Resonance in the kidney system of rats
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Yu, G. L., Y. Y. Lin Wang, and W. K. Wang. Resonance in
the kidney system of rats. Am. J. Physiol. 267 (Heart Circ.
Physiol. 36): H1544-H1548, 1994.—The pressure wave of the
abdominal aorta and the flow wave of the renal artery were
recorded simultaneously from a rat. The impedance of a
kidney system that is derived by dividing the pressure of the
corresponding frequency by that of the flow was studied in six
rats. The data show that the system has two resonant frequen-
cies, at the second and third harmonics. At the second
harmonic, the pressure wave and fluid flow in a round trip
through the branch of the kidney. Whereas it is difficult for the
third harmonic flow to enter the kidney, it flows directly
through the aorta. To obtain further proof, we compared the
frequency components of the two flows measured simulta-
neously on the abdominal aorta and the renal artery and found
the same result. The kidney, renal artery, and aorta combined
show a coupled oscillation that is analogous to that of reso-
nance circuits. The kidney vascular system exhibits a resonant
frequency at the second harmonic of the heartbeat.

impedance; flow comparison; coupled oscillation

BLOOD PRESSURE and flow wave measurements are very
important in studying the circulation system. The pres-
sure-flow relationship represents the impedance as a
function of the physical properties of the blood vessels
(7, 10, 12, 14). It is usually used not only to explain the
distortion or modulation of pressure waves but also to
characterize the nature of different vascular beds.

Because each organ or vascular bed has its own
specific shape, size, structure, and hemodynamic condi-
tions, it will have its own properties of mechanics, which
may be important to physiology. Some investigators (4,
5,12, 14) have already noted this frequency dependence,
but its importance has not been emphasized. Applying
current reflection models, these investigators usually
devote their attention to the reflection sites (2, 6, 12)
and amount of reflection (7, 9). For example, Taylor’s
model (7, 8, 16, 17) of a vascular bed was a simple elastic
tube with a closed distal end; O’Rourke (12, 13) pro-
posed the asymmetric t-tube model to study the input
impedance patterns of ascending aorta; and Liu et al. (6)
and Burattini and colleagues (2) added complex loading
to the terminal of the t tube. Even if their studies of the
input impedance of the ascending aorta by these models
may describe the whole vascular system, there is a
trade-off of the individual characteristics of each vascu-
lar bed (2, 6, 13). Campbell et al. (3) pointed out further
that the propagation constant and the effective length of
the arterial system could be arbitrarily set and that the
input impedance could be matched with many different
models.
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For obtaining information on organs or vascular beds,
Wang et al. (18, 20) proposed the resonance model,
which was based on the idea that the aorta and the
closely attached organ can produce coupled oscillation.
By this mechanism, the mechanical properties of the
artery as well as the frequency dependence of the organ
from the pressure wave on a peripheral artery can be
studied (22, 23).

Several experiments have been performed to describe
and support this model. A simulation of the circulation
system using a pump, elastic tubes, and five different-
sized balloons (with different natural frequencies) was
performed. We found that the frequency composition of
the pressure wave measured on the peripheral tube was
different when the different balloons were clamped (18),
and similar results were discovered when the left renal,
the gastric, the splenic, and the superior mesenteric
arteries each were clamped separately (18, 22, 23).

We have further simulated a short segment of the
aorta and its side-branch organ using an elastic tube
with a side-branch balloon (20). The following results
were found: when the distance between the main tube
and the side-branch balloon is large, their behavior can
be explained by the simple reflection theory. However,
when the distance is small enough, they cannot be
regarded individually as reflective elements of the sys-
tem, but together they form a coupled oscillator. The
same result was found when we replaced the balloon
with multigenerational branches.

These experiments indicated that the kidney system,
which includes the kidney, renal artery, and aorta may
be an example of a resonance element in animals
(18-20, 22). In the present report, we measured the
impedance of the kidney system of rats, comparing the
abdominal flow with the renal flow in rats, and then
used the resonant model to explain the data.

METHODS

Twelve Sprague-Dawley rats were anesthetized with ure-
than (1.2 mg/g body wt) and a-chloralose (12.5 ug/g body wt).
Then, they were divided into two groups. In the first group, we
measured the pressure wave in the abdominal aorta and flow
wave in the renal artery. Cannulation from the root of the tail
artery (arteria caudalis) to as close as possible to the entrance
of renal artery was done by an intravenous catheter (Becton-
Dickinson). The shape of the pressure pulse was recorded with
a catheter-tip pressure transducer (RP-1500 Narco-Bio-
System). This transducer responded up to 1,500 Hz. The
assembly system was tested by the transient method (9). Its
frequency response was uniform up to 60 Hz. The flow of renal
artery was measured simultaneously with a pulsed Doppler
flow system (Crystal Biotech VF-1, PD-20 module; 62.5-kHz
pulse repetition frequency, 20 MHz, and 0.5-mm probe). In the
second group, the flows in the renal artery and abdominal
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Fig. 1. Electrical analogs for a section of aorta with a side-branch
organ: properties of kidney system (or other organ system) might be
approached by this circuit. L, equivalent inductance in aorta; C,
equivalent capacitance in aorta; R)., leakage resistance of C; R and Ry,
resistance and resistance of direct current in aorta, respectively; L*,
equivalent inductance of side-branch organ; C*, equivalent capaci-
tance of side-branch organ; R*, resistance of side-branch organ; R%,,
the leakage resistance of C*. I, I;, and I, are currents.
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aorta were simultaneously measured with two flowmeters.
The aortic flow was measured below the renal arteries with a
1.25-mm probe.

These signals were connected to a simultaneous sample-
and-hold panel AX753 (Axiom Technology, Taipei, Taiwan,
R. O. C.) and then to an analog-to-digital converter AX5412,
which is an interface card for a personal computer. The cards
can amplify the amplitude of signals up to 8,000 times, sample
them simultaneously (sampling rate = 4 kHz/channel), and
convert them to digital data. Before these signals were ana-
lyzed, they went through a designed digital finite impulse
response filter with Hamming windows (order = 200, cutoff
frequency = 55 Hz, and sampling rate = 4 kHz) to filter out
the high-frequency noise (11, 21).

We picked a period (both pressure and flow) between the two
relatively lowest points to do discrete Fourier transform. The
values of pressure and flow are divided to estimate impedance,
and the values of two flows are subtracted to get a difference.
The phase is calibrated by the time delay between the rela-
tively lowest points of two simultaneous signals. A total of 12
periods of each rat was averaged. Because the amplitudes of
flow and pressure decrease rapidly with the harmonic num-
bers (14) and because the resonance phenomenon was sup-
posed to have an important effect on the lower harmonic
components, we focused our attention only on the first six
harmonics.

THEORY

We simulated a short segment of the aorta and its
side-branch organ using an elastic tube with a side-
branch balloon and proposed that the properties of these
systems might be approached by an analogous electric
circuit like that in Fig. 1 (20). In the circuit, the system
has two resonance frequencies, w; (y/1/(L-C*)) and wq
(y1/(L*-C)), with w, being higher than ®; from our
previous observations (19), and where L is the equiva-
lent inductance of the fluid (or blood) and C is the
equivalent capacitance, imitating the behavior of the
elastic wall of the tube, both in the aorta; L* and C* are
equivalent inductance and equivalent capacitance, re-
spectively, in the side-branch organ (kidney).

The inductances and compliances of the circuit were
not arbitrarily assigned; they were obtained by a three-
step coupling. 1) L. and C belong to the tube (or the
aorta), which behaves like a low-pass filter (9, 20). 2) We
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treated the side-branch balloon in the same way as the
first step with L* and C*, coming from the side-branch
balloon (or organ). 3) Because the side-branch balloon
behaves like a high-pass element of the main tube (9, 20,
22), C* is coupled in series in the circuit and L* is
coupled in parallel in the circuit. The combination of the
first and second steps through the coupling mechanism
was shown on Fig. 1 (20). The resistance of the renal
artery is the source of the leakage resistance of C* (R*),).
R, (similar to resistance R) is the resistance of direct
current (DC) in the aorta flowing through the renal
artery junction.

L and C* are in series in the circuit: L is the
inductance of this segment of aorta, and C* is the part of
the organ compliance (or the compliance of the balloon)
that is coupled to the segment of aorta (or main elastic
tube). This structure causes the low-impedance peak at
;. Because of the resistances R4 and R, in the struc-
ture, the resonance peak is broadened. Because C*
belongs to the balloon (or organ), the current of the
frequency o; is a round-trip flow in and out of the
balloon through R%. The DC and the lower-frequency
component (<w;) may fill the C* and travel along the
tube through R;.

L*, the part of organ inductance coupled to the aorta,
and C, the compliance of the aorta, are in parallel in the
circuit. The L*-C circuit makes the high impedance of
this circuit at w,. C has leakage resistance R,., and the
amplitude of the impedance only shows a maximum.
Because L* comes from the organ inductance, it is
difficult for this frequency flow to enter the organ and it
will flow directly through the aorta. If we compared the
flows in the aorta to that in the branch artery, the
amplitude difference of the impedance might show a
maximum at w.

These characteristics have been found in the balloon
model. When the balloon was replaced by multigenera-
tional branches, we obtained the same results. More-
over, we solved directly the coupled-oscillation equation
with two degrees of freedom and still obtained the above
results.

This frequency dependence has a very important
consequence. It will filter out the pressure and flow
waves to enter the side organs or to propagate continu-
ously along the artery. This will facilitate the blood
distribution and reduce the working load of the heart.

RESULTS

The average weight of the twelve rats was 353.75 +
96.75 (SD) g. Average heart rate was 5.28 + 0.43 Hz;
average systolic and diastolic pressures of abdominal
aortas were 115.52 + 13.07 and 72.74 + 10.78 mmHg,
respectively; average peak velocities of blood flow in
renal artery and abdominal aortas were 68.11 + 18.12
and 92.59 + 20.91 cm/s, respectively.

There are two groups of data in this report. Figures 2
and 3 are the samples from groups 1 and 2. In both
figures, initial time (0 s) was the same on the curves A
and B, and two signals were simultaneously recorded.
For group 1, Fig. 2A is the pressure signal and Fig. 2B is
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Fig. 2. Sample from group 1 experiments. A: pressure signal of
abdominal aorta. B: simultaneously recorded flow in renal artery.
Impedance of kidney system was derived from these 2 signals.

the flow velocity; we can see that the flow pulse runs
ahead of that of the pressure. For group 2, the flow of
the abdominal aorta is shown in Fig. 3A, whereas Fig.
3B shows the renal flow. The systolic beginning of the
two flows was at the same time.

Impedance curves, which are averaged from six rats
are shown in Fig. 4. The normalized impedance was
obtained by dividing each impedance harmonic by the
constant term of the Fourier series (DC component).
Error bars represent the standard deviation of the six
rats. The positive value of phase means that flow lags
behind pressure. There is a maximum in the normalized
impedance in the third harmonic and a relative mini-
mum in the second harmonic. For the phase, a negative
maximum and a positive maximum can be seen in the
second and third harmonics.

A comparison of the two flows is graphed in Fig. 5.
The amplitude was normalized by the DC flow. Figure
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Fig. 3. Sample from group 2 experiments. A: flow recorded in abdomi-
nal aorta. B: simultaneously recorded flow in renal artery.
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Fig. 4. Normalized impedance of the kidney system; bars are SD (n =
6). Normalized impedance was calculated by dividing each impedance
harmonic by direct current (DC) impedance. Second and third harmon-
ics are probably the resonant frequencies (w; and wg).

5A is the difference of the two normalized amplitudes. A
maximum at the third harmonic is shown. The phase
difference is graphed in Fig. 5B. Its positive value shows
that the phase of the flow in the renal artery runs ahead
of that in the abdominal aorta [the positive value of
phase difference, defined as the propagation constant
k = 2mw/\ (where \ is wavelength) in renal artery is
larger]. We find that the renal flow runs ahead of the
aortic after the second harmonic and that the two flows
are almost in phase in the second harmonic.

DISCUSSION

We previously measured the flow of renal artery of
rats with an EM (electromagnetic) flowmeter, but the
dimension of the artery (~ 0.5 mm) is too small to obtain
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Fig. 5. Comparison of flows between abdominal aorta and renal
artery: amplitudes were normalized by DC flow; differences of normal-
ized amplitude and phase were derived by subtracting renal compo-
nents from that of the aorta. Bars are SD (n = 6).
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realistic data. Moreover, we compared flow data of the
abdominal aorta of the rats with the EM and pulsed
Doppler flowmeters in frequency domain. The differ-
ences of magnitude were within +10% up to the fourth
harmonic. The phases had large differences except at the
first harmonic, and EM phases lagged behind the Dop-
pler ones. Similar results were reported by Spencer et al.
(15). However, from our data, the standard deviation of
the EM was found to be four times higher than that of
the Doppler. The small dimension (~1.25 mm) of rat
aorta and the heavy EM probe may be the causes of the
high EM standard deviation. Because the EM data are
unreliable when the blood vessel is small (7), we used the
Doppler flowmeter to measure the flow data.

Our data showed that the pressure and flow waves
have good periodicity in normal state. Because the only
frequencies in a periodic wave are its harmonics, all
frequencies except those of the harmonics of heartbeat
have very little energy and no importance in normal
physiological state. If the resonance has any effects on
physiology, then the band of the resonance frequencies
of the organs must be very close to that of the harmonics
of the heartbeat. That is why we devoted our attention
only to the harmonics.

The system that includes a segment of aorta, renal
artery, and kidney may be a good example of resonance.
If the aorta and the closely attached kidneys have
coupled oscillations, then the two resonance frequencies
(w; and wy) should be found. Our data show that the
second and third harmonics may be the frequencies w;
and 9.

The modulus of impedance at the second harmonic is
lower, so some component of flow should enter into
renal artery (the side branch). Moreover, the phase of
impedance at the second harmonic is close to the
negative maximum, indicating that minimum power is
delivered to it [power = current X voltage X cos(a)].
Furthermore, the two flows on renal artery and abdomi-
nal aorta are almost in phase, suggesting that they are
the same flow. Consequently, this component of fluid
flows in a round trip through the side branch with the
pressure doing the same.

At the third harmonic, the modulus of impedance is a
maximum; the phase of the impedance is near the
positive maximum. The modulus difference of flows
between the abdominal aorta and the renal artery is a
maximum, with the phase of renal flow running ahead
of that of the abdominal aorta. It is for these reasons we
suggest that the flow of the third harmonic is separated
into two flows and is more difficult to enter the renal
artery.

The maximum and minimum may not be so clearly
displayed on Fig. 3, but we have reason to argue that
they exist in a physiological condition. The difference
between the second and the third harmonic is distin-
guishable by a paired ¢-test (P < 0.025).

The model can also explain the experimental data of
clamped renal artery in rats. When we temporarily

H1547

clamped the left renal artery, the frequency variations of
pressure wave above and including the second harmonic
fell 30% or more (20, 22). From Fig. 1, C* behaves as a
high-pass element, and the components of the pressure
wave above and including the second harmonic pass
directly through C*. If we clamped it, then the element
would be lost and the components after the second
harmonic should decrease.

The characteristics of frequency selectivity are very
important to physiology. First, they help the pressure
and flow of different frequencies enter the side organs or
propagate continuously along the artery. This can re-
duce energy loss and the working load of the heart.
Second, if the frequency dependence of the organ exists,
then we may obtain some information about the organs
by studying the output pressure wave on a peripheral
artery (22, 23).
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