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We determined the effects of diabetes and gender on the physi-
cal properties of the vasculature in streptozotocin (STZ)-treated
rats based on the aortic input impedance analysis. Rats given
STZ 65 mg/kg l.v. were compared with untreated age-matched
controls. Pulsatile aortic pressure and flow slgnals were mea-
sured and were then subjected to Fourler transformation for the
analysis of aortic input Impedance. Wave transit time was de-
termined using the impulse response function of the filtered
aortic Input impedance spectra. Male but not female diabetic
rats exhibited an increase in cardiac output in the absence of
any significant changes in arterial blood pressure, resuiting ina
decline in total peripheral resistance. However, in each gender
group, diabetes contributed to an increase in wave reflection
factor, from 0.47 x 0.04 to 0.84 = 0.03 in males and from 0.46 =
0.03 to 0.81 = 0.03 in females. Diabetic rats had reduced wave
transit time, at 18.82 + 0.60 vs 21.34 = 0.51 msec in males and at
19.63 + 0.37 vs 22.74 + 0.57 msec in females. Changes in wave
transit time and reflection factor indicate that diabetes can
modify the timing and magnitude of the wave reflection in the
rat arterlal system. Meanwhile, diabetes produced a fall in aortic
characteristic impedance from 0.023 = 0.002 to 0.009 = 0.001
mmHg/min/kg/ml in males and from 0.028 = 0.002 to 0.014 =
0.001 mmHg/min/kg/ml in females. With unaltered aortic pres-
sure, hoth the diminished aortic characteristic impedance and
wave fransit time suggest that the muscle inactivation in diabe-
tes may occur in aortas and large arteries and may cause a
detriment to the aortic distensibility in rats with either sex. We
conclude that only rats with male gender diabetes produce a
detriment to the physical properties of the resistance arterioles.
In spite of male or female gender, diabetes decreases the aortic
distensibility and impairs the wave reflection phenomenon in
the rat arterial system. Exp Biol Med 228:70-78, 2003
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yperglycemia in diabetes has been identified as an
Hindependent risk factor for the development of car-

diovascular disease, including macroangiopathy
and microangiopathy (1). Diabetes mellitus (DM) may re-
duce gender-related differences in the prevalence of cardio-
vascular disease by fading the vascular protective effects
afforded by estrogen in females (2, 3). Reportedly, diabetic
arteries are associated with high glucose-induced vascular
dysfunction in that the contractile function of the vascular
smooth muscle cells is impaired in rats treated with strep-
tozotocin (STZ) (4, 5). The contractile dysfunction of the
STZ-diabetic arteries may result from changes in vasoactive
substances and vasomotor responsiveness (6) and alter-
ations in intracellular calcium handling (7). Such changes in
cellular physiology of the diabetic arteries may cause a det-
riment to the mechanical properties of the arterial system
in STZ-diabetic rats. Although the measurement on pulsa-
tile pressure-flow relation of the arterial system has been
made in male STZ-diabetic rats (5, 8, 9), little attention has
been given to the role of gender in the modulation of dia-
betes-induced changes in blood flow as well as vascular
dynamics.

To study a complete assessment of the physical prop-
erties of the arterial system, the technique of aortic input
impedance analysis (10-12) has been used extensively in
recent years (9, 13, 14). In the classic analysis of circulation,
the arterial system is modeled as a steady-flow circuit in
which the heart is represented by a steady-flow pump and
the periphery by a simple resistance. In 1769, Stephen Hales
likened the cushioning function of arteries to the action of a
large distensible reservoir, which is referred to as Windkes-
sel (10-12). The Windkessel represents the distensibility of
the aorta and major arteries. Accurate characterization of the
pulsatile component is important because it accounts for a
substantial portion of the total load imposed on the left
ventricle. In a pulsatile analysis of the cardiovascular sys-
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tem, the heart is represented by an intermittent source, and
the vasculature may be modeled as a three-element Wind-
kessel that consists of a series resistance (aortic character-
istic impedance) and a parallel total peripheral resistance/
total arterial compliance. Such an analysis of the arterial tree
can be accomplished through the measurement of aortic
input impedance that is the frequency relationship between
the pressure and the flow signals measured in the ascending
aorta.

The aortic input impedance embodies, in addition to
vascular resistance (the nonpulsatile component of after-
load), the summated effects of pulsatile component of af-
terload such as aortic stiffness and timing and magnitude of
pulse wave reflection (10-12). In a hydraulic vascular sys-
tem, the ratio of pulsatile pressure to flow is termed the
aortic characteristic impedance (Z.) if only centrifugal
waves are present at origin. The aortic characteristic imped-
ance is directly related to the blood density (p) and pulse
wave velocity (cy) and is inversely related to the lumen
radius (r) squared of the tube: Z, = pcol'n'r2 (10-~12). For
large arteries, pulse wave velocity may be approximately
related to the distensibility of the aortic wall (D): ¢y =
Vl/pD where D refers to changes in volume (AV) in relation
to changes in transmural pressure (AP), which is expressed
as a fraction of the volume (V): D = AV/VAP. Meanwhile,
compliance (C) is defined as a change in volume divided by
a change in pressure (C = AV/AP) so that compliance
equals distensibility times volume (C = DV) (15). As men-
tioned above, the aortic characteristic impédance has an
inverse relation to the aortic distensibility so that Zc has
been frequently used as an indicator of aortic stiffness: the
higher the aortic characteristic impedance, the stiffer the
aortic wall if aortic cross-sectional area remains unchanged.
However, under certain circumstances, especially in rats
with dilated aortic wall (9, 16), the aortic characteristic im-
pedance probably could not describe the distensibility of
aortas because of its inverse relation to aortic cross-
sectional area. By contrast, being relatively independent to
body shape, wave transit time (1), which is inversely related
to pulse wave velocity, could be derived to represent the
distensibility of aortas in rats (9-12).

The wave transit time is the time for a wave to propa-
gate from one end of the vasculature to the other. Because
the aortic pressure wave can be regarded as a summation of
its forward and backward components, the ratio of the back-
ward pressure wave to the forward pressure wave is termed
the wave reflection factor (Ry) (10-12). Therefore, both the
wave transit time and the wave reflection factor may char-
acterize the wave reflection phenomenon in the vasculature.
The pulsatile hemodynamic parameters such as Z, 7, and R,
could be analyzed to delineate the pulsatile nature of blood
flows in the arterial system. The static components of the
arterial load such as mean aortic pressure as well as total
peripheral resistance (R;) can also be obtained from the
measurement. The novelty of the aortic input impedance
analysis is that one can distinguish the effects of diabetes

and gender on Windkessel function from those on arteriolar
function in rats treated with STZ.

The goal of the study was to determine the effects of
diabetes and gender on the mechanical properties of the
arterial system in STZ-treated rats based on the aortic input
impedance analysis. The aortic input impedance spectra
were obtained from the ratio of ascending aortic pressure
harmonics to the corresponding flow harmonics using a’
standard Fourier series expansion technique (10-12). The
aortic characteristic impedance was computed by averaging
high-frequency moduli of the aortic input impedance data
points (17,18). The wave transit time was determined by
making use of the impulse response function of the filtered
aortic impedance spectra (19).

Material and Methods

Experimental Preparations. Female or male
Wistar rats weighing 220-260 g at the age of 2 months were
used to induce DM in this study. Diabetes was induced by
a single tail vein injection of STZ at a dose of 65 mg/kg
(Sigma Chemical Co., St. Louis, MO). STZ was dissolved
in 0.1M citrate buffer (pH 4.5). Control rats were given an
intravenous injection of the vehicle. Forty-eight hours after
the injection, induction of diabetes in the STZ-injected rat
was confirmed by positive urine glucose using Ames Keto-
Diastix (Miles Inc., Elkhart, IN). Studies on changes in
arterial mechanics were performed 8 weeks after the induc-
tion of diabetes. All data collected from STZ-treated rats
(male DM, n = 12; female DM, n = 12) were compared
with those of untreated, age-matched controls (AC) (male
AC, n = 12; female AC, n = 12). At the time of hemo-
dynamic studies, arterial blood  was collected for glucose
measurement, and all female animals were at the stage of
metestrus where most levels of female hormones are at
their lowest levels, Rats were allowed free access to Purina
chow and water and were housed two to three per cage in a
12:12-hr light:dark cycle animal room. The animal experi-
ments were conducted according to the Guide for the Care
and Use of Laboratory Animals, and were approved by the
Animal Care and Use Committee of the National Taiwan
University.

Catheterization. Each rat was intraperitoneally
anesthetized with pentobarbital sodium (35 mg/kg). We
monitored the animal’s rectal temperature and used a heater
to maintain the rat’s body temperature. Tracheotomy was
performed to provide artificial ventilation with a tidal vol-
ume of 5-6 ml/kg and respiratory rate of 50-70 breaths/min.
The chest was opened through the second intercostal space
of the right side. An electromagnetic flow probe (model 100
series, internal circumference 8 mm; Carolina Medical Elec-
tronics, King, NC) was positioned around the ascending
aorta to measure the pulsatile aortic flow. A Millar catheter
with a high-fidelity pressure sensor (model SPC 320, size
2F; Millar Instruments, Houston, TX) was used to measure
the pulsatile aortic pressure. Before inserting, the pressure
sensor was prewarmed in 37°C saline for at least 1 hr. The
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catheter was inserted via the isolated right carotid artery into
the ascending aorta. The catheter tip of the pressure trans-
ducer was positioned 1-2 mm distal to the downstream edge
of the electromagnetic flow probe to avoid interference with
the flow measurements. After being withdrawn from each
rat, the catheter was reimmersed in the bath to check for
baseline drift. At the end of the experiment, the pressure
reading from the sensor submerged in the saline of less than
10 mm in depth was used as the zero pressure reference
(13). The electrocardiogram (ECG) of lead II was recorded
with a Gould ECG/Biotach amplifier (Gould Electronics,
Cleveland, OH).

The analog waveforms were sampled at 500 Hz using a
12-bit simultaneously sampling analog-to-digital (A/D)
converter (Acqutek Co., Taipei, Taiwan) interfaced to a
personal computer. Selection of signals of 5-10 beats at
steady state was made on the basis of the following criteria:
recorded beats with optimal velocity profile that was char-
acterized by a steady diastolic level, maximal systolic am-
plitude, and minimal late systolic negative flow; beats with
an RR interval (cardiac cycle length) less than 5% different
from the average value for all recorded beats; and exclusion
of ectopic and postectopic beats. The selective beats were
averaged in the time domain, using the peak R wave of ECG
as a fiducial point. Timing between the pulsatile pressure
and flow signals, due to spatial distance between the flow
probe and proximal aortic pressure transducer, was cor-
rected by a time-domain approach in which the foot of the
pressure waveform was realigned with that of the flow (20).
The resulting aortic pressure and flow signals were sub-
jected to further impedance analysis.

Aortic Input Impedance Spectra. Aortic input im-
pedance can be obtained from the ratio of ascending aortic
pressure harmonics to the corresponding flow harmonics
(Fig. 1, A and B) using a standard Fourier series expansion
technique, shown in Appendix 1 (10-12). Herein, the flow
meter (Model 501D; Carolina Medical Electronics) used has
a frequency response that is decreased by 3 dB at approxi-
mately 100 Hz. The phase lag is almost linear with fre-
quency (1.2 degrees/Hz). Corrections were performed to
each impedance harmonic to take the phase delay into ac-
count, Total peripheral resistance of the systemic circulation
(R,) was calculated as mean aortic pressure divided by
mean aortic flow. Aortic characteristic impedance of the
systemic circulation (Z;) was computed by averaging high-
frequency moduli of the aortic input impedance data points
(4th—10th harmonic) (17, 18). On the other hand, compli-
ances corresponding to systolic, diastolic, and mean aortic
pressure, respectively, could be obtained from the equation
developed for an exponential pressure-volume relation,
shown in Appendix 2 (21).

Vascular Impulse Response Function. The
wave transit time (7) could be determined by the impulse
response function of the filtered aortic input impedance
spectra (Fig. 1C). This was accomplished by inverse trans-
formation of the aortic input impedance after multiplication

of the first 12 harmonics by a Dolph-Chebychev weighting
function with the order 24 (19). As is generally recognized,
vascular reflections occur along the entire length of the
arterial tree where a change in impedance exists (e.g.,
change in vessel diameter, wall stiffness, or vessel branch-
ing) (10-12). These multiple reflection sites contributes to
diffuse reflections, which play an important role in wave
dispersion. However, prior work by Westerhof’s group (22)
has demonstrated that the two reflection peaks usually seen
in the canine vascular impulse response function represent
pressure reflections from two effective reflection sites. The
effective upper body site gives rise to the first reflection
peak, and the lower body site gives rise to the second re-
flection peak. Because the apparent time of the first peak is
heavily influenced by early diffuse reflections, one could
take that of the second peak as the standard for the calcu-
lation of wave transit time in the lower body circulation,
when the time of the initial peak is used as the reference
(Fig. 1C) (23). Meanwhile, the time domain reflection factor
(Ry) could be derived as the amplitude ratio of backward-
to-forward peak pressure wave by the method Westerhof et
al. (24) proposed, shown in Appendix 3. Therefore, both the
wave transit time and the wave reflection factor may char-
acterize the wave reflection phenomenon in the vasculature.

Statistics. Results are expressed as means + SE. Be-
cause cardiac output is significantly related to body shape,
this variable was normalized to body weight when compari-
son was made between STZ-diabetic rats and age-matched
controls. Other hemodynamic variables derived from blood
flow were also normalized to body weight to detect the
effects of diabetes and gender on these parameters. A two-
way analysis of variance (ANOVA) was used to determine
the effects of diabetes on the physical properties of the
vasculature in STZ-treated rats of either gender. Simple
effect analysis was used when significant interaction be-
tween diabetes and gender occurred. Differences among
means within levels of a factor were determined by Tukey’s
honestly significant difference (HSD). Significant differ-
ences were assumed at the level of P < 0.05.

Results

Table 1 shows the effects of diabetes and gender on
body weight, blood glucose level, and arterial blood pres-
sure. As expected, after the B-cells of the islets of Langer-
hans were destroyed by STZ, diabetic rats of either gender
had higher blood glucose levels than did age-matched con-
trols. Diabetes was associated with a decrease in body
weight in both male and female STZ-treated rats. Neither
diabetes nor gender produced a significant difference in
aortic pressure profile, nor was there a diabetes x gender
interaction for arterial blood pressure.

Figure 2 shows the effects of diabetes and gender on the
basic hemodynamic data, including basal heart rate (HR),
cardiac output (CO), stroke volume (SV), and total periph-
eral resistance (Rp). Both diabetes and female gender sig-
nificantly lowered HR (Fig. 2A). However, no interaction
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between the effects of diabetes and gender on HR was ob-
served in rats. A significant interaction between the effects
of diabetes and gender in their effects on CO (Fig. 2B), SV
(Fig. 2C), and R, (Fig. 2D) was detected. Although produc-
ing an increase in CO and a decrease in R, in males, dia-
betes exhibited no significant changes in CO and R, in
females. Male STZ-diabetic rats had higher CO and lower
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R, than did female STZ-diabetic rats. On the other hand, an
interaction showed that diabetes significantly enhanced SV
in rats with either gender, and male STZ-diabetic animals
had higher SV than did female STZ-diabetic animals. Un-
like rats with insulin deficiency, age-matched controls ex-
hibited no significant changes with sex in HR, CO, SV, or R;,.

Figures 3 and 4 show the effects of diabetes and gender
on the pulsatile nature of blood flows in arteries in terms of
aortic characteristic impedance (Z_), wave transit time (1),
and wave reflection factor (R). No interaction between the
effects of diabetes and gender in their effects on Z, was
detected in rats (Fig. 3A). However, diabetic rats had de-
creased Z; at 0.009 + 0.001 vs 0.023 + 0.002 mmHg/min/
kg/ml in males and at 0.014 + 0.001 vs 0.028 + 0.002
mmHg/min/kg/ml in females. There was a significant inter-
action between the effects of diabetes and gender in their
effects on aortic compliances (C; in Fig. 3B, C, in Fig. 3C,
and C,, in Fig. 3D). Although producing an increase in
aortic compliances in males, diabetes exerted no significant
changes in aortic-compliances in females. Male STZ-
diabetic rats had higher aortic compliances than did female
STZ-diabetic rats. Unlike rats with insulin deficiency, age-
matched controls showed no significant changes with sex in
Z, C,, Cy 0orCp.

In each gender group, diabetes elicited a decline in the
magnitude of the forward pressure (P; in Fig. 4A), but had
no effects on magnitude of the backward pressure (P, in Fig.
4B), leading to an increase in R; from 0.47 £ 0.04 to 0.84
0.03 in males, and from 0.46 + 0.03 to 0.81 x 0.03 in
females (Fig. 4C). Neither diabetes nor gender affected Py,
nor was there a diabetes x gender interaction for P,. On the
other hand, no interaction between the effects of diabetes
and gender in their effects on T was detected in the rats (Fig.
4D). However, diabetic rats had reduced r at 18.82 + 0.60 vs
21.34 + 0.51 msec in males and at 19.63 + 0.37 vs 22.74 +
0.57 msec in females. Unlike STZ-diabetic rats, age-
matched controls showed no significant changes with sex in
wave reflection phenomena in terms of both the wave re-
flection factor and the wave transit time.

Discussion

The major findings of this study are that only in male
rats does diabetes produce a detriment to the mechanical
properties of the resistance arterioles. However, despite

Figure 1. Modulus (A) and phase (B) of the aortic input impedance,
and impulse response function of the filtered impedance spectra (C)
in one control rat with female gender. The aortic input impedance
spectra were computed from the aortic pressure and flow signals
using a standard Fourier series expansion technique shown in Ap-
pendix 1. In C, the dashed line indicates that the characteristic im-
pedance component of the vascular impulse response has been
removed. The long arrow shows the discrete reflection peak from the
body circulation and the short arrow demonstrates the initial peak as
a reference. In the solid line, one-half of the time difference between
the appearances of the reflected peak (long arrow) and the initial peak
(short arrow) approximates the wave transit time in the lower body
circulation.
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Table 1. Effects of Diabetes and Gender on Body Weight, Blood Glucose Level, and Aortic Pressure Profile in

Wistar Rats
Males Females

AC (n=12) DM (n=12) AC (n=12) DM (n=12)
Body weight (g) 499.0 + 14.1 236.4 + 8.97 296.5 + 3.6° 241.0 £ 6.07
Glucose (mg/dl) 113.0 £ 3.9 403.7 £ 10.49 124.0+ 6.0 420.3 + 12.3°
P, (mmHg) 1332+ 3.5 1249 £ 3.1 1294 +2.4 128.0+ 2.5
P4 (mmHg) 1032+ 3.2 97.7+2.8 96.8 + 2.8 101.1x+2.3
P,, (mmHg) 118.4 £ 3.6 1116+ 2.8 113.8+2.7 1155+ 2.2

Note. All values are expressed as means = SE, P,, systolic aortic pressure; P, diastolic aortic pressure; Py, mean aortic pressure; AC,

age-matched controls; DM, STZ-diabetic rats.
a Difference between STZ-diabetic rats and age-matched controls with either male or female gender (P < 0.01).

b Difference between males and females in age-matched controls (P < 0.01).
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Figure 2. Effects of diabetes and gender on basal HR (A), CO (B), SV (C), and R, (D). AC, age-matched controls; DM, STZ-diabetic rats.

gender, diabetes diminishes the aortic distensibility and im- isobaric vasodilatation. Male but not female STZ-diabetic
pairs the wave reflection phenomena in the rat arterial system. rats showed isobaric vasodilatation, resulting in a decrease

An increase in blood flow that occurs in the absence of  in total peripheral resistance (R, in Fig. 2D). With un-
any significant changes in arterial blood pressure is termed  changed mean aortic pressure, a decline in total peripheral
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resistance suggests that the contractile function of the vas-
cular smooth muscle cells may be impaired in resistance
arteriole (4). The contractile dysfunction of the vascular
smooth muscle cells may cause a fall in vascular smooth
muscle tone, which is responsible for an increase in arte-
riolar caliber. This suggests that capillary hypertension may
occur in male STZ-diabetic rats while arterial blood pres-
sure remains unchanged, developing diabetic vascular com-
plications (6, 25). Despite lower basal HR (HR in Fig. 2A),
the augmented SV in STZ-diabetic rats (SV in Fig. 2C) may
cause an increase in blood flow (CO in Fig. 2B) and main-
tain blood pressure as seen in age-matched controls (Table
I). Reserves in Frank-Starling operation may account for the
compensatory stroke volume and then for the maintenance
of arterial blood pressure (26). These hemodynamic
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and C,, (D). AC, age-matched controls; DM, STZ-diabetic rats.

changes by diabetes in male rats are in accordance with
many other reports in the literature (8, 9, 25). Although
there was a trend toward increasing CO and SV and de-
creasing total peripheral resistance, the differences were not
significant in female rats with insulin deficiency.

To aortic distensibility of STZ-diabetic rats of éither
gender, the physiological implication of reduced Z, (Z, in
Fig. 3A) seems to conflict with that of diminished T (7 in
Fig. 4D). Decreased aortic characteristic impedance may be
indicative of more distensible aortas, whereas diminished
wave transit time may have an opposite physical meaning.
With unaltered aortic pressure, a decline in aortic charac-
teristic impedance suggests that the contractile function of
the vascular smooth muscle cells may be impaired in Wind-
kessel vessel (4), Under isobaric vasodilatation, the inacti-
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Figure 4. Effects of diabetes and gender on. magnitude of the P, (A}, magnitude of the P, (B), R, (C), and T (D). AC, age-matched controls;

DM, STZ-diabetic rats.

vation of the aortic smooth muscle cells has the potential to
elevate the elastic modulus of the aortic wall and cause a fall
in aortic distensibility (11). Meanwhile, the contractile dys-
function of the diabetic aortas probably lengthens the aortic
smooth muscle cells, resulting in an increase in aortic lumen
__diameter that can cause a fall in aortic characteristic imped-
ance. Because the net results of diabetes and gender on the
aortic characteristic impedance would depend on the rela-
tive influence of those counter-balancing factors, i.e., pulse
wave velocity and aortic cross-sectional area, there is dif-
ficulty using the aortic characteristic impedance to describe
the aortic distensibility in male or female STZ-diabetic rats.

As mentioned earlier, a decline in aortic distensibility
could be reflected in the reduction in wave transmission
time along the path. STZ-diabetic rats of either gender did
show a decline in wave transit time of the lower body cir-

culation compared with controls. To rule out the influence
of body shape on wave transit time, comparison was also
made between diabetic rats and weight-matched controls,
and STZ-diabetic rats of either gender still exhibited shorter
wave transit time of the body circulation (18.82 + 0,60 vs
20.95 + 0.43 msec in males; 19.63 + 0.37 vs 22.22 + 0.31
msec in females). As a consequence, the decreased aortic
distensibility in both male and female STZ-diabetic rats
may be manifest on the reduced wave transit time rather
than on the diminished aortic characteristic impedance. The
increased stiffness of aortic wall found in STZ-diabetic rats
is in accordance with those observed in humans with type 1
diabetes (27). Because we have no measurements on aortic
lumen diameter, more studies are needed to delineate the
effects of isobaric vasodilatation on aortic distensibility in
male or female STZ-diabetic rats.
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Just as the elastic modulus is an expression used to
characterize the material properties, so distensibility is a
term used to describe the elastic behavior of a hollow vessel
or chamber. As mentioned earlier, compliance and disten-
sibility are quite different, for compliance is equal to dis-
tensibility times volume (15). In the present study, no sig-
nificant changes in aortic compliance were observed in fe-
male STZ-diabetic rats, whereas male STZ-diabetic rats did
show an increase in this hemodynamic parameter (Fig. 3,
B-D). The decreased aortic distensibility associated with
unchanged (in females) or increased (in males) aortic com-
pliance suggests that volume expansion in the arterial sys-
tem may exist in both male and female STZ-diabetic rats.
The volume expansion in STZ-diabetic rats is supported by
other reports in the literature (6, 28).

As mentioned earlier, the wave transit time is the time
for a wave to propagate from one end of the vasculature to
the other. The shorter T observed in both male and female
STZ-diabetic rats (7 in Fig. 4D) suggests that diabetes may
cause an early return of pulse wave reflection from the
peripheral circulation. Meanwhile, diabetes contributed to a
significant fall in magnitude of the P (P; in Fig. 4A),
whereas the magnitude of the P, remained unchanged (P, in
Fig. 4B). The reduced P; by diabetes associated with the
unaltered P, was responsible for the augmented R, (R, in
Fig. 4C) in both male and female STZ-treated rats. The
enhanced R; is indicative of the heavy reflection intensity in
the arterial system. Thus, changes in T and R, suggest that
diabetes may modify the timing and magnitude of the pulse
wave reflection in the vasculature from both male and fe-
male STZ-treated rats.

Abnormality of blood viscosity may play a role in the
underlying mechanism of the development of diabetic com-
plications. The whole blood viscosity had been reported to
be a dichotomy response to STZ-induced diabetes, depend-
ing on hematocrit and shear rate (29). Having no measure-
ments on blood viscosity, we cannot reach any conclusions
about the effects of blood viscosity on the aortic input im-
pedance in STZ-diabetic rats of either gender. More studies
are needed to delineate how the viscosity of blood affects
the aortic input impedance measured in STZ-diabetic rats.

Reportedly, STZ is an antibiotic that is selectively toxic
for pancreatic B cells and can cause DM in the rat (30). The
diabetogenic effects of STZ are found to be dose dependent,
and dose of 65 mg/kg is used in most cardiovascular studies
(31). Rats treated with STZ display many of the features as
seen in human subjects with uncontrolled DM, including
hyperglycemia, polydipsia, polyuria, and weight loss (32).
However, STZ has the potential to affect many factors such
as endocrine, renal, hepatic, nervous, cardiac, and vascular
factors that may underlie changes in cardiovascular homeo-
stasis. The results reported here were obtained in STZ-
diabetic rats and caution should be noted in extrapolating all
findings from STZ-diabetic rats to human subjects with in-
sulin deficiency.

Because the aortic input impedance cannot be measured

in conscious animals, it is difficult to evaluate the effects of
pentobarbital anesthesia on STZ-diabetic rats. In this report,

the results pertained only to measurements made in the

anesthetized open-chest rat. This setting induced a fall in

blood pressure and may introduce reflex effects not found in

the closed-chest setting (13). It is uncertain how great the

effects of anesthesia and thoractomy are on the arterial me-
chanics in rats. However, studies with other animal models

suggest that the effects are small relative to the biological

and experimental variability between animals (16).

In summary, we determined the effects of diabetes and
gender on the arterial mechanics in STZ-treated rats based
on the aortic input impedance analysis. Only in male rats
does diabetes produce a detriment in the physical properties
of the resistance arterioles, causing a decline in total periph-
eral resistance. However, despite gender, diabetes dimin-
ishes the aortic distensibility and impairs the pulse wave
reflection in rats with insulin deficiency. Unlike STZ-
diabetic rats, age-matched controls show no gender-related
differences in arteriolar function and pulsatile nature of
blood flows in arteries.
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Appendix 1
Impedance analysis using a standard Fourier
series expansion technique. The aortic pressure and
flow signals are subjected to Fourier transform to obtain the
pressure and the flow harmonics (10-12):
N-1

plk) = D\ P(n)el (1)
n=0

N-1

a0 = X 0(m)y @

n=0
where k = (, 1, 2, 3, , N — 1; P(n) is the sampled
sequence of measured pressure wave; Q (n) the sampled
sequence of measured flow wave; p(k) the complex function
of pressure at & harmonic; g(k) the complex function of

flow at k" harmonic; wy = ¢7*™" and j = V=1. p(k) and
g(k) can be rewritten as:

plk) = |p(R)l/*™ 3)
q(k) = lg(k)le’*® @)

For k™ sinusoidal signal, the aortic input impedance z(k) is
the ratio of ascending aortic pressure harmonic to the cor-
responding flow harmonic:

4= 0= g™ I ®
where 1z(k)l = lp(k)l/lg(k)! is the modulus and (k) = (k)
— ¢(k) is the phase of the impedance. The level of the flow
noise is determined by Fourier analysis of the middle third
of the diastolic flow signal (13). Any flow harmonic with a
modulus <1.5 times the noise level is not used for imped-
ance calculation.

Appendix 2

Exponential pressure-volume relationship in
arteries. Because of a curvilinear relation between pres-
sure and intravascular volume in the arterial tree, the arterial
compliance C at any pressure P is obtained from the equa-
tion developed for an exponential pressure-volume relation-
ship (21):

SVxb &
X
K+Z,xSV/IA; " Pi_ ¢

c(pP) = bxPg (1)
where SV is the stroke volume; X is the ratio of total area
under the aortic pressure curve to the diastolic area (A,); b
is the coefficient in the pressure-volume relation (-0.0131 +
0.009 in aortic arch); P, is the pressure at the time of inci-
sura and P, is the end-diastolic pressure.

Appendix 3

Arterial wave reflection phenomenon. The aor-
tic pressure and flow waves can be separated into their
forward and backward components by the method Wester-
hof et al. proposed (24). In the time domain, the following
mathematical formulation is the technique used to decom-
pose the measured waves into their forward and backward
components, assuming that Z, is a real number,

Pe=(P+Z.0)/2 1
P,=(P-Z.0)/2 )
Qr=(Z.0+P)/2Z, ()
0,=(Z0-P)/2Z 4

P is the measured aortic pressure and Q is the measured
aortic flow, and subscripts f and b represent forward and
backward, respectively. The time domain reflection factor
(Ry) can be derived as the amplitude ratio of backward-to-
forward peak pressure wave. Therefore, both the wave tran-
sit time and the wave reflection factor characterize the wave
reflection phenomenon in the arterial system.
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