 'either direct or
indirect methods (10). Qirecttechniques
involve the measurement of the relative
change in arterial diameter and pressure
during the cardiac cycle (11). Indirect
measurements are also used, including
pulse wave velocity (P'vV\') (12,13) alld
augmentation of the central arterial pres-
sure due to early pulse wave reflection
(14). The PWV is calculated from mea-
surements of pulse transit time and the
distance traveled by the pulse between
two recording sites (12.13). The diabetic
patients \\ith chronic h)"perglycemia are
known to have stiffer aneries (15,16) and
abnormal P'vVV (17). In general, in-
creased aortic P\VV is associated \\ith in-
creased cardiovascular risk factors and
events (18). Other noninvasive tests, S1.\ch
as measurement of transcutaneous oxy-
gen tension, have been proposed to e\-al-
uate PAD (19).

The present study was designed to
clarif)' whether arterial wall stiffness was
associated \\ith reduced flow volume in
the lower-extremity arteries in diabetic

patients. using gated two-dimensional
(2D) cine-mode phase-contrast magnetic
resonance imaging and an automatic de-
vice for P'v\'V measurement.

t has been reponed that macrovascular lead to foot lesions. Contrast angiography

diseases in the lower extremities has been used to evaluate the severity of

caused b}' either occlusive anerial dis- morphologic changes in peripheral aner-

ease (1,2) or increased anelial resistance ies but is frequently limited for several

to blood flo\v (3) in diabetic patients may reasons, including possible nephrotoxity
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Artel;al \\fall stiffitess altd flow volume

RESEARCH DESIGN AND
METHODS
Diabetic patients and control subjects.
A total of 60 type 2 diabetic patients rang-
ing in age from 50 to 69 years and 20
age-matched nondiabetic subjects (con-
trol group) were admitted consecuti\'ely
to Ol\r hospital between November 1999
and October 2000. All 60 diabetic pa-
tients were admitted for strict glycemic
control or assessment of diabetic compli-
cations. These patients had no history or
symptoms of PAD and nornlal ankle/
brachial blood pressure index (ABI) val-
ues at the time of the stl\dy (non-PAD
group) (5). The nondiabetic subjects were
defined according to World Health Orga-
nization criteria (20) and h,.,d neither a
personal history of hypenension nor d}'s-
lipidemia at the time of the study. Patients
who had foot edema caused by apparent
hean failure, liver cirrhosis, or severe ne-
phropathy (serum creatinine > 133
IJ.mol/l); alcohol abuse; nondiabetic neu-
rological disorders; or acute illness were
excluded from the study. No subjects
showed signs of subcla\ian stenoses, Sub-
jects \vith a brachial systolic blood pres-
sure (sBP) > 140 or < 110 mmHg were
exclt\ded from the study, so that the range
of brachial systolic and diastolic blood
pressures (d BPs) were sin1ilar between
the groups. The study was approved by
the ethics committee of our institution,
and informed consent was obtained from
all patients before the examinations,
which were done during their hospital

stay.
Clinical evaluations. Neurological as-
sessments were done by motor nerve con-
duction velocity (MC\7) of the posterior
tibial nerve and sensory nerve conduction
velocity (SCY) of the sural nel"Ve using
electromyography (Medelec MS-25; San-
ei, Tok-yo). Autonomic function \vas eval-
uated by meaSttrement of the coefficient
of variation of the R-R inter\'3l (CVR-R)

during deep breathing monitored on an
electrocardiogram (Cardimax FX-3301;
Ful'ltda Denshi, Kyoto, japan). A trained
ophthalmologist carried out fundus oph-
thalmoscopies and defined diabetic pa-
tients as either without retinopathy or as

ha\'ing simple retinopathy corresponding
to levels 21-53 or proliferative retinopa-
thy corresponding to le\7els 60-80 of the
modified Airlie House System (21). Fur-
thermore, diabetic patients with nor-
moalbuminuria, microalbuminuria, or
overt proteinuria were defined as having a

urinary albumin excretion rate of <15.
15-199, and >200 J1g/min, respectively.
by 24-h urine collection in our university
hospital. These patients were also defined
by their smoking habits as being a current
smoker or nonsmoker.
Pulse ,vave velocity. Occlusion and
monitoring cuffs were placed snugly
around bOth sic.ies of the upper and lower
extremities in patients ~n the supine posi-
tion. Then, pressure waveforms of the
brachial and tibial arteries were recorded
after 15 nun of bed rest using an atlto-
matic waveform analyzer (BP-203RPE;
Colin, Komaki, japan). Electrocardio-
gram monitoring was performed with
electrodes placed on both \\Tists. and ar-
rhythmia was evaluated. Heart sounds SI
and 52 were detected by a microphone set
on the left edge of the sternum at the
fourth intercostal space. The pressure
waveforms obtained at two different sites
were simultaneously recorded to deter-
mine the time interval between the initial
rise in the brachial and tibial pressure
waveforms (tlTa). The path length from
the suprasternal no[ch to [he elbow (,1.Da)
was obtained from superficial measure-
ments and was expressed using the fol-
lo,..;ng equation: tlOa = 0.2195 X H -

2.0734, where H (in centimeters) is the
height of the patient. The path length
from the suprasternal notch to the femur
to the ankle (tlDb) was caJculated as fol-
lows: tlDb = (0.5643 X H -18.381) +

(0.2486 X H + 30.709). The follo,..;ng
equation was used as a surrogate index of
P\-vV in the lower extremity: (ti.Db -

b.Da)/,1. I a.
Magnetic resonance equipment. A
magnetic resonance imaging scanner
(1.5-Tesla, Signa Horizon-LX; GE Medi-
cal Systems, Milwaukee, WI) was used for
the following experimental protocols. All
patients were at rest in the supine position
dtlring examinations. which were done in
a temperature-controlled room at 25°C.
Vasculatures in the calf and foot and
flow analysis at the popliteal artery. To
set up the individual flow analysis, the
popliteal artery was depicted by 20 time-
of-llight (TOF) magnetic resonance an-
giography (3,22). A single slice was
oriented perpendicular to the flow direc-
tlon, and now data were obtained using
20 cine-mode phase-contrast (2D-cine-
PC) tnagnetic resonance imaging \\;th 80
cm/s velocity encoding [riggered by pe-
ripheral gati11g (3.23). Flow da[a were an-
alyzed ,vith [he Flow Analysis version 5.8

~.~~
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softw3re package lGE Medic31 S}'Stems)
to detemline wrection, velocity. and vol-
ume. The instantaneous now volllme at
16 equally spaced time points through the
cardiac cycle was calculated from the in-
dividual velt)(ity images by integrating
the velocity across the area of the vessel.
The resultant 16 now velocities or now
volumes allowed assessment or nO\V vari-
ations in pUl53tility and hemod}11amics
dllring the cardiac cycle. The control
group had a t}-pically triphasic waveform
or the popliteal artery that could clearly be
separated into systolic, early diast(\lic,
and late diastolic phases (3). Flo\v \'01-
umes or the systolic, early diastolic, and
late diastolic phases or the cardiac cycle
were calculated rrom the integration of
the waveronn. A resisti\,e inliex, which
allows quantitative analysis or the wa\,e-
form and associates \,;th arterial resis-
tance to blood flow, has been defined as
(A-B)/A, \V here A is the systolic peak ve-
locity and B is the end-diastolic velocity
(9). To assess the morphologic findings of
foot arteries, three-dimensional-PC (30-
PC) magnetic resonance angiography
\\o;th no contrast medium was performed
\,,;th 5-cm/s velocity encoding (3.24).
Statistical analysis. St3Jistical evalua-
tion was performed using StatView-J ver-
sion 5.0 software (SAS Institute, Cary,
NC) on a Macintosh computer. Normali£y
of distribution of any variable was as-
sessed \vith the Kolmogorov-Smirnov
test. Comparison between the diabetic
patients and their respective control
group were done using the unpaired Stu-
dent's t test. A multiple comparison of sig-
nificant differences among the three
grOllps was analyzed by one-way analysis
of variance followed by Scheffe's F test.
The x.2 test ror 2 X 2 or Bonferroni test for
2 X 3 contingency tables was used to
compare the frequencies between two
groups or among three groups. Pearson's
correlation coerficient was applied to as-
sess the relation between normally dis-
tributed variables. Stepwise multiple
regression analysis \''as used to evaluate
the association among late diastolic flow
volume at the popliteal artery and various
clinical characteristics or the subjeclS. Di-
abetic retinopathy and nephropathy were
classified intothiee groups based on [he
severi£y .The F value was set at 4.0 at each
step. Values were expressed as the
means :t SO. We considered p values
<0.05 to be statistically significant.~
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Table l-Clinical char(/ctcri.~lics of tflC lIoll-PAD grollp clas.~!/ied into lenilc.~ ba.~ed on thc

Icvcls of P\\'V in lower e-,"lrelllity
mari~ed in Tables 1 and 2, There \\;'ere
significant differences in age. duration of
diabetes. MCV, SCY, and CYRR without
any difference in height, BMI. fasting
plasma glucose (FPG). HbA!", TC. HDL
cholesterol. TGs. frequency of smoking
habit, retinopathy, and nephropathy
among the groups (Table 1). The highest
group had higher brachial and ankle sBP
than those of the lowest group (Table 2).
The popliteal. anterior tibial. p(lsterior
tibial, and peroneal arteries in one patient
in the lowest group (Fig. la) were clearly
depicted using 2D- TOF magnetic reso-
nance angiography. However, those arter-
ies in a subject from the highest group
(Fig. Ic) showed abnormal vascttlature
and decreased intravascular signal inten-
sity, indicating the decreased anerial in-
now to these arteries. 3D-PC magnetic
resonance angiography reflected the now
velocities >5 cm/s. Foot vasculatures.
such as dorsalis pedis. medial and lateral
plantar aneries. and plantar arch, in a pa-
tient of the lowest group (Fig. Id) were
clearly depicted. However, these arteries
in a subject from the highest group (Fig.
I.f) showed a decreased intravascular sig-
nal intensity, indicating decreased now
velocities in these arter\es. To evaluate
these vascular abnormalities, flow analy-
sis at the popliteal artery in these groups
was studied using gated 2D-cine-PC mag-
netic resonance imaging. Instantaneous
flow volumes at 16 equally spaced time

Lc.)west group 1ntenTIediat~ group Highest group

(1.316:t 152 cn1/s) (1.629 = 46 cm/$) t2.10S :t 277 cn1/s}

20

lO/lO

62.2 j: 5.9

159 j:9

24.4 j: 4.0

14.0 j: 7.3t

2/10/8

7.32j:2.13

8.7 = 1.4

5.05 = 0.83

1.30 = 0.28
1.22 = 0.42

ID (50)
40.8 j: 5.3

38.0 = 5.8t

1.73 j: 0.97t

13 (65)

7 (35)

20

10/10

57.9:!: 6.7

161 :!: 7

23.5:!: 3.3

i.3 :!: 5.0

8/814

7.83:!: 1.81

8.9:!: 1.7

4.81 :!: 0.82

1.13:!: 0.35

1.43 :!: 0.63

12 (60)

42.6:!: -f.7
43.6 :!: 4.9

2.67 .:!: 1.04

7 (35)

1 (5)

20

10/10

65.5 :t 3.5.

160:t 7

23.6 :t 3.0

16.9 :t 9.6.

2/13/5

7.97:t 1.91

8.2:t 1.6

5.13 :t 0.61

1.31 :to.32

1.52 :t 0.55

6 (30)
36.6 :t 6.6t

37.3 :t 5.7t

1.88 :t 0.97t

11 (55)

3(15)

n

t..VF

Age (years)
Height (cm)
BMI tkg/m:!)

Duration of diabetes tyears)

Treatnlent tD/OHD/l)

FPG (mmoJ/l)

HbA1c (%)

TC(mmoJ/l)
HDL cholesterol (mmol/l)

TGs (mmol/l)

Smokers (%)

MCV (n1/s)

SCV (m/s)

CVRoR (%)

Retinopathy { %)

Nephropathy (%)

Data are n, means :t SO, orll (%). D. diet: I. insulin; OHO; oral h)~lycemicdrugs. *P < 0.001, tP < 0.05,
and ~p < 0.01 vs. the lowest grl'Up.

tery in patients with a higher degree of
arterial wall stiffness, we assigned the 60
non-PAD palients to leniles based on
their levels ofPVN , although this param-
eter was used as a continuous variable and
was normally distributed. The clinical
characteristics of these groups are sum-

Table 2-Peripheral drculation in the non-PAD gI"ouP classified into tt'Ttiles based on levels

of P\.\.'V in lower extremity

Lowest group

(1,316:!: 152 cm/s)
Intermediate group
( 1,629 :!: 46 cro/s)

Highest group
(2,105 ~ 277 cm/s)

20 20 20

119:tB
74 :t B

132 :t 9*
76 :t 10

133 :t: 7.
73:t: 10

142 :t

74 :t

1.18 :t

67 :t

165 :t

82 :t

1.23 :t

69 :t

165 = 24t

81 = 12

1.20=0.14

71 = 12

98.0:!: 33.1

91.1 :!: 21.4

-12.4:!:9.2

19.2 :!: 12.8

0.99 :!: 0.04

92.2 :!: 25.1

91.5:!: 16.9

-12.5 :!: 11.6

13.2:!: 9.5

1.00 :!: 0.04

73.8 :t 30.3t

84.1 :t 29.6

-13.3 :t 8.7

3.0 :t 6.3*f

1.Q-} :t 0.03*§

II

Brachial BP (mmHg)

Systolic
Diastolic

Ankle BP (mmHg)

Systolic
Diastolic

AB!

Heart rate (bpm )

Flow volume (mVroin)

Total

Systolic
Early diastolic

L1te diastolic

Resisti"e index

RESULTS
Clinical characteristics in all subjects.
The 60 diabetic patients \\rith no apparent
PAD by traditional criteria (non-PAD
group) and the 20 nondiabetic subjectS
(control group) were comparable with re-
spect to age (61.9 :t. 6.3 vs. 61.3 :t. 6.4
years), sex (30 men and 30 women \'5. 10
men and 10 women), height (160 :t. 8 vs.
160 :t. 10 cm), total cholesterol (TC;
4.99 :t. 0.76 vs. 4.74 :t. 0.67 mmol/\),
HDL cholesterol (1.25 :t. 0.32 vs. 1.29 :t.
0.44 mmoV\), triglycerides (TGs; 1.39 :t.
0.55 vs. 1.15 :t. 0.27 mmol/\), frequency
of smoking habit (47 vs. 45%), sBP
(128 :t. 10 vs. 124 :t. 8 mmHg), and dBP
(74 :t. 9 vs. 75 :t. 8 mmHg) at the brachial
artery. Total flow volume at the popliteal
artery (88.3 :t. 31.3 vs. 90.5 :t. 20.8 mV
min) and ABl (1.21 :t. 0.14 vs. 1.15 :t.
0.08) were sinlilar between the groups.
However, the non-PAD patients had a
higher Pv\'V (1,683 :t. 374 vs. 1,274 :t.
111 cm/s; p < 0.001), \vhich was consis-
tent with pre\'ious findings, and a higher
resistive index (1.01 :t. 0.04 vs. 0.96 :t.
0.03; p < 0.001) than that of the control

group.
Three representative cases associated
with arterial wall stiffness. To further
demonstrate decreased flow volume and
abnornlal flow pattern at the popliteal ar-

Dat:l are means :!: SD. *P < 0.001 and tP < 0.05 \'5. the lowest group; ~p < IJ01 and §P < 0.05 \'5 the
intermediate group.
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Arterial wall stiffness and flow volu111e

Figure 1- Three case subjects with vasculatures in the calf using 2D- TOF magnetic resonance angiography (a, b, and c) or "jth vasculatures in rhe

feet using 3D-PC magnetic resonance angiography (d, e, and 0, with no contrast medium in each of the lowest (a and d). intt:Tmediate (b and e). and

highest (c and O groups. ~'e placed 60 non-PAD patients into tertiles based on their levels ofP""'V in the lower extremities.

points through the cardiac cycle were re-
constructed. The lowest group (Fig. 2A)
had a normal triphasic waveform at the
popliteal artery .However, the highest
group (Fig. 2C) was characterized by a
lower amplitude in the late diastolic com-
ponent compared \\-ith that of the lowest
group. Flow analysis at the popliteal ar-
tery showed that the highest group was
characterized by lower values for late di-
astolic and total flow volumes as well as a
higher resistive index compared \\-'ith the
lowest group (Table 2).
Analysis of arterial wall stiffness. To
clarify factors affecting abnormal PWV
and the threshold for normal P\\'V in di-
abetic patients, we classified the patients
as follows: 15 patients \\-'ith PWV values
comparable to the normal range in the
control group (means = 2 SD; range
1,052-1,496 ms) were classified as the
normal P\\1V group; the remaining 45 pa-
tients \vith abnormal PWV (> 1,497 ms)

ysis of the relationship betWeen this pa-
rameter and 10 possible risk factors for
atherosclerosis (age, duration of diabetes,
FPG, HbA)c' TC, HDL cholesterol, TGs,
ankle sBP and dBP, and percentage of
smokers), three neurological factors
(MCV, SCV, and CVR-R), and tWo factors
of diabetic microangiopathy (retinopathy
and nephropathy). Age t~-\'3lue = 0.47;
F value = 31.08), duration of diabetes
(~-value = 0.34;Fvalue = 14.01), ankle
dBP (~-value = 0.++; F value = 28.10),
and MCV (~-value = -0.26; F value =
8.49) were identified as significant inde-
pendent variables for determining P\\'V
(,2 = 0.652; p < 0.001). Funhermore.
P\\'V was positively correlated \\ith the
resistive index at the popliteal anery lr =
0.474; p < 0.001).
Analysis of flow volume. To character-
ize clinical variables for determining the
late diastolic flow volume at the popliteal
anery in the non-P AD group, we did step-

were classified as the abnormal PWV
group. In the abnormal PWV group, age
(63.7 :t 5.1 vs. 56.2 :t 6.3 years; p <
0.001), duration of diabetes (14.8 :t 8.3
vs. 6.5 :t 5.1 years; p < 0.001), and bra-
chial sBP (131 :t 8 vs. 118 :t 8 mrnHg;
p < 0.001) and ankle sBP (164 :t 25 vs.
139 :t 22 mmHg; p < 0.01) were higher,
and MCV 08.8 :t 6.1 vs. 43.6 :t 4.3 m/s;
p < 0.01), SCV 08.2 :t 5.9 vs. 44.2 :t
4.4 m/s; p < 0.001), and CVR-R (1.86 :t
0.96 vs. 2.79 :t 1.07%; p < 0.05) were
lower compared with those of the normal
PV.rv group. The normal P'vW group had
lo\ver age (56.2 :t 6.3 vs. 61.3 :t 6.4
years; P < 0.05) and a higher resistive
index (0.99 :t 0.04 vs. 0.96 :t 0.03; p <
0.05) than those of the control group, de-
spite similar PWV (1247 :t 105 vs.
1.274:t III cm/s) between them.

To characterize clinical variables for
determining P\W in the non-PAD group,
\\'e did stepwise multiple regression anal-
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Figure 2-\\r'C1\'efol-m anal.ysis of the popliteal artery in 60 non-P,4.D patients. Thesc patients }vere pllt into catcgorit:s lif thc lo}vcst (A). int'nnediatc
(B). (!nd highest (C) groups based on thcir It:\'els ofP\'v'V in thl: lolvcr(.~remities. I,lStalttan,ollS jlO\V vollmlcat 16 eqtlally spaced time points through

the cardiac cyclc ~vcre reconstructed. Data are nleans :!: SD.

wise mtlltiple regression analysis of the
relation between this parameter and 15
possible risk factors (age, dt\ration of di-
abetes. FPG, HbAJc' TC, HDLcholesterol,
TGs, ankle sBP and dBP. percentage of
smokers, MCV. SCV, CVR-R. retinopathy,
and nephropathy) and PWV. Both P\\IV
(f3-\'alue = -0.01; Fvalue = 14.94) and
CVR-R (f3-value = 3.01; F value = 5.69)

were identified as significant independent
variables for detemrining late diastolic
flow volume at the popliteal artery (,2 =
0.300; p < 0.001).

pon the usefulness of this parameter in
clinical practice.

Noninvasive magnetic resonance an-
giography using either TOF (22) or PC
(24) has been implemented to define both
the morphologic and physiologic changes
in the vessels. Funhermore. a velocity-
encoded cine-PC rnagnetic.resonance im-
age was used to measure flow velocity or
now volume throughO1.1C the cardiac cy-
cle. The accuracy and reproducibility of
cine-PC magnetic resonance imaging to
measure now volume for the triphasic
wavefonn created from a pulsatile pump
have been reponed (2.3). When the feasi-
bility of cine-PC imaging was compared
with color-coded Doppler sonography.
the velocity wavefonn in the popliteal ar-
tery acquired using both methods corre-
lated wen (22). A resistive index allows
q1.1antitative flow analysis and associates
\\oith vascular resistance to blood flow (9).

Diabetic patientS \\'ith chronic h}-per-
glycemia are known to have stiffer arteries
(15-17). The biomechanical properties
of aonic samples taken from diabetic
patients at postmortem examination
showed a marked increase in stiffness and
a marked reduction in extensibility , as
determined using a materials testing ma-
chine (15). The nonenzymatic glycosyla-
tion of matrix proteins caused by chronic

hyperglycemia (27), increased intima-
media thickness (IMT). (7,8) or medial
anerial calcification (tl.1AC) (6) may be re-
sponsible for the pathogenesis of vascular
rigidity. The evaluation of lMT pro\'ides

diastolic and total flow volumes as well as
by a higher resistive index compared ~'ith
the lowest group. These findings indi-
cated that arterial wall stiffness in the
lower extrenlities was associated ~ith an
increased arterial resistance to blood flow,
resulting in decreased arterial inflow to
the popliteal artery and decreased flow
velocity in the foot arteries.

PWV is ~idely used as an indirect in-
dex of arterial distensibility (12,13). Find-
ings from necropsy studies in animal
models (25) and human subjects (26) be-
fore death support the accuracy of this
method. In the present stt\dy. the time
interval betv.'een the initial rise in the bra-
chial and tibial pressure waveforms (.:1 T a)
and the path length from the suprasternal
notch to the elbow (.:\Da) or from su-
prasternal notch to the femur to the ankle
(.:\Db) were obtained l\Sing an automatic
device for PV..'V measurement. The equa-
tion (.:1Db -dDa)/.:\Ta included the stiff-
ness of the brachial artery and the stiffness
from the aona to the tibial anery .How-
ever, the P\\rV from the hean to the bra-
chial artery was similar between the
control subjects and diabetic patients
(557:!: 68 vs. 589:!: 108 cm/s). Thus, we
defined (ADb -ADa)/ATa as a surrogate
index of P\W in the lo\ver extremities.
although this parameter included the
stiffness of the aona. Not only the abnor-
mal vasculature in the calf and foot arter-
ies but also the reduced flow volume and
increased resistive index at the popliteal
anery .in patients \\ith higher P\W sup-

CONCLUSIONS- T 0 clarify wheth-
er arterial wall stiffness was associated
,vith reduced flow volume in the lower
extremity arteries in diabetic patients, we
evaluated P\vV in the lo\ver extremities
and flow volume at the popliteal artery.
The patients who had 110 apparent pe-
ripheral anerial disease by traditional cri-
telia (the l1on-PAD group) had a higher
PWV than the control subjects. We as-
signed the 60 non-PAD patients to tertiles
based on their levels of PWV. Magnetic
resonance angiography in the calf and
foot showed abnormal vasculature and
lower intra,'ascular signal intensit)' in the
highest group compared ,vith the lowest
group. The late diastolic flow volume was
of a much lo,ver amplitude compared
'vith the S)'stolic component in the arterial
waveform and was more easily affected by
arterial wall stiffness. The flow analysis at
the popliteal artery showed that the high-
est gI.oup \.''as characterized b)' lower late
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linked to anerial wall stiffness. ~cond.

ho\\.ever. s}-nlpathetic failure 3ffects mi-
crovascular blood flow by continuously

opening aneriovenous shunts and in-
creasing flow volume (31). It nlay be im-
port.'\nt that a concomitant abnormality.
such as basement membrane thickness.
regulates vascular resistance to blood
nO\\.. although there was no explanation
for m1cro3ngiopathy as a determinal1t fac-
tor of now volume in the present study

(32).111 conclusion. we clarified that ane-
rial wall stiffness was associated \,,;th re-
duced now volume in the 1000ver extremity
311eries in diabetic patients.
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the increased rigidity of the \'essel wall.
indicated by higher P\v'V .may contribute
nol only to increased arteri;11 resistance to
blood flo\v but also to decreased flo\V vol-
ume of the popliteal ;1rtery, despite simi-
lar ages and blood pressures between the

groups,
The 16 diabetic patients \~ith lower-

extren1ity occlusi\'e arterial c.iisease (arte-
riosclerosis obliterans [ASOJ) had lo\~.er
ABI (0.74:!: 0.09 VS. 1.15 :!: 0.09; p <
0.001) and similar P\W in the lower ex-
tremity (1.364:!: 373 vs. 1,274:!: 111
ms) compared with 20 nondiabetic sub-
jects. A 100...er ankle blood pressure in the
ASO patients may be responsible for the
decreased P\\'V in the lower extremity.
Thus, we excluded the ASO patients from
the present study. Further studies are nec-
essary to clarify whether arterial wal1stiff-
ness may associate ~ith the development
of ASO in diabetic patients.

In the present study, statistical analy-
sis demonstrated that arterial wall stiff-
ness and autonomic function were
independent risk factors for determining
the late diastolic flow volume. In terms of
autonomic function, two possible major
causes are considered. First, the auto-
nomic denervation is believed to develop
MAC (30) and could be biologically

Appendix l-Cli/lical cllaracteristics in ihe non-PAD paticnts with P\\'V comparable to the
control group (no/-mal PWV grO1lp) or with abnonnal P\\'V (abnOlmal p""y group) and the

nondiabetic Stlbjects (control group)
~--

Cl'ntrol group Normal PWV group Abnormal ?\\'\1 group
(1,274 ~ 111 crn/s) (1,247 :!: 105 cm/s) (1,829 ~ 312 cm/s)

n 20

t..f/F 10/10

Age (years) 61.3 :!: 6.4

Height (cm) 160 :!: 10

Bt-,fl (kg/m2) 23.0 :!: 2.3

Duration of diabetes (years)

Treatment (DIOHD/I)

FPG (mm(lV\)

HbA1c (".6)
TC (mmoV\)

HDL-cholesterol (mmoV\)

TGs tmmoV\)

Smokers (%)

MCV trn/s)

SCV (rn/s)

CV (%)R-R

Retillopathy (%)

Nephropathy t %)

Dal:l :Ire means :t SD. D. di~t.l, insulin, OHD. oral h>-poglycemic dnlgs. .p < 0.05 and fP < 0.001 \"S. the
comrol group; tP < 0.001. §P < 0.01, :lnd IIP < 0.05 \'s. the normal P\v'\' group.

15

619

56.2 :!: 6.3.

161 :!:7

23.3 :!: 3.5

6.5:!: 5.1

71414

7.70:!:1.88t

8.9:!: 1.7t

4.78:!: 0.89

1.13:!: 0.38

1.36 :!: 0.69

10 (67)

43.6 :!: 4.3

44.2:!: 4.4

2.79:!: 1.07

4(m
3 (20)

45

2-i/21

63.7.1: 5.1t

160.1: 8

24.0.1: 3.-t

14.8.1: 8.3t

5/27/l3

7.71.1:1.99;

8.5.1: 1.5;

5.06.1: 0.71

1.29.1: 0.30

1.40.1: 0.50

18 (40)

38.8.1: 6.1;§

38.2 .1: 5.9tf

1.86.1: 0.96fll

27 (60)

21 (-t7)

infonnation about stl"tlctural changes in
the vessel wall and corl"elates \\:ith vessel
wall distensibility in diabetic patients
(7,8). The vascular rigidit)' assessed b)' ca-
rotid-to-femoral P\W before coronaly ar-
tery bypass surgery showed that the
diabetic patients with coronaly arterial
disease had stiffer aort,.,\s tl1c,\n nondiabetic
subjects (27). FurthemlOre, tissue speci-
mens of the ascending aorta taken from
these patients during the coronary arterial
b}1Jass surgery showed a positi\'e correla-
tion between vascular rigidity. and collagen-
lillked Quorescence advanced glycosylation
end products (27). The prevalence of MAC,
which was defined as parallel tramline
calcification using a radiographic analy-
sis, has been reported to be more frequent
in the feet of diabetic patients compared
\Vilh nondiabetic subjects (6). However.
the relation between the presence of MAC
and clinically important peri pheral vascu-
lar disease is disputed.

To clarify factors affecting abnomlal
P\\'V and the threshold for normal P\W
in diabetic patients ,vith no apparent
PAD, we di\:ided the group into 15 pa-
tients \vith P\W comparable to the con-
trol group (nom1al P\\,V group) and 45
patients with abnormal P'vW (abnormal
pV\:v group). Age, duration of diabetes,
blood pressure, and neurological factors
were significantl)' different between the
groups. The nolmal PWV patients had
stiffer alteries at a younger age and higher
artelial resistance to blood flow than the
nondiabetic subjects, despite similar
P\W bet\veen the groups. This result in-
dicates that the threshold for normal
PWV in l11e diabetic patients may be set to
lower values than that of l11e nondiabetic

subjects.
Aging (28) and h)'Pertension (29) are

kno\\'I1 to be associated \\ith decreased
elasticity of the large arteries. In the
present study, when l11e non-PAD group
was classified into teniles based on their
P\W levels in the lower extremities, the
highest group had similar ages and bra-
chial and ankle blood pressures com-
pared \\;th those of the intermediate
group. However, magnetic resol"\ilnce an-
giograrns in the highest group showed
lower arterial inflo\\' in the calf and foot
arteries compared "vil11 those of the inter-
mediate group. Furthermore, the highest
group had a lower late diastolic flow vol-
ume and a higher resisti\'e index at the
popliteal artely ll1an those of the interme-
diate group. These findillgS suggest that

5.:?6 :!: 0.43

4.6:!: 0.5

4.74:!: 0.67

1.29:!: 0.44

1.15:!: 0.27

6 (30)

44.8 :!: 1.9

44.7 :!: 1.3

3.44 :!: 1.21

2112
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Appcndix 2-Pt'ripht".al circulalioll illlhe IIOII-PAD palienlS wilh P\\,\' conlpa'.(lbl( to Ih(

COI1I,.01 grollp (11Ol1l1al P\\'V g'.ollp) 0'. ,\1Ih abl1orntal P'r",,1 (abllo/1llal P\\'\' g'.oUp) alld Ihc

lIomliabclic subj('cls (COlllrol grollp)

Control grollp Nom1al PWV grOl\p Abnom1al P\\V grOl\p

(1,274 ~ 111 clntS) (1,247 ~ lOScm/s) (1,829 ~ 312cm/s)

20 IS 45

24 = 8

--+ 8I) -
118 :t 8

72 :t 8

131 = 8*t

75 = 10

.42:t 11

73:t 8
.15 :t 0.08

74 :t 9

139 ~

73 :

1.16 :

68 =

164 ~ 25*1'

51 ~ 12§

1.24 ~ O.14§

70 ~ 11

86.7 :t 31.5

88.7 :t 23.8

-12.4 :t 9.8

10.3:t12.1

1.01 :t 0.0411

90.5 ~ 20.8

82.4 ~ 16.2

-8.1 ~ 6.0

16.3 ~ 7.8

0.96 ~ 0.03

93.1 ~ 31.5

88.8 ~ 21.1

-13.6 ~ 9.9

17.8 ~ 12.7

0.99 ~ 0.04§

n

Brachial BP (mmHg)

Systolic
Diastolic

Ankle BP (mmHg)

Systolic
Diastolic

ABI

Hean rate (bpm)

Flo\v volume (mVI;lin)

Total

Systolic
Early diastolic

Late diastolic

Resistive index

Data arc means :t SD. *P < 0.01. §P < 0.05, and liP < 0.001 VS. the control grO~lp; tP < 0.001 and fP <
0.01 VS. the normal rv.'V group.
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