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Abstract— Background: To understand the pathophysiologic
basis of exercise hyperpnea in chronic heart failure (CHF), we
have developed an experimental method quantitatively
characterizing ventilatory regulation system in rats. An
equilibrium diagram illustrates the characteristics of two
subsytems, i.e., the central controller (arterial CO, tension
[Paco,] to minute ventilation [Vg] relationship) and peripheral
plant (Vg to Pacq, relationship). In this study, we compared
these between normal and CHF rats at rest.

Method: In anesthetized 6 postinfarction CHF rats and 6
normal rats, we induced hypercapnia by changing inspiratory

CO, fraction and measured the steady-state Pacg, to Vg relation.

We altered Vg by varying the level of artificial ventilation and
measured the Vi to Pacq, relation.

Results: Central controller gain S was significantly lager in
CHF rats, confirming clinical observation. The Vg at rest
(operating point) in CHF was 24 9% larger; central
hypersensitivity, however, contributed little (6 %) to this
increase.

Conclusion: Central hypersensitivity alone would not explain
hyperpnea at rest in CHF rats. Considering the right and
upward shift of Vi to Paco, relation, central hypersensitivity
contributes more to hyperpnea during exercise. The potential
difference between normal and CHF rats in exercise-induced
changes in controller and plant should be examined to fully
understand the mechanism of exercise hyperpnea and to
develop a method to attenuate this.

I. INTRODUCTION

HE chemoreflex plays a major role in maintaining
respiratory homeostasis. Ventilatory regulation is
considered to keep arterial carbon dioxide (CO,) tension (and
thus pH in subjects with normal kidney function), but not O,
unless severe hypoxia occurs. The respiratory chemoreflex
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system forms a negative feedback system [1]-[3]. We have
been quantitatively characterizing this feedback system by
subdividing this into two subsystems, i.e., the central
controller (controlling element) and peripheral plant
(controlled element) and by depicting equilibrium diagram in
human volunteers [4].

In this study, to understand the pathophysiologic basis of
exercise hyperpnea in chronic heart failure (CHF), we made
use of this equilibrium diagram in postinfarction rats with
moderate to severe CHF and compared equilibrium diagram
between normal and CHF rats at rest.

The results indicated that sensitized central controller of
ventilation in rats with CHF contributes to hyperpnea little at
rest but probably more during exercise.

II. MODEL AND METHODS

A. Equilibrium Diagram of Respiratory Chemoreflex System

To characterize the abnormality of respiratory chemoreflex
system in chronic heart failure, we subdivided the total
system into two components, central controller and peripheral
plant (Fig. 1).

Central controller detects the changes in carbon dioxide
tension in the arterial blood (Pacp;) and changes the minute
ventilation (Vg) (tidal volume and/or respiratory frequency).
Therefore, we can characterize the central controller by
observing changes in Vg in response to changes in Paco,
(Paco, to Vg relationship). Peripheral plant operates
according to the command from the controller and expires
carbon dioxide. This results in the changes in Pacg, in
response to the changes in Vg. Thus, the peripheral plant can
be characterized by observing changes in Pacq, in response to
changes in Vg (Vg to Paco, relationship). The characteristics
of controller are equivalent to central chemosensitivity, and
those of plant correspond to pulmonary efficiency.

Since both relationships share common variables, i.e., Vg
and Paco,, the operating point of ventilatory response under
the closed-loop condition coincides with the intersection of
the two curves (Fig. 1).

As previous studies in humans indicate that Paco, to Vg
relationship is approximated with a linear function [4], [5],
and that Vg to Pacq, relationship is with a hyperbolic function
[4], we modeled the relationships by the following equations.
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Fig. 1. Equilibrium diagram of respiratory chemoreflex system. We
subdivided the total system into two components, central controller and
peripheral plant. Central controller can be characterized by Paco, to Vg
relationship; peripheral plant can be characterized by Vg to Paco,
relationship. The operating point under the closed-loop condition
coincides with the intersection of the two curves. Paco;, arterial carbon
dioxide tension; Vg, minute ventilation.

B. Methods to Open Feedback System

The nature of closed feedback systems is fully understood by
examining its open-loop characteristics. In biological
feedback system this is not always possible. One direct way is
to open the loop physically, e.g., to isolate baroreceptors from
the rest of the circulation [6]. This approach is unlikely to be
possible even in animals in studying respiratory chemoreflex
system as the exact location of CO, sensors is not known and
one has to isolate the brain itself for that purpose. Therefore,
we adopted a more practical method [1].

It is well known that arterial carbon dioxide tension can be
easily manipulated by the inspiratory carbon dioxide tension,
and minute ventilation does not seem to affect this unless
ventilation is greatly decreased [7]. Based on this, we
effectively opened the feedback loop and successfully
examined Paco, to Vg relationship by changing inspiratory
carbon dioxide tension.

In human, Vg to Paco, relationship can be easily obtained
by voluntarily changing Vg and open the feedback loop. The
same method can be used for anesthetized animals by
changing the setting of artificial ventilator.

Fig. 2 exemplifies data obtained in a human volunteer. The
upper panel shows the response of Vg to Pacoy, i.e., central
controller characteristics. The lower panel shows the
response of Pacg, to Vg., i.e., peripheral plant characteristics

[4].
C. Animal Experiments

We created CHF rats by the ligation of the proximal left
coronary artery. We aimed at making 30-40% of the left

ventricle infracted. After 8 weeks, we studied 6 CHF rats and
6 normal rats under anesthesia.

Under light anesthesia (which preserves spontaneous
breathing), we made rats breathe hyperoxia gas (80% O,)
with increased inspiratory CO, fraction through a one-way
valve equipped ventilatory circuit. Thus, we induced
hypercapnia in rats.

We positioned a catheter in the right femoral artery, so that
samples of arterial blood could be taken, and directly
measured Paco, in rats. Inspiratory and expiratory CO, level
was continuously monitored through a small-volume conduit
and mass spectrometer (model Arco-2000, Arco System,
Chiba, Japan). End-expiratory CO, tension was taken as a
surrogate for Paco,. Expiratory flow rates were also
monitored. After stabilization, we measured the steady-state
Vg. We altered inspiratory CO, fraction stepwise and plotted
Vg against Pacoy.

After adjusting the anesthesia level to suppress
spontaneous breathing, we altered Vg by changing the setting
of artificial ventilator. The combinations of tidal volume and
respiratory frequency were chosen so as to match those
obtained in the previous protocol. This is because we tried to
match the effect of dead volume as well. After stabilization,
we measured the steady-state Pacoy. We then altered Vi level
stepwise and plotted Pacq, against V.
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Fig. 2. An example of Paco, to Vg relationship (central controller) and
Vi to Paco, relationship (peripheral plant) in a human volunteer [4].
These relationships can be approximated by a linear and a hyperbolic
functions, respectively. Paco,, arterial carbon dioxide tension; Vg,
minute ventilation.
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III. RESULTS

Fig. 3 depicts comparison between characteristics of central
controller (lines) of normal (thin line, open symbol) and CHF
rats (thick line, solid symbol) at rest. Central controller gain S
was significantly larger in CHF rats (16.6 £2.7 vs. 9.0 £+ 4.1,
p<0.05), confirming clinical observation. Pacg,-axis intercept
was not significantly different.

Peripheral plant characteristics (lower hyperbolas) were
super imposable around operating point, though A parameter
is significantly larger in CHF (5511 + 928 vs. 4108 = 470,
p<0.05). In CHF rats exposed to hypercapnia, a rapid,
shallow breathing pattern was characterized. At the operating
point, there was no difference in tidal volume between groups,
but the respiratory rates and the fraction of dead space to tidal
volume (Vp/Vr) were significantly larger in CHF rats than in
the normal rats (p<0.05).

The Vg at rest (operating point) in CHF was significantly
larger than in the control (167.1£36.6 vs 131.2+16.1 ml/min,
p<0.05), but the Paco, did not differ between groups
(49.1£6.1 vs 49.443.9 mmHg). The larger Vg at the operating
point in CHF rats in central hypersensitivity, however,
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Fig. 3. Characteristics of central controller, peripheral plant and
equilibrium diagram derived from pooled data in normal (open circle)
and CHF (closed circle) rats. Error bars indicate + SD. Vg linearly
increased with Paco, (*=0.900 to 0.999 in each rat). The averaged
regression lines in normal (thin line) and CHF rats (thick line) were
VE=9.0-(Paco,—32.0) and Vg=16.6-(Paco,—38.9), respectively. The
peripheral plant was characterized by a modified metabolic hyperbola
(lower hyperbolas). The modified hyperbola fitted well (*=0.973 to
0.999 in each rat). The best-fit hyperbolas for pooled data in normal and
CHF rats were Paco,=4108/Ve+18.0 and Paco,=5511/Vg+15.2,
respectively. The operating points estimated by the equilibrium
diagram were very close to those measured both in each case and in
pooled data. The Vg at rest (operating point) in CHF was significantly
larger than in the control (167.1+£36.6 vs. 131.2+16.1 ml/min, p<0.05),
but the Paco, did not differ between groups (49.1+6.1 vs. 49.4+3.9
mmHg). Central hypersensitivity, however, contributed little (6%) to
this VE increase (24%) at the operating point. If oxygen consumption is
increased, as it is during exercise, it is natural to consider the right and
upward shift of Vg to Paco, relationship (putative relationships shown
as right upper hyperbolas).

contributed little (6%) to this VE increase (24%) at the
operating point.

IV. DiscussioN

Research on the primary underlying mechanism of abnormal
ventilation in CHF remains at a standstill. We have developed
experimentally an equilibrium diagram based on the control
theory [2], [3]. This diagram is useful for quantitative
understanding of a primary determinant of Vg and thus for the
evaluation of the pathophysiologic basis of exercise
hyperpnea in CHF. In this study, we compared equilibrium
diagram of respiratory chemoreflex system between normal
and post infarction rats with moderate to severe CHF at rest.

To the best of our knowledge, this study is the first animal
experimental study quantitatively characterized the
ventilatory regulation resulted from the pathophysiological
change in the respiratory chemoreflex feedback system in
CHF. We found that the CHF rats had a 24% higher Vg
response at the operating point as compared with normal rats.
It resulted from 84 % higher CO, sensitivity and
pathophysiological change in peripheral plant system. In
addition, the equilibrium diagram clearly indicated that
central hypersensitivity alone contributed little (6%) to Vg
increase at the operating point in CHF (Fig. 3). This is to say
that the augmented Vg response at rest in CHF mainly
resulted from pathophysiologic changes in peripheral plant
system.

The central hypersensitivity observed in our experimental
setting of CHF rats was in agreement with many previous
findings observed in clinical setting of CHF patients [8]. In
other previous studies, the ventilatory response to exercise in
CHF is known to be abnormally high [9]-[11]. In this study,
although we did not investigate the ventilatory regulation
under the exercise condition, if oxygen consumption is
increased, as it is during exercise, it is natural to consider the
right and upward shift of Vi to Paco, relationship (putative
relationships shown as right upper hyperbolas in Fig. 3) [12].
Previous studies have shown that central controller shifted to
the direction of decreased Paco, with the gain increase, so as
to compensate for the shift of peripheral plant accompanying
increased metabolism [5], [7], [12]. However, if the exercise
stimulus gives a similar effect to central controller property in
both groups, it is thought that central hypersensitivity
observed in CHF rats contributes more to hyperpnea during
exercise.

On the other hand, there is no experimental study
quantitatively characterizing the pathophysiologic change in
peripheral plant system in CHF. In our experimental
approach, we observed 34.1% higher value of the numerator
of the hyperbola in CHF, thereby shifting upper and
rightward the hyperbola characterizing the peripheral plant
abnormality. According to the early researches [13], [14], the
metabolic hyperbola equation is given by
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Two physical factors determine the property of peripheral
plant system (Vg-Paco, relation). These include CO,
production (V¢o,) and Vp/Vr.

We considered that the upward shift of peripheral plant at
rest in CHF resulted from increased Vp/Vy. There was no
significant difference in CO, production at rest between
groups, and rapid shallow respiration increased Vp/Vr in
CHEF. The rapid shallow respiration is likely to contribute also
to the enhanced exercise hyperpnea in CHF through this
mechanism [15].

The potential difference between normal and CHF rats in
exercise-induced changes in controller and plant should be
examined to fully understand the mechanism of exercise
hyperpnea and to develop a method to attenuate this.
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