The Importance of Pulsatile Microcirculation
in Relation to Hypertension

 Studying the Relationship Between Abdominal Aortic Blood Pressure and Renal Cortex Flux

ypertension is one of the most com-

mon and lethal diseases in developed
countries. Elevated blood pressure can in-
. crease the load of the heart and cause
stroke, arterial arteriosclerosis, coronary
artery disease, and many other arterial dis-
eases. Only less than 10% of hypertension
cases are secondary, while over 90% are
primary (or “essential”) [1]. Essential hy-
pertension (EH) is related to many factors
such as environmental, genetic, and even
nutritional aspects: its causes are complex
and hard to ascertain. Considering con-
stant cardiac output, induced high blood
pressure is mainly related to elevation of
blood-vessel resistance, especially those
of the peripheral vascular beds (PVBs).

The aim of the study presented in this
article was to prove that increased
pulsatile blood pressure (PBP) increases
perfusion in PVBs. We used a laser Dopp-
ler flowmeter (LDF) to measure surface
renal cortical flux (RCF) and a pres-
sure-tip transducer catheter to measure
abdominal aortic blood pressure (AABP).
Besides demonstrating the relationship
between RCF and AABP by linear regres-
sive analysis with an averaged
periodogram (AP), we also used time-do-
main pulse averaging to clarify the
pulsatile AABP and RCF. Furthermore,
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we define a flux-to-pressure-area ratio
(FPAR) to evaluate the efficiency by
which the pulsatile AABP drives RCF.

Understanding Blood Pressure

It is known that the mean blood pres-
sures (MBP) measured in the aorta, the ar-
teries, and even the small arteries are
almost constant but drop abruptly in the
regions where arterioles (outer diameter <
40 pm) distribute to numerous capillaries
[2, 3]. This phenomenon implies that
PVBs are the principal site of regulating
the energy transformation to provide
blood flow. In those regions, part of the
pressure drop is caused by frictional loss
and the other part is the driving force of
blood flow to the microvessels. Both
blood viscosity and blood-flow mechan-
ics in PVBs have been reviewed [4, 5, 6];

they depend mainly on the driving force
and the diameter of the blood vessels. As
the blood-flow driving force increases,
red blood cells (RBCs) will be deformed.
This deformation can break up cell
interlinkings as well as disassociate RBC
aggregation within a characteristic short
time (0.06 sec or less) [5, 7, 8]. Mean-
while, increased diameter of an upstream
vessel can accelerate the RBC velocity in
the downstream vessels in PVBs [6, 9].

When the heart contracts, aortic dilata- -
tion changes kinetic energy of the blood
into potential energy. Pressure wave prop-
agation in the aorta can be quantitatively
described by an arterial model with radial
dilatation [10]. Moreover, according to
coupled resonance theory [11], the con-
nected elastic vascular beds redistribute
the pressure wave. Finally, we had pro-
posed pressure distribution equations and
proved that the coupled pressure in an
elastic vascular bed drives the flow in the
end-outlet of a simulated tree-like vascu-
lar model [12].

In our previous research [12-15], we
showed that the fast-propagating blood
pressure wave generated by cardiac con-
traction drives pulsatile blood flow coher-
ently in PVBs. From the aorta to the
PVBs, the pulsatile pressure simulta-

Table 1. Basic Physiological Parameters
Rat 1 l Rat 2 Rat 3 Rat 4 Rat 5 Rat 6
Weight (g) 368 250 295 380 350 310
Number of Measured Sites 3 4 . ‘ 3 3 2 2
Number of Selected Sites 3 4 2 2 k 1 1
Heart Rate (Hz) 5.11 £ 0.05 7.30£0.19 717 £ 0.05 6.72 + 0.55 6.03 7.8
Mean Blood Pressure (mmHg) 94.18 + 1.11 92.33 + 1.51 93.6 + 0.71 93.6 = 3.68 90.8 94.4
Pulsatile Blood Pressure (Diastolic to | 53.58 + 1.67 68.4 £ 5.97 43.4+0.42 47.65 £ 0.07 51.5 43.9
Systolic Value)
Mean Flux (Units) 156.48 + 4.36 | 99.00 + 5.67 98.05 + 7.14 152.95 +7.28 | 128.7 129.5
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neously drives blood flow. Closer to the
PVBs, vessels become more rigid and re-
sistance-like; thus, steadier pulsatile flow
in the PVBs replaces the upstream cou-
pled pressure wave of the elastic vascular
beds. Other fluctuations of flow in the
PVBs have been reported, but they are
much slower than the pulsatility created
by the heart [16].

Mean transient time (MTT) of blood
flow from the aorta to PVBs is a few sec-
onds [17]. Although the pulsatility was
once assumed to be completely damped to
produce a steady flow in the microvessels
[18, 19], ithas been demonstrated in some
studies that pulsatility exists in the arteri-
oles, the precapillary arterioles, the capil-
laries, and even the postcapillary venules
[2, 18-20]. However, until now, the role of
the pulsatility in the PVBs was not clearly
understood.

As the PBP wave propagates to the
PVBs, a high peak force can dilate the
precapillary opening. The wider opening
reduces resistance and thus further in-
creases the driving force to the PVBs.
Moreover, the increased driving force can
deform the RBCs and other blood cells so
as to change cell-to-cell interactions. It
can also lower blood viscosity as well as
dissociate RBC aggregations [21, 22].
The driving pulsatile pressure associated
with dilation of precapillary openings and
the reduction of blood viscosity could
play an important role in the delivery of
blood flow Q to the PVBs:

Q=V(rm)xA(
where blood velocity V depends directly
on the radius r of the precapillary opening
and inversely on the blood viscosity 1.
The cross-sectional area A of the blood

vessel is also directly related to the radius
of the opening.

Materials and Methods
Animal Preparation and
Experimental Setup™

This investigation confogified with the
“Guide for the Care andv@fée of Labora-
tory Animals” published by the US Na-
tional Institutes of Health (NIH
“Publication No. 85-23, revised 1985).

Six male Sprague-Dawley rats were
anesthetized with Urethane (700mg/kg
ip) and placed on a heated pad to maintain
body temperature. The AABP was re-
corded (by cannulating) from the caudal
artery to the abdominal aorta with a cathe-
ter-tip pressure transducer (P10EZ,
Viggo-Spectramed, USA).

A laser. Doppler flowmeter (Model
MBF3, Moor Instruments Ltd., England)
was used for the measurement of RCF
(time constant 0.05 sec, 14.9 kHz cutoff).
The LDF uses the Doppler shift of
back-scattered laser light to estimate RBC
velocity. The measured flux was equal to
v x C, where v is the mean velocity of the
measured RBCs and C is the concentra-
tion of the moving RBCs in the measured
tissue [23]. An optical-fiber probe
(P10M+P17, plastic fiber 500 p O.D,,
Moor Instruments Ltd.) was calibrated
with a flux standard (Moor Instruments
Ltd.) to ensure its stability and perfor-
mance. The left kidney was exposed on
the dorsal side of the rat, fixed with cotton
balls, and then the fatty capsule was care-
fully separated. The optical-fiber probe
was fixed vertically and gently touched on
the surface of renal cortex. Due to the tiny
momentum in PVBs, the force that the
probe exerts on the surface of renal cortex
should be very tiny so as not to disturb the

measurement. In this study, it is about
0.5-1.0 mN; when it is over 10 mN, the
measured pulsatility would diminish and
then disappear.

The signal due to respiration can be
easily detected because its period is three
to five times that of the heartbeat; proper
installation of the probe and good care of
the animals during the experiments can
reduce this extraneous signal. While the
experiments were under way, the surface
of the kidney was bathed with a 37°C nor-
mal saline solution to keep it from drying.
Systolic and diastolic aortic blood pres-
sure were monitored throughout the ex-
periments. The microcirculation flux
signal was recorded from the analog out-
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1. Plots of 2 sec raw data sampled by the experimental setup: (a) abdominal aortic blood pressure (AABP) and (b) renal cortical

flux (RCF), measured simultaneously.
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put of the LDF. Both AABP and RCF sig-
nals were sent to a simultaneous

sample-and-hold card AX753 (AXIOM

Technology Co., LTD. Taiwan, R.0.C.),
and then to an A/D converter card
AX5621 (AXIOM Technology) with
1500 Hz sampling rate. At least two sites
on the renal cortex were measured in each
rat, and all the measurement sites were
chosen away from any visible vessels. At
each site, 32 data sequences, each con-
taining 2 sec signals, were acquired by a
486-based personal computer. The data
sequence recorded 8-14 pulses, depend-
ing on the heart rate of the rat.

Signal Processing
Averaged Periodogram

As the LDF signal is noisy, a highly se-
lective signal processing technique is nec-
essary to extract the desired information.
A classical averaged periodogram was
employed to enhance the signal-to-noise
ratio (SNR). This estimation method,
based on the fast Fourier transform (FFT),
analyzes the power spectral density (PSD)
function so that we can understand the fre-
quency structures of RCF and AABP.

On each site, we recorded a 64 sec con-
tinuous signal. The period of each pulse
was determined by the two lowest points
of the blood-pressure pulse. In each se-
quence, the mean and the coefficient of
variance (CV = SD/mean) of the heart
rates was calculated. Two criteria were
employed to verify a stable sequence to be
averaged: (1) The CV of the heart rate of a
sequence was under 2%; and (2) the mean
heart rate of a sequence varied no more
than 2% from the mode of the mean mea-
sured heart rate (at that site). Only se-
quences that satisfied both criteria were
used in the analysis. By subtraction of the
mean of each selected data sequence, the
remaining pulsatile component was de-
noted as x'”’[n], where p is the pth se-
lected sequence in each set. Each data
sequence contained N = 3000 points, with
a 1500 Hz sampling rate.

Since K independent data sequences
were selected at each measured site, an
averaged periodogram estimator is de-
fined as

A 1 &1
Paveperlf1=— PéEpR)[f] s
K=

where }A’,(,g’,%[ f1is the periodogram of the
pth data sequence:
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To have finer frequency spacing and to
more closely éstimate the periodogram,
each data sequence was padded with 5192
zeros to create an 8192-point FFT. No ex-
tra resolution .was afforded by this pad-
ding, but a better evaluation of the
periodogram resulted. With the averaged
periodogram, the variance is decreased by

a factor of K since each sampled sequence
is independent, and

Var[ﬁAVEPER[f]] = i—var[ﬁ,ﬁE’g[f]].

Estimation of Pulsatile Components
The pulsatile components generally
reflect the dynamic properties of a system.
In this study, we evaluated the efficiency
of the pulsatile driving pressure (AABP)
in driving the local blood flux (RCF) over
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2. The averaged periodogram (AP) with 12 selected sequences that satisfied the two

selection criteria stated in the text. The solid line is the AP, and the dashed line is its
standard deviation (SD). (a) AABP. The values f;, i =1 ~ 3 denote the harmonics of
the fundamental heart rate. (b) RCF. (Definitions of the peak frequencies frcr(i) are

given in text.)
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one cardiac cycle. To elucidate the
pulsatile component of RCF, we used
time-domain pulse averaging to enhance
the SNR. The cardiac cycle was deter-
mined by the two relative lowest values of
AABP, and a corresponding cycle of RCF
was also determined. The averaged pulse
was then defined as:
(R
xave[n] xm[n]'
m 1

To enhance SNR, we used at least M =
150 pulses to estimate the averaged pulse.
The pulsatile component x™![n] is de-

ave
fined as the averaged pulse minus the dia-
stolic value: '

xPUIn] xpelnl~ dias(x,,[n)).
Pulsatile components of both AABP
and RCF were estimated and then normal-
ized to the same scale. According to the
relative magnitude, the averaged pulses
were divided into four parts: I
(7500-10000), II (5000-7500), III
(2500-5000), and I'V (0-2500). The area of
each part, representing the cumulated
quantity, was calculated. The
flux-to-pressure-area ratio FPAR, was
defined as the ratio of the area of RCFy di-
vided by the corresponding area of
AABPy (where x represents averaged
pulses: I, II, IIl, and IV). Meanwhile, on
each site, a blood-pressure pulsatile index
(BPPI), defined as (systolic pressure — di-
astolic pressure)/diastolic pressure was
evaluated. Signal processing was per-
formed with the IBM-PC version of
MATLAB (Math Works, Natick, MA).

Statistical Analysis

Linear regressive analysis was used to
identify the frequency relationship of the
structure between RCF and AABP. Let
the first harmonic of the fundamental
heart rate be f, and the ith harmonics be
fi i f;. Thus, we define the peak fre-
quencies frcor(d) of RCF as the frequen-
cies of the maximum PSD in the
frequency intervals f; 1/2f, for
i 1,2,3, respectively.

Results

The basic physiological parameters of
the experiments are listed in Table 1.
There are 13 selected sites, and at each site
at least 12 data sequences satisfying the
two designated criteria are chosen. The
heart rate, MBP, PBP, mean flux, and
pulsatile flux are calculated for the se-
lected sites.
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Peak 3*

Correlation Coeff. 1

0.999

Slope 1

1 1.002

p<0.001,*n=5

Figure 1 demonstrates the 2 sec sam-
ples of the raw data sequences of AABP
[Fig. 1 (a)] and RCF [Fig. 1 (b)]. It seems
that RCF is roughly pulsatile and syn-
chronized with AABP. Figure 2 shows a
sample of AP (solid line) and its standard
deviation (dashed line) in which 12
periodograms are averaged. Figure 2(a)
clearly shows that only the harmonics of
the heartbeat exist within AABP, and
Fig. 2(b) shows that the peaks of the aver-
aged periodogram of RCF follow the har-
monics of AABP. Table 2 gives the
results of the linear regressive analysis
between the first three peaks of RCF and
the first three harmonics of AABP. Due
to the limitation of the sampling rate of
the LDF signal, there are only five sites
that can be resolved up to the third har-
monic. The same result, that RCF is
pulsatile, was also shown in our previous
study on dogs [15].

Figure 3(a) shows a sample of the
time-domain pulse averaging; there are
eight selected sites with more than 150
pulses to be averaged. The pulsatile com-
ponents of the averaged pulses of AABP
(solid line) and RCF (dashed line) are
normalized to the same scale, as shown
in Fig. 3(b) (based on relative magni-
tudes, they are divided into four catego-

ries, as descried above). The areas of the

four parts of both RCF and AABP are
calculated to determine their correspond-
ing FPAR. FPAR I, FPAR II, FPAR 1II,
and FPAR IV are the ratios that corre-
spond to the areas of the four parts from
peak to bottom, respectively. The corre-
sponding BPPI of every site is also calcu-
lated.

The plot of FPAR versus BPPI of the
eight selected sites is illustrated in Fig. 4.
Table 3 demonstrates the characteristics
of FPARs versus BPPI; it shows that
FPARs of the higher parts are larger than
that of the lowest parts. Moreover, there
exists a threshold of BPPI (BPPI=0.69) at
which FPAR increases abruptly. As BPPI
is beyond the threshold, the FPARSs of the
higher components increase abruptly, but
the FPAR of the lowest component is still
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3. (a) The averaged pulses (200) by
time-domain pulse averaging. (b) The
normalized pulses are divided into four
categories according to the normalized
scale: I (7500-10000), IT (5000-7500), I
(2500-5000), and IV (0-2500). The solid
line is AABP, and the dashed line is
RCF in both figures.

kept in a constant range (Table 3; slopes =
1.67, 1.08, 0.79, -0.04, and n = 5 for
FPAR I, FPAR 1I, FPAR III, and FPAR
IV, respectively).
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4. Plot of the flux-to-pressure-area ratios [FPAR I, FPAR II, FPAR 111 and FPAR
1V, according to the four parts in Fig. 3(b)] versus the blood-pressure pulsatile index
(BPPI). The FPARs of the higher parts are larger than that of the lowest part.
Moreover, as BPPI is larger than 0.69 (a threshold), the FPARs of higher parts in-
crease abruptly, The FPAR of the lowest part remains in a constant range.

- Discussion

According to Bonner’s model [23], the
LDF measures the nondirectional velocity
of numerous RBCs in the randomly dis-
tributed blood vessels. If the RBCs are not
coherently driven by the fast-propagating
blood-pressure wave, the flow could not
be in phase and would not be measured to
be pulsatile. Due to the relatively very
small mechanical force in PVBs, the mea-
surement of pulsatile flow in the
microcirculation should be with as few
perturbations as possible. The structure of
a solid organ could support an external
load, but too large an external load would
diminish the pulsatility. Employing
- back-scattering light, LDF has the advan-
tage of having the least effect on tissue
preparation that would affect propagation
of the pulsatility. The results shown in
Figs. 1 and 2 and Table 2 show that RCF is
driven by the pulsatile aortic blood pres-
sure, which is coincident with the conclu-
sion of our previous study [15].
" The most important results of this re-
search are shown in Fig. 4. First, in the re-
gion where BPPI is smaller than 0.69,
FPARs in the higher parts of the averaged

10

pulses are larger than that in the lower part
(Fig. 4 and Table 3). This indicates that
the pulsatile pressure peak can drive flux
more effectively in PVBs. This phenome-
non could be due to two possible reasons.
One is that the peak force driven by the
pulsatile pressure can break up more
plasma bridges of blood cells and so re-
duce the blood viscosity in PVBs. The
other is that the peak force may also dilate
the caliber of the precapillary opening.
These two benefits, one reduces the blood
viscosity and the other reduces the resis-
tance of the precapillary opening, can as-
sist blood perfusion in PVBs.

In the region where BPPI is farger than
0.69, the FPARSs of the larger parts greatly
increase. The increasing rate of the peak
part (FPAR I) is much faster than the oth-
ers. On the other hand, the FPAR of the
lowest part is almost constant (Fig. 4 and
Table 3). Similar to the movement from
rest of an object with a large static fric-
tional force, in the transition when starting
to move, a large peak force is necessary to
overcome the static frictional force. In the
moving phase, the kinetic frictional force
is almost constant and smaller than, the

IEEE ENGINEERING IN MEDICINE AND BIOLOGY

- Table 3. Characteristics of FPARs o
FPARI FPARII FPARIII FPAR IV
Mean + SD of FPAR below the threshold 1.15+0.05 1.18 £ 0.03 1.11 £0.02 1.05+0.04 °
(BPP1<0.69, n=4)*®
Slope of FPAR above the threshold (BPPI 2 0.69, n = 5) 1.67 1.08 - 0.79 -0.04
*FPAR | and FPAR Il are significantly larger than FPAR IV (P < 0.05)
@EpARIllis larger than FPAR IV (P < 0.1)
r 2 static force. Most of the driving force, ex-
‘ cept that reduced by the kinetic frictional
18} force, can easily accelerate the move-
ment. When the peak force exceeds a
16} threshold, it can break up most of the
5 ~FPARI blood-cell interlinkings in PVBs, and the
B 4l Threshold V2 ~FPARII RBCs could be easily deformed to pass
c e ~-FPAR It through the small vessels. It had been re-
& P R Y —FPAR IV] ported that blood viscosity is reduced as
' shear rate increases, tending to an asymp-
: - N I totic value as the rate of shear exceeds a
* threshold [24]. Furthermore, due to the
) ) properties of some active components, the
0.8 oy .
0.5 0.6 0.7 0.8 0.9 1 1.1 dilation and the elongation of smooth
BP_PI (ratio) muscle are complex and relate to its exci-
tation force and initial condition [25, 26].

A larger peak force could vastly dilate the
precapillary opening, which could in-
crease both the blood perfusion velocity
and the area of the perfusion channel.

The passive factor of the driven blood
flow is mainly dependent on the blood vis-
cosity and the diameter of the upstream
vessel. In PVBs, as the blood cells or their
aggregations are larger than the diameter
of the blood vessels, flow through these
vessels will be more resistive. Without
sufficient driving force, the blood cells
may not be deformed so as to be able to
squeeze through the vessels but instead
obstruct them. When this occurs, a large
peak force can either dilate the vessel so as
to dislodge the obstruction or break up the
aggregation and deform the RBCs so that
they can pass through the vessels. When
vessels in the PVBs become stiffer, they
become harder to dilate and to increase the
shear rate. Thus, in order to maintain con-
stant perfusion, a larger force is needed to
dilate the stiffer vessels as well as to in-
crease the shear rate.

The results show that the higher the
PBP, the greater the driven flux. There ap-
pears to be a threshold of BPPI, above
which the driving efficiency would be
amplified abruptly (Fig. 4). This implies
that pulsatility plays arole in lowering the
resistance of PVB vessels as well as in
regulating blood pressure in large arteries.
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Conclusions

This study shows that the higher-fre-
quency components of the PBP can
perfuse blood flux in PVBs more effi-
ciently. As aresult, we further infer that if
the precapillary openings are obstructed
or if the peripheral blood vessels become
stiffer, the pulsatile pressure will become
higher so as to maintain perfusion. This
higher driving pressure could be mani-
fested as the condition we recognize as es-
sential systemic hypertension.
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