H840

nuses, transfer function changes most likely resulted
from the PBG-induced BJ refiex.

In conclusion, intravenous PBG administration at-
tenuated the total loop transfer function of the arterial
barorefiex, mainly because of the reduction of dynamic
gain in the neural arc transfer function. Excess activa-
tion of the BJ reflex during acute myocardial ischemia
or infarction might exert adverse effects on AP regula-
tion, not only through sympathetic suppression but
also through attenuation of baroreflex dynamic gain.
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Abstract The chemoreflex system controlling ventilation
consists of two subsystems, i.e., the central controller
(controlling element), and peripheral plant (controlled
element). We developed an integral framework to
quantitatively characterize individual ventilatory regu-
lation by experimental determination of an equilibrium
diagram using a modified metabolic hyperbola and the
CO; response curve, In 13 healthy males, the steady-
state arterial CO, pressure (P,CO;) and minute venti-
lation (V&) were measured. To characterize the central
controller, we changed fraction of inspired CO, (0, 3.5, 5
and 6% CO; in §0% oxygen with nitrogen balance) and
measured the P,CO,-V; relation. To characterize the
peripheral plant, we altered ¥ by hyper- or hypoventi-
lation using a visual feedback method, which made it
possible to control both tidal volume and breathing
frequency, and measured the V,F,CO, relation. The
intersection between the two relationship lines gives the
operating point. The relationship between P,CO, and V¢
for the ccntral controller was reasonably linear in each
subject (r*=0.808~0.995). The peripheral plant
approximated a modified metabolic hyperbolic curve
(r* =0.962~0.996). The operating points of the system
estimated from the two relationship lines were in good
agreement with those measured under the closed-loop
condition. The gain of the central controller was 1.9
(1.0) 1 min~! mmHg~! and that of the peripheral plant
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was 3.0 (0.5) mmHg 17" min~". The total loop gain, the
product of the two gains, was 5.3 (2.5). We conclude that
human ventilatory regulation by the respiratory
chemoreflex system can be quantitatively characterized
using an equilibrium diagram. This framework should
be useful for understanding the mechanisms responsible
for abnormal ventilation under various pathophysio-
logical conditions.

Keywords Control of breathing - Respiratory system -
Chemosensitivity + Metabolic hyperbola - Total loop
gain

introduction

The chemoreflex is a powerful feedback control system
functioning physiologically to maintain respiratory
homeostasis. In the presence of normal kidney function,

_ ventilatory regulation keeps arterial CO, pressure

(P,CO3) or pH nearly constant, indicating that P,CO,
serves as a controlled variable. The respiratory chemo-
reflex system consists of two subsystems, i.e., the central
controller {controlling element) and peripheral plant
{controlled element) (Fig. 1A). In the central controller,
the input to the chemoreceptors is P,CO; and the output
is minute ventilation (V). Therefore, we can character-
ize the central controller by observing changes in ¥ in
response to changes in P,CO; (P,CO~V. relation).
Conversely, in the peripheral plant, the input is ¥ and
the output is P,CO,. Thus, the peripheral plant can be
characterized by observing P,CO; in response to chan-
ges in Ve (Ve—P,CO; relation). Since both relations share
common variables, 1.e., V¥ and P,CO,, the resultant
operating point of ventilatory response under the closed-
loop condition is determined by the intersection of the
two relations (Fig. 1B). This is to say that the quanti-
tative analysis of two arcs provides us with a framework
by which we can analytically evaluate how the unigue
value of Vg is determined by the respiratory chemoreflex
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Fig. 1 A The respiratory chemoreflex system consists of two
subsystems, the central controller and peripheral plant. B In the
central controller the input parameter is arterial CO; pressure
(P,CO;), the output parameter is minute ventilation (¥ z). The
central controller can be characterized by observing changes in Vg
in response to changes in P,CO». In the peripheral plant, input is
Ve, and output is P,CO,. The peripheral plant can be characterized
by observing changes in £,CO; in respense to changes in V. Since
both relationships share common variables, the resultant operating
point of ventilatory response under the closed-loop condition is
determined by the intersection of the two relations

system, how changes in the central controller properties
affect Vg, or how changes in the peripheral plant prop-
erties affect Ve

Previously, several investigators have shown con-
ceptual frameworks to integrally characterize ventila-
tory regulation of the respiratory chemorefiex system
using equilibrium diagrams (Defares 1964; Cunningham
et al. 1986; Folgering 1988; Milhorn 1966). In those
studies, the terms for ventilation (V. and dead space)
have been eliminated from the metabolic hyperbola
equation. Although Loeschcke (1960) experimentally
characterized the central controller and peripheral plant
as the framework for their analysts, the peripheral plant
described the relation between alveolar ventilation (V'a)
and P,CO,, whereas the central controller described the
P,CO,~V, relation. Berger et al. (1977) arithmetically
described the diagram for peripheral plant, which ex-
pressed the relation between ¥, and P,CO,, assuming
that the rate of CO, production is fixed, and the dead
space (Vp) to tidal volume (Vy) ratio (Vp/Vr) is
constant, whereas the ¥p/FT with variation in ¥; is not
fixed in an “actual life” physiological system. Further-
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more, almost all studies have fajled to consider the
modification of the hyperbola equation to take into
account the metabolic change due to the work of
breathing, which is not insignificant under pathophysi-
ological conditions. Consequently, none of those reports
quantitatively validated the integral characterization of
the ventilatory regulation of the chemoreflex system.

The purpose of this study was to experimentally
establish a framework to analyze the ventilatory regu-
lation of the human respiratory chemoreflex system
using an equilibrium diagram. To characterize the
peripheral plant (¥ .—P,CO, relation), we altered Ve by
voluntary hyper- or hypoventilation using a visual
feedback method which made it possible to control both
V1 and breathing frequency, and thus Ve and Vp/Vr
with variation in Ve, To take into account the metabolic
change due to the work of breathing, we fitted the V-
P,CO, relation to a modified hyperbola equation
{Appendix).

Methods
Subjects

Thirteen healthy young males, non-smokers, with no
history or evidence of cardiac or pulmonary disease,
whose mean age ranged between 18 and 22 years [mean
(SD) 21.0 (1.3} years], served as subjects for this study.
Their mean body mass and height were 63.8 (6.3) kg and
171.1 (6.3) cm, respectively. The subjects gave their
written consent to participate in the study after the
possible risks of participation were explained. The
experimental protocol and consent form were reviewed
and approved by the Human Subjects Committee of
National Cardiovascular Center.

Experimental apparatus and measurements

Ventilatory responses were measured using an open-
circuit apparatus. The subjects breathed through a face
mask attached to a low-resistance one-way valve with a
built-in hot-wire flow meter. The valve mechanism al-
lowed subjects to inspire room air or a selected gas
mixture from a 200-] plastic bag containing 0.0, 3.5, 5.0
or 6.0% CO, in 80% O, with N, balance. The total
instrumental dead space was 200 ml.

Respiratory and metabolic data during the experi-
ments were recorded by an autematic breath-by-breath
respiratory gas analyzing system (AE-280S, Minato
Medical Science, Osaka, Japan) consisting of a hot-wire
flow meter, sampling tube, fiiter, sucticn pump, O.
analyzer made from a zircomium element, and an
infrared CQO; analyzer. We digitized (at 200 Hz) expired
flow, CO, and O, concentrations, and derived Vr, Vg
and end-tidal CO,. Flow signals were computed to single
breath data, and matched to gas concentrations identi-
fied as single breaths using the peak end-tidal CO,, after
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accounting for the time delay in gas concentration
measurements. The corresponding O, uptake and CO;
output (FCO,) values for each breath were calculated
from inspired—expired gas concentration differences,
and by expired ventilation, with inspired ventilation
being calculated by N, correction.

P,CO, and oxygen pressure (PO;) were measured by
using a4 blood gas analyzer (IL 1620, Instrumentation
Laboratory, USA).

Experimental procedure

For 24 h preceding the day of the experiments, we in-
structed the subjects to avoid strenuous exercise and
food with a high salt content. They were required to
abstain from consuming food, alcohol or caffeine for 3 h
preceding each test. The subjects remained in the fasting
state throughout all experimental runs, lasting ~5 h.
Before starting the experiment, the subjects rested in a
comfortable chair in the sitting position. After local
application of 2% lidocaine solution, we positioned a
catheter in the brachial artery so that samples of arterial
blood could be taken. The experiment started 20-30 min
after we positioned the catheter. During experiments, we
encouraged subjects to relax by listening to music with a
headset and to distract their attention away from the
experiment. We provided subjects with a comprehensive
explanation of the experimental procedure, but provided
little information on the specific purpose of the study.
We informed the subjects that CO; would be given
during the course of the experiment. We instructed them
to indicate if the discomfort was such that they wished to
end the run.

To minimize the possibility of the so-called dog-leg
phenomenon (Cunningham et al. 1986), which is be-
lieved to be a function of restlessness, anxiety and dis-
comfort, each experiment lasted for 2 days, with the first
day used as a practice session. In the practice session, the
subjects underwent the same experiments except for the
taking of arterial blood. To characterize central con-
troller and peripheral plant, the subjects underwent two
experimental procedures, which consisted of the Vg re-
sponse to hypercapnia and P,CQO, response to hypo-
and hyperventilation on the same day.

VE response to hypercapnia

The VE response to hypercapnia consisted of four trials
[fraction of inspired CO, (FICO,) 0.00, 0.035, 0.05,
0.06]. We induced hypercapnia by changing the level of
inspired CO, concentrations. Each FICO; trial ran for
15 min at approximately 10-15 min intervals. This
duration is long enough to permit CO, to reach its new
steady-state value at the central chemoreceptors (Honda
et al. 1983; Poon and Greene 1985; Pianosi et al. 1994;
Teppema et al. 2000). During the interval periods, the
subjects inspired room air. The order of the trials was

randomized for each subject. We performed all trials
under the hyperoxic condition to abolish Q,-sensitive
chemoreflex (Ohyabu et al. 1982; Robbins 1988; Mohan
and Duffin 1997).

P,CO; response to hypo- and hyperventilation

The P,CO; response to ventilation consisted of four
trials (three hyperventilation and one hypoventilation).
To avoid the possible effects of different breathing
patterns on the ¥g-P,CO; relation, in the hyperventi-
lation trials, both ¥r and breathing frequency were
altered deliberately by matching the breathing pattern
to that during hypercapnia FICQ; trials, while inhaling
0% CO, in 80% O, with N; balance. In the hypo-
ventilation trial, Vg was set to 70% of ¥¢ during the
0.00 FICO, trial. The breathing pattern was estimated
from the relationships between Vg and ¥V, in each
subject. Each trial ran for 15 min with an interval of
10-15 min. The order of the trials was randomized for
cach subject.

During hypo- and hyperventilation trials, the inspired
and expired volume curves were continuously displayed
on a screen monitor. We constructed a sinusoidal com-
mand wave from the breathing pattern of the subjects
during the hypercapnia trials. The sinusoidal command
wave was simultaneousty displayed on the same screen
monitor in each trial. We instructed the subjects io
match their volume curve with the sinusoidal command
wave. As a result, both the V; and breathing frequency,
and thus Vg, were precisely controlled by the visual
feedback.

Since preliminary measurements indicated that
P,CO, response to Vg and Vg response to P,CO,
reached steady states in 8—12 min, we represented each
response by averaging it in the last 3 min. The arterial
blood samples (2.5 ml) were collected at minutes 12.5,
13.5, and 14.5 of each trial period. A 3-point average
value for each trial was computed as the steady-state
value. The measured values of operating points in the
subjects were defined to be the steady-state values for Vg
and P,CO; that were obtained during the 0.00 FICO,
trial without visual feedback (during spontaneous
breathing).

Data analysis

To characterize the central controller, we used a con-
ventional linear equation, VFg=8(P,C0O,—B), and
determined the slope S and intercept B using a standard
least-squares regression method. To characterize the
peripheral plant, we modified the metabolic hyperbola
as P,CO,= A/Vg+ C in which CO, production by res-
piration was taken into consideration (Appendix). We
derived the values of 4 and C by a standard least-
squares regression method.



Statistical analysis

All values are reported as mean (SD). Statistical signif-
icance was accepted at P<0.05. Pearson product-mo-
ment correlations were calculated between Vg values
and each P,CO,. The accuracy of prediction was as-
sessed by standard error of estimate (SEE).

Results

Shown in the left panels of Fig. 2 are diagrams of
characteristics of peripheral controller and central plant
derived from a representative subject. The right panels
show pooled data from all subjects. As shown in
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Fig. 2A, Vg increased linearly with P,CO, both in a
representative case and in pooled data (r* = 0.808~0.995
in each subject). The slope of the regression line for
pooled data, which represents the gain of the central
controller, was 1.9 (1.0) I min~!' mmHg™!, and the
intercept was 31.5 (5.1) mmHg. The effect of changes in
Vg on P,CO, is shown in Fig. 2B. The relationship
approximated a modified metabolic hyperbola reason-
ably well (r*=0.962~0.996 in each subject). The mean
value of the numerator of the parabola was 331.3
(80.3) I min~! mmHg™' with an asymptote of 9.0
{2.2) mmHg.

Since we can characterize both the central controller
and peripheral plant with the common varables of Vg
and P,CO,, the operating point is determined as the

Fig. 2 A, B Characteristics of A
central controller, peripheral 401 401
plant and equilibrium diagram L i
derived from a representative L
case {left panels) and pooled 0r o
data from all subjects {right £ E
panels). Vertical bars indicate E E [
SD. A Vg linearly increased w 20t o 20t
with P,CO; in a representative = -
case and in pooled data F
{r?=0.812~0.994 in each 10l sok
subject). The averaged L
regression line was Fg=1.7 3
(P,C0O,-31.5). B The o L . , , L
peripheral plant was %% 40 50 60 30 40 50 60
characterized by a modified
metabolic hyperbola. The PaCO, (mmHg) PaCQ, (mmHg})
modified hyperbola fitted a B
representative case well (left - 60 60
panel), and also the pooled data H
(P =0.927~0.995 in each L
subject). The best-fit hyperbola = F 5
for pooled data was T 40l T 49
P,C0,=294.1/5+9.2. C The E L E
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intersection between the two operational lines. As shown
in Fig. 2C, the operating points estimated by the
eguilibrium diagram (the intersection between the two
relationship lines) were very close to those during
closed-loop spontaneous breathing (open circles) in a
representative subject. This is further supported by the
fact that in the pooled data, the estimated P,CO, and Vg
values at the operating point were indistinguishable
from the measured wvalues [39.2 (2.1) vs 39.9
(1.9) mmHg, and 9.9 (1.8) vs 10.2 (2.0} 1 min~’, respec-
tively]). The gain of the peripheral plant estimated by the
reciprocal of the slope of the hyperbola curve at
the operating point was 3.0 (0.5) mmHg 1! min™". The
estimated total loop gain at the operating point, i.e.,
the product of the gains of the central controlter and the
peripheral plant, was 5.3 (2.5).

The relationships between the values of the operating
points estimated by the equilibrium diagram and the
measured values are illustrated in Fig. 3. The estimated
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Fig. 3A, B Relationships between the operating points estimated
by the equilibrium diagram and those measured. A The estimated
P,CO,  was  tightly correlated witk measured P,CO,
[r=0.85x+0.86, r’=0.851, standard error of estimate
(SEE) = 0.84, P<0.001]. Continuous line The line of identity. B
The estimated Vg was tightly correlated with measured Vg
(r=1.02x+0.02, #=0.849, SEE = 0.73, P<0.001). Continuous
fine The line of identity

P,CO, was tightly correlated with measured P,CO,
(y=0.85x+0.86, r*=0.851, SEE=0.84, P<0.001). Si-
milarly, the estimated Vg was tightly correlated with
measured Vg (y=1.02x+0.02, r=0.84%, SEE=0.73,
P <0.001). Thus, the equilibrium diagram enables us to
quantitatively estimate the Vg and P,CO, at the oper-
ating point.

Discussion

We have shown that the framework obtained by using
the equilibrium diagram and by breaking down the
chemoreflex respiratory feedback system into the central
controller and peripheral plant enabled us to evaluate
how the Vg and P,CQO, are determined under the closed-
loop condition. The major findings include:

I. We quantitatively identified the characteristics of
both central controller and peripheral plant for the
respiratory chemoreflex system controlling ventila-
tion in humans, using an equilibrium diagram

2. We demonstrated that the operating points of the
chemoreflex system estimated from both the open-
loop operational lines were in good agreement with
those measured under the closed-loop condition

3. Central controller gain was 1.9 (1.0) 1 min™'
mmHg™!, the peripheral plant gain was 3.0
(0.5) mmHg 1™! min~"', and the total loop gain, the
product of two gains, was 5.3 (2.5)

Significance of equilibrium diagram in analyzing
chemoreflex respiratory feedback regulation

In feedback control systems, system properties that
determine the operating point cannot be elucidated un-
less the feedback loop is open. That is why we opened
the feedback loop and determined subsystem open-loop
properties using common variables between the two
subsystems, ie., £,CO; and Vg. Once the open-loop
properties are characterized, the resultant operating
peint is determined as the intersection between the two
functional lines (Defares 1964; Milhorn 1966; Cunn-
ingham et al. 1986). The fact that the estimated P,CO,
and Vg agreed well with those measured under the
closed-loop condition (Fig. 3) suggested that two sub-
systems are mutually independent and the open-loop
characteristics truly represent subsystem properties,
thereby validating our framework of using an equilib-
rium diagram to analyze chemoreflex respiratory regu-
lation.

Respiratory homeostasis is maintained by a powerful
feedback control system mediated by P,CO, The
magnitude of this controlling power can be expressed as
the “total loop gain” (Berger et al. 1977; Honda et al.
1983; Khoo 2000). The concept of the total loop gain is
widely used in control theory. Based on our framework
using an equilibrium diagram analysis, we found that the



gain at the operatm% point of the central controller was
1.9 1 min~' mmHg™" and that of the peripheral plant
was 3.0 mmHg 17'min~'. The total loop gain, the
product of the two gains, was 5.3. According to feed-
back control theory, the magnitude of attenuation is
quantitatively derived as 1/(total loop gain+ 1). There-
fore, when a 10 mmHg of P,CO, disturbance is intro-
duced into the system, the resultant change in P,CO> is
only 1.5 mmHg, suggesting that the chemoreflex is a
very powerful mechanism for stabilizing P,CO,.

Reported values of total loop gain range from 10 to
20, or 2-4 times larger than values we found in our
experiments (Mithorn 1966; Berger et al. 1977; Honda
et al. 1983). In all these studies, the P,CO, response to
V. (or Vg) was fitted to a so-called metabolic hyperbola
where the O, consumption of respiratory muscle was
ignored. The increase in work of breathing could lead to
an overestimation of the peripheral plant gain at the
same operating point. This is likely to be a reason why
we had a lower total loop gain than previously reported.
Previous studies estimated the total loop gain without
opening each of the subsystems in the feedback
loop. This might introduce an additional bias in esti-
mating the total loop gain. The fact that a modified
hyperbola fits better than the original hyperbola sug-
gests that our estimated gain is likely to be more accu-
rate (Appendix).

Quantitative analysis of central controller
and peripheral plant in humans

Many factors affect the characteristics of the peripheral
plant and its gain at the operating point. If O, con-
sumption is increased, as it is during exercise, it shifts the
parabolic Vg response to P,CO, upward depending
upon the metabolic rate. As a result, the value of the
numerator of the parabola increases (Appendix, Eq. 3).
Various pathological conditions also shift the parabola
upward. Changes in respiration patterns alone from
slow—deep to rapid—shallow breathing inevitably in-
crease physiological dead-space, thereby increasing
P.CO, for a given Fg. This results in an upward shift of
the parabola. If tachypnea by itself increases O, con-
sumption by the respiratory muscle, as is often seen in
patients with obstructive pulmonary disease (COPD),
the parabola will shift to right, with a larger value for its
asymptote (Appendix, Eq. 3). This could cause a smaller
gain of the peripheral plant at the operating point in
patients with COPD than in healthy subjects. Other
pathological conditions that shift the parabola upward
include pulmonary interstitial fibrosis and VA/Q mis-
match. Once the parabola shifts upward, such as in the
above pathophysiological conditions, even if the func-
tioning of the central controller remains normal, both
Ve and P,CQ, should increase under the closed-loop
condition. _

The sensitivity of Vg to P,CO, depends on the
characteristics of the central controller. It is well known
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that narcotics, anesthetics, sedatives or other drugs
make it less sensitive (Folgering 1988; Teppema et al.
2000). In this case, P,CO, increases as the result of de-
creased Vg even if the characteristics of the peripheral
plant remain unchanged. Conversely, some drugs such
as caffeine, almitrine and progesterone increase the
sensitivity of the chemoreflex. If they do not alter the
characteristics of the peripheral plant, these drugs
should decrease P,CO,. Indeed, these predictions are
consistent with experimental observations (Cummin
et al. 1990; Pianosi et al. 1994).

Characteristics of the central controller and periph-
eral plant may change simultaneously. In patients with
heart failure, central controller gain is known to be
higher than normal (Javaheri 1999). A typical respira-
tory pattern in these patients is rapid shallow respira-
tion. Therefore, it is likely that physiological dead space
increases, thereby shifting the hyperbola characterizing
the peripheral plant upward. As a result, Vg increases
with lower, normal or higher P,CO- depending upon the
degree of coexisting central sensitization. In contrast,
patients with COPD have a lower CO, sensitivity (Pat-
akas et al. 1978). Since the hyperbola representinU the
characteristics of the peripheral plant is likely to shift
upward resultant P,CO; and VE would be higher than
in the normal population. This i1s also consistent with
experimental observations (Patakas et al. 1978).

Despite numerous investigations, the mechanisms
responsible for exercise hyperpnea have not been fully
ehucidated. According to our framework using the
equilibrium diagram, increases in CO; production dur-
ing exercise shift the metabolic hyperbola upward. This
is to say that if the characteristics of the central con-
trolier remain unaltered, exercise must increase P,CO,.
However, the fact that P,CO, ordinarily does not
change much during exercise (Oren et al. 1981; Dempsey
et al. 1984; Poon and Greene 1985; Wasserman et al.
1986; Whipp and Pardy 1986) suggests that exercise
concurrently sensitizes the respiratory chemoreflex,
thereby keeping P,CO- fairly constant in healthy sub-
jects.

Limitation

We quantitatively identified the characteristics of the
peripheral plant using the visual feed back method.
The method made it possible to control accurately
both the V: and breathing frequency, and thus Vg.
However, the inspiration and expiration duration
during trials were not controlled, because a sinusoidal
wave was used as a command curve in this experiment.
Therefore, this nonphysiclogical respiration pattern
might affect the P,CO> response to Fe. Nevertheless,
the fact that the estimated values for P,CO, and Vg
correlated well with those measured suggests that the
framework of analysis remains valid in spite of the
variability inevitably introduced by the experimental
conditions.
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QOur proposed framework should be useful in under-
standing the mechanisms responsible for the ventilatory
abnormalities seen in patients with chronic heart failure
and COPD. However, our method is limited by com-
plicated, time-consuming procedures. For practical
application of this framework in clinical settings, it will
be necessary to simplify the procedures to characterize
the properties of the central controller and peripheral
plant.

Conclusion

Human ventilatory regulation by the respiratory
chemoreflex feedback system can be quantitatively
characterized using an equilibrium diagram. This theo-
retical framework should be a powerful tool in under-
standing the mechanism responsible for abnormal
ventilation under various pathophysiological conditions.
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Appendix

The metabolic hyperbola has been described by the
following equation: '

P,CO; = 863(FCO;/Va) (1)

where ¥, is alveolar ventilation (Cunningham et al.
1986; Whipp and Pardy 1986). If we approximate V5 by
Vg and take the metabolic work of respiratory muscles
(Harms and Dempsey 1999) into consideration, Eq. ]
can be rewritten as:

P,CO, = 863(a + Bik) Ve 2

where « is constant and f is a constant representing
respiratory work-related CO, production. Rearranging
Eq. 2 yields:

PCO; =4/ +C

where 4 =863 and C=8638

We fitted both the original hyperbola (Eg. 1) and
modified hyperbola (Eq. 3) to the P,CO,; changes in
response to changes in Vg. In each subject, the correla-
tion coefficient was significantly bigher (P <0.001) in the
modified model than the original model [the mean r?
values; 0.985 (0.01) vs 0.898 (0.04)]. Therefore, we used
the modified hyperbola for our analysis.

3)
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Uemura, Kazunori, Toru Kawada, Masaru Sugimachi, Can
Zheng, Koji Kashihara, Takayuki Sato, and Kenji Sunagawa. A
self-calibrating telemetry system for measurement of ventricular pres-
sure-volume relations in conscious, freely moving rats. Am J Physiol
Heart Circ Physiol 287: H2906-H2913, 2004; doi:10.1152/ajp-
heart.00035.2004.—Using Bluetooth wireless technology, we devel-
oped an implantable telemetry system for measurement of the left
ventricular pressure-volume relation in conscious, freely moving rats.
The telemeiry system consisted of 2 pressure-conductance catheter
(1.8-Fr) connected to a small (14-g} fully implantable signal trans-
mitter. To make the system fully telemetric, calibrations such as blood
resistivity and paratlel conductance were aiso conducted telemetri-
cally. To estimate blood resistivity, we used four electrodes arranged
0.2 mm apart on the pressure-conductance catheter. To estimate
parallel conductance, we used a dual-frequency method. We exam-
ined the accuracy of calibrations, stroke volume (SV) measurements,
and the reproducibility of the telemetry. The blood resistivity esti-
mated telemetrically agreed with that measured using an ex vivo
cuvette method (y = 1.09x — 11.9, 2 = 0.88, n = 10). Parallel
conductance estimated by the dual-frequency (2 and 20 kHz) method
correlated well with that measured by a conventional saline injection
method (y = 1.59x = 1.77, # = 0.87, n = 13). The telemetric SV
closely comrelated with the flowmetric SV during inferior vena cava
occlusions (y = 0.96x + 7.5, 7 = 0.96, n = 4). In six conscious rats,
differences between the repeated telemetries on different days (3 days
apart on average) were reasonably small: 13% for end-diastolic
volume, 20% for end-systolic volume, 28% for end-diastolic pressure,
and 6% for end-systolic pressure. We conclude that the developed
telemetry system enables us to estimate the pressure-volume relation
with reasonable accuracy and reproducibility in conscious, untethered
rats.

conductance catheter; serial reproducibility; volumetric accuracy;
dual-frequency method; Bluetooth

SMALL EXPERIMENTAL ANIMALS, such as rats and mice, are widely
used in cardiovascular research. These animals can offer a
variety of disease models, including heart failure and hyper-
tension, and enable us to analyze the molecular mechanisms of
the pathophysiology underlying such diseases (5, 7, 12, 21,
27). To interpret the molecular findings in terms of cardiac
phenotype, an accurate assessment of cardiac function, includ-
ing the contractile properties of the left ventricle (LV), is
required. As a load-insensitive index of LV contractility, the
end-systolic pressure-volume relation (ESPVR) has been esti-
mated in small animal species with the use of a conductance

catheter technique or an ultrasonic crystal method in acute
experimental settings (6, 9, 14, 15, 23). However, the anesthe-
sia and thoracotomy required by these techniques inevitably
exert adverse effects on the heart (13, 22, 30). In addition, the
time course of disease progression or long-term drug effects
cannot be assessed in acute experimental settings (7, 16). To
overcome these problems, long-term experimental settings
should be developed where the LV pressure-volume relation
can be measured telemetrically in small experimental animals.

- In the present study, we have developed a new telemetry
systemn to measure LV volume, pressure, and electrocardio-
gram (ECG) in conscious, freely moving rats. In this system,
the LV pressure-volume relation was obtained from a pressure-
conductance catheter chronically implanted in the rat LV, To
calibrate the conductance signal and obtain absolute LV vol-
umne, measurements of blood resistivity (p) and parallel con-
ductance (Gp) are required (3, 4). These calibration procedures
require blood sampling and hypertenic saline infusion, but
stuch ex vivo procedures are not applicable to conscious, freely
moving small animals. To circumvent such ex vivo procedures
in our new telemetry system (29), we adopted a self-calibrating
method for the LV volume measurement, as reported in our
previous study (28). The aim of the present study was therefore
to develop a telemetry system and evaluate its performance.
Our results indicate that we succeeded in measuring the LV
pressure-volume relation in conscious, untethered rats with
reasonable accuracy and reproducibility.

METHODS
Implantable Pressure-Volume Telemetry System

Figure 14 illustrates a newly developed pressure-volume telemetry
system for rats; it consists of a pressure-conductance catheter, an
analog processot-transmitter (weight = 14 g, volume = 11 ml), and
a battery unit (lithium battery; weight = 12 g, volume = 10 ml).

Pressure-conductance catheter. Details of the pressure-conduc-
tance catheter are presented in Fig. 1B. To measure LV conductance,
four platinum electrodes (0.25 mm wide} were used. Constant exci-
tation current was applied to the two outermost electrodes while the
voltage signal associated with LV conductance was measured from
the two inner sensing electrodes. To measure LV pressure, a high-
fidelity pressure transducer (Millar Instruments, Houston, TX) was
mounted between the two sensing electrodes for the LV conductance
measurement. To measure p, four smaller platinum electrodes (0.1
mm wide, 0.2 mm between centers of adjacent electrodes, .6 mm
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Fig. 1. A: schematic iltustration of our pres-
sure-volume telemetry system. A 10-cm-long
pressure-conductance catheter obtains sig-
nals of left veatricular (I.V) conductance and
pressute, intraventricular blood resistivity,
and an ECG. Signals are processed and trans-
mitted by an analog processor transmitier,
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between centers of excitation electrodes) were placed near the pres-
sure transducer (Fig. 1B, insef). Constant excitation current was
applied to the two outer electrodes while the voltage signal associated
with p was measured from the two inner electrodes.

Analog processor mransmitter. A block diagram of the analog
processor transmitter is presented in Fig. 1C. It was equipped with
several functions. First, it delivered a dual-frequency (2 and 20 kHz)
constant excitation current [20 pA root mean square (RMS)] for
measurements of LV conductance and p. We validated the current
output by injecting it into known resistors and examining the devel-
oped voltage. The resulting RMS current output was 20.4 pA (SD 0.2)
and 19.3 pA (SD 0.2) at 2 and 20 kHz, respectively. These values
were constant over different resistors (50-990 {}). Second, it mea-

800 —
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Fig. 2. Comparison of conductance-derived volumes at 2 and 20 kHz vs.
known fluid volumes of syringes. Both conductance-derived volumes were
essentially identical for each of the syringe volumes. Relation between con-
ductance-derived volume and syringe volume was quite linear, Solid line,
regression between conductance-derived velume at 20 kHz and syringe vol-
ume; dashed line, identity.

which is powered by a battery unit (lithinm
battery). B: schematic illustration of our pres-
sure-conductance catheter. Catheter has 4
electrodes for measurement of LV condurc-
tance and 4 electrodes for measurement of
intraventricular blood resistivity (inset). A
high-fidelity pressure transducer is mounted
between electrodes 2 and 3. C: block diagram
of an analog processor transmitter. ADC,
analog-to-digital converter; PLD, program-
mable logic device; SRAM, static random
access Demory.

sured and processed the voltage signal from the sensing electrodes as
follows: Analog signals were digitized (12 bits, 40-kHz sampling rate;
model ADS7870, Texas Instruments, Dallas, TX) and then fed into a
programmable logic device (model XC 2C256, Xilinx, San Jose, CA),
which processed them to yield RMS digital signals corresponding to
frequency components of 2 and 20 kHz and a low-frequency signal
(<2 kHz; see appENDIX). The circuit was connected to the larger or
smaller electrodes in response to a command signal, so that LV
conductance or p could be measured. Third, the analog processor-
transmitter had a bridge amplifier for the LV pressure measurement.
The LV pressure signal was also digitized (12 bits, 40-kHz sampling
rate). All these functions were controlled by a microcomputer (model
H8S, Hitachi, Tokyo, Japan).

Blueetooth technology was used to transmit the data {18). For
real-time monitoring, all processed signals were resampled at 200 Hz
by the microcomputer and transmitted to an external receiver (CA-
SIRA, CSR, Cambridge, UK) by a Bluetooth module (model
LMBTB027, Murata, Tokyo, Japan), For high-precision non-real-time
analysis, signals recorded at 2,000 Hz over a 6-s interval were stored
in a static random access memory (model HM62V 16256, Hitachi) and
then transmitted to the receiver by the Bluetooth module. The external
receiver detected the radio-frequency signal from the transmitter and
converted it to a serial bit stream.

Self-Calibrarion of Ventricular Volumetry

The principles of conductance volumetry have been described
previousty (3, 4). Briefly, the ventricular conductance signal (G) can
be converted to absolute ventricular volume (V) as follows

V= (U} (L’ p) (G~ G) (1

where o is a volume calibration factor, L is the distance between the
sensing electrodes, p is blood resistivity, and Gy, is parallel conduc-
tance. L was 9 mm in the present catheter design.

In a preliminary experiment, when the catheter was placed in a
series of graduated syringes filled with diluted saline, conductance-
derived volumes at 2 and 20 kHz were close to the true syringe
volume in the volume range of interest (Fig. 2). Conductance-derived
volumes at the two frequencies were essentially identical for each of
the syringe volumes. Hence, o was assumed to be upity in the present
study (14, 23).
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The four smaller electrodes were used to estimate p (Fig. 1B, inser).
The distance between the excitation electrodes was set at 0.6 mm. In
an in vitro experiment, we confirmed that the current distribution
volume was confined to an ~4-mm diameter around the catheter with
this electrode design (see appENDIX). The end-diastolic LV diameter is
7-9 mm in normal rats and 9-12 mm in rats with left heart failure
(17). Because the interelectrode distance between the excitation elec-
trodes was small enough to confine the current distribution volume to
within the end-diastolic ventricuiar blood pool in the rat LV, we
estirnated p at end diastole (10, 28).

G, was estimated by the dual-frequency excitation method (8, 9,
28) as follows

GP =K X AG:[}—J (2)

where AGsp—» is the difference in ventricular conductance values
between the 20- and 2-kHz excitation frequencies and « is an exper-
imentally derived constant. Once « is determined, Gy, can be estimated

from AGgo-2, obviating the need for saline infusion.

Instrumentation and Experimental Prorocols

Thirty-three male Sprague-Dawley rats {350-400 g body wt) were
used. Care of the animals was in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physio-
logical Sciences as approved by the Physiological Society of Japan.
The animals were anesthetized with pentobarbital sodium (50 mg/kg
ip) and ventilated artificialiy. A vertical midline cervical incision was
made 1o expose the right common carotid artery while the animal was
in the supine position. The pressure-conductance catheter of the
telemetry system was inserted into the LV retrogradely from the right
common carotid artery. The position of the catheter was verified by
monitoring the pressure-volume signal and by two-dimensional echo-
cardiography. At the conclusicn of the experiment, the animal was
kitled with an overdose of pentobarbital sodium, and the heart was
examined to reconfirm the proper positioning of the catheter.

Group 1 (n = 23). We evaluated the accuracy of telemetric
calibration of p and G, under anesthetized. closed-chest conditions.
Catheters (3-Fr) were inserted into the right and left jugular veins for
blood sampling and saline injection, respectively. In 10 of the 23 rats,
we compared p estimated telemetrically (pes) with p measured from
sampled blood by a conventional ex vivo cuvette method (peony). In
the remaining 13 rats, we estimated G, by the dual-frequency exci-
tation method (Gp.ex) and by the hypertonic saline method (G conv).
To obtain Gpcanv. We injected 20 pd of saturated saline into the right
jugular vein while continuously measuring L'V conductance (14, 23).
To obtain Gpeo, we measured LV conductance at 2- and 20-kHz
excitation frequencies and derived AGsg-2 by averaging the instan-
taneous conductance difference over ~10 cardiac cycles. We ran-
domly selected 7 of the 13 rats and determined the proportionality
constant (k in Eg. 2) from the averaged ratio of Gpconv t0 AG2g-2.
Gpese and Gpconv Were measured while the artificial ventilation was
temporarily suspended at end expiration.

Group 2 (n = 4). Under anesthetized, open-chest conditions, we
evaluated the accuracy of volumetry by comparing stroke volume
(SV) measured by the telemerry system with SV measured by an
ultrasonic flowmeter (model 2.55273, Transonic Systems, Ithaca,
NY). After median sternotomy, the aortic arch was dissected free from
surrounding tissues. A flow probe was placed around the ascending
dorta to measure the aortic blood flow. A string occluder was placed
loosely around the inferior vena cava to decrease the L'V preload and
vary the SV over a wide range. We simultaneously measured the
telemetric LV volume and the ultrasonic aortic bloed flow while
varying the preload. The measurements were done while the artificial
ventilation was temporarily suspended at end expiration.

Group 3 (r = 6). Under conscious, closed-chest conditions, we
evaluated the reproducibility of the telemetry on different days.
Aseptic conditions were maintained throughout the surgical proce-

IMPLANTABLE CONDUCTANCE TELEPRESSURE VOLUMETRY

dure. The telemetry system was implanted in a subcutaneous pocket
made at the right upper dorsum. The skin was closed, and the animal
was allowed to recover from anesthesta. On the day after implantation
surgery, the LV volume, pressure, and an ECG were measured
telemetrically in the fully recovered, conscious animal (study 1). Each
rat underwent a second set of telemetric measurements at 1-6 days
after the initial study (study 2). Ambient barometric pressure was
measured simultaneously and subtracted from the telemetric LV
pressure to compensate for changes in atmospheric pressure.

Data Collection

‘We used the real-time mode (200-Hz sampling) of the telemetry
system and recorded LV conductance, LV pressure, intraveniricular
ECG, and p on a hard disk of a dedicated laboratory computer system
(model HFPA031003, Epson, Tokye, Japan). In group 2, ultrasonic
aortic blood flow was digitized at 1,000 Hz through a 12-bit analog-
to-digital converter and stored on a hard disk for subsequent analyses.

Statistical Analysis

For the calculation of LV volume using Eq. 1, G and p were
obtained from the 20-kHz frequency component. In group I, we used
finear regression analysis to compare the telemetric and conventional
measurements of p (Pest VS. Peonv) aNd Gp (Gp.est ¥5. Gy conv). In group
2, we calculated the telemetric SV from the difference between the
end-diastolic volume (EDV) and end-systolic volume (ESV) in each
beat. The flowmetric SV was computed from the time intepral of
aortic blood flow. The telemetric SV was compared with the flow-
metric SV by linear regression analysis. In group 3, we compared
heart rate (HR), EDV, ESV, end-diastolic pressure (EDP). and end-
systolic pressure (ESP) between study I and srudy 2 for each rat.
Using the pressure-volume data, we calculated ejection fraction (EF),
maximal pressure increase {+dP/dfmax) or decrease (—dP/dimax) over
time, and the time constant of isovolumic relaxatzon (1) and compared
them between stedv ] and study 2 for each rat. A nonparametric
multiple comparison (Wilcoxon's signed-rank test) was used to ex-
amine the difference in each parameter between srudy [ and study 2.
Group data are expressed as means (SD). Differences were considered
significant at P < 0.05.

RESULTS
Telemetric Calibration of p

Figure 3A is a representative time series showing LV pres-
sure and p at 2 and 20 kHz derived from the telemetry. The
bottom of the p waveform, which corresponded to end diastole,
represents the time when there was sufficient blood volume
around the catheter (10). The lowest p values at 2 kHz (p2 xu2)
and 20 kHz (paoxn.) were very close (197 and 207 (-cm,
respectively). This was the case for all the rats, indicating that
p was frequency independent (pawy, = 1.08p2own. — 13.8, rP=
0.96, SE of the estimate = 6.7 {}-cm) (6, 9). The lowest p at
20 kHz was treated as pes:

Figure 3B summarizes the relation between pese and peoov
obtained from 10 rats in group I. pes. agreed with peony
reasonably well (pest = 1.09pcony — 11.9, 72 = 0.88, SE of the
estimate = 10.7 Q-cm). The ratio of SE of the estimate to the
mean of p.s was 0.046, indicating small variability around the
regression line.

Telemetric Calibration of G,

Figure 4A illustrates a representative time series of telemet-
rically measured ECG, LV conductance signals at 2 and 20
kHz, and LV pressure. In this animal, AGzg — 2 was 0.56 mS
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and Gpeonv Was 3.27 mS. Therefore, k was calculated to be
5.79 from Eg. 2 in this animal. The averaged k from seven
randomly selected rats was 5.14, which we used as the exper-
imentally derived constant to obtain Gp e for all rats.

Figure 4B summarizes the relation between Gp e and Gy conv
obtained from 13 rats in group I. Gyes correlated well with
Gpconv (Gpest = 1.59Gpconv — 1.77, 12 = 0.87, SE of the
estimate = 0.33 mS). The ratio of SE of the estimate to the
mean of Gpes was (.11, indicating that the estimation was
reasonable around the mean of Gy es..

Accuracy of the Televolumetry

Figure 5A depicts LV pressure and volume measured by
telemetry and aortic blood fiow measured by the ultrasonic
flowmeter. Vena caval occlusion decreased LV pressure, vol-
ume, and aortic blood flow.

Figure 5B summarizes the relation between telemetric SV
(SVie) and flowmetric SV (SVaow) obtained from four rats in
group 2. SV g matched SViaqw reasonably well in each of the
four rats: 7 = 0.90-0.99, slope = 0.86 (SD 0.16), intercept =
12.4 w1 (SD 10.4), and SE of the estimate = 4.3 pl (SD 0.4).
A linear regression analysis on the pooled data from all four
rats also showed a highly linear relation between SV and

A B

SViiow: SViee = 0.968Vgew + 7.5, 7 = 0.96, SE of the
estimate = 6.6 pl. The ratio of SE of the estimate to the mean
of SV e was 0.10.

Reproducibility of the Telemetry

Individual data obtained by the telemetry system for all six
rats in group 3 are provided in Tables 1 and 2. The overall
variability between repeated measurements in the same rat was
reasonably small. There were no significant differences in
repeated measurements of HR, EDV, ESV, EDP, and ESP
between study I and study 2 (Table 1). There were no signif-
icant differences in repeated measurements of EF, +dP/dtyax,
—dP/diymax. and T between study I and study 2 (Table 2).

Figure 6 illustrates the representative LV pressure-volume
loops obtained from a rat in group 3. The pressure-volume
loops in studies ! and 2 were almost identical.

DISCUSSION

We have developed a novel telemetry system for measure-
ments of LV volume, pressure, and ECG in conscious, freely
moving rats. The system, for the first time to the best of our
knowledge, has enabled measurement of the LV pressure-

0} _ .
O 6 L
LLt /’
g 6 20kHz
= 4 Fig. 4. A: waveforms of an ECG, conductance
-~ 4 r . .,
5w skHz w signals at 2 and 20 kHz, and ventricular pressure
] E 2. E as a function of time, obtained 1elemetrically. B;
5 ki relation between paraliel conductance estimated
3 o @ by the saline infusion method (Gp.conv) and by
. 2 - dual-frequency excitation method {Gpes)) in 13
200 A . :
© - y=1.59x-1.77 rats. Solid line, regression: dashed line, identity.
5D . r#=0.87
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volume relation in small experimental animals, such as rats,
under completely conscious, unrestricted conditions with rea-
sonably good accuracy and reproducibility.

Self-Calibrating Volumetry

In ocur conductance volumetric system, p and G, were
estimated using the telemetric signals alone (Figs. 3 and 4). We
will be able to use the empirical constant k (=5.14), deter-
mined in this study, in the future application of our telemetry
system to rats. The self-calibrating feature made it possible to
measure the LV pressure-volume relation in rats without teth-
ering them for ex vivo calibration procedures, such as blood
sampling and hypertonic saline infusion. Besides their imprac-
ticality in conscious, small animals, these procedures can alter
hemodynamic conditions (6, 9). Frequent blood sampling can
induce anemia. Concentrated saline injection depresses myo-
cardial contractility and has volume-loading effects (6, 9). Our
telemetry system is free of these problems.

The current used for resistivity measurements was distrib-
uted in a 2-mm radius around the catheter {see apPENDIX). The
ratio of the radius (i.e., penctration depth} to the distance
between the excitation electrodes was ~3 (2/0.6). This ratio
1s at odds with previously reported values, which were around
or less than unity (6, 10, 26). Penetration depth is affected by
the relation between the resistivity of the target tissue and that
of the surrounding structure (26). This relation in our study was

Table 1. Reproducibility of hemodynamic variables

1
Time {sec)

Y T 1 0 40 80 120 160

2 Flowmetric SV ()

different from those in previous studies, which would be one
reason for the discrepancy. Difference in shape and arrange-
ment of the electrodes between our system and those previous
studies would be another reason. Because the electrodes were
placed very closely, stray capacitance between connecting
wires could be a problem (31). The fact that resistivity values
at 2 and 20 kHz were very close indicated that our titration
method effectively removed the problem of stray capacitance
(see appENDIX). However, it might be better to incorporate
techniques such as capacitance neutralization to completely
prevent the problem, in case the capacitance were to signifi-
cantly affect our titration accuracy in future long-term use, e.g.,
with increases in electrode impedance (31).

We used the dual-frequency excitation method previously
described by Gawne et al. (8). Feldman et al. (6) combined
measured resistivity of the myocardium with an analytic ap-
proach and estimated G from the conductance signals at 10
and 100 kHz. Although their method was completely indepen-
dent of saline injection, it required measurement of myocardial
resistivity with an additional four-electrode sensor.

Volumetric Accuracy and Reproducibility

We have verified the volumetric accuracy of our telemetry
system by comparing SV e with SVqe, during inferior vena
cava occlusions (Fig. 5A). The volumetric accuracy of the
conductance catheter technique in the rat heart has been ex-

HR, beats/min EDV, ui ESV, ul EDP, mmHg ESP, mmHg
Rat S1 s2 Sl 52 51 52 St 52 51 s2

1 530 475 303 307 168 182 14 19 131 123
2 363 476 310 280 212 151 11 17 121 133
3 426 500 330 355 212 220 12 g 127 129
4 405 511 244 194 143 89 14 13 120 125
5 402 g2 364 434 269 326 15 14 119 106
6 400 380 240 283 158 167 24 36 142 152
Mean (SD) 421 (57.3) 454 (58.2) 299 (49) 309 (81) 194 (47) 189 (80} 15(5) 18 (10} 127(9) 128 (15)
Difference

Mean (SD) 65 (40) 37 (23) 34 (26) 54 8 (4
Percent difference

Mean (SD) 15 (9) 13 (8) 20017 28 (16) 6 (4)

S, study 1; 52, sudy 2; HR, heart rate; EDV, left ventricular end-diastolic volume; ESV, left venwicular end-systolic volume; EDP, left ventricular

end-diastolic pressure; ESP, left ventricular end-systolic pressure.
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Table 2. Reproducibility of parameters of ventricular functions
EF, % +dP/dtmes, mmHg/s —GP/Gimox, mmHg/s T, ms
Rat sl 52 sl $2 51 82 S1 82

1 45 4] 10,594 9,615 7.165 6,648 9.2 9.0
2 Ky 46 9,284 11,802 6,364 7372 8.5 8.3
3 36 38 10,373 12,129 7,277 6,937 04 8.1
4 42 54 9,274 11,801 7,527 7.013 6.4 8.5
5 26 25 8,862 7.610 6,132 4.878 7.4 19
6 34 4] 9,808 9,756 7,518 7273 110 124
Mean (SD) 36(7) 41 {10) 9,699 (682) 10,452 (1,773) 6,997 (601) 6,687 (923) 8.7(1.6) 9.2(1.7)
Difference

Mean (SD) T(5) 1513 (957) 646 (397) 1.1 (L.)
Percent difference 3

Mean (SD) 17Q13) 15 (% 16 (7) 13 (14)

EF, left ventricular ejection fraction; dP/drm.,, maximal pressure rise (+) or decrease (=) over time; 7, time constant of isovolumic left ventricular relaxation.

amined using a similar comparison (14, 23). Ito et al. (14)
reported 2 very high and linear correlation (» = 0.97-0.99)
between conductance-derived SV and 5V measured by an
electromagnetic flowmeter in rats. We also obtained a similar
highly linear relation between SVy. and SVaow (Fig. 5B).

The reproducibility of our telemetry system (Table 1) is
good enough for many applications, such as the study of LV
remodeling in rats. This is because EDV has been reported to
increase to ~200% of the control value in rats with ischemic
heart failure and in heart failure-prone rats (2, 7, 12).

Applications of the Telemetry System

The developed telemetry system enables detailed evaluation
of cardiac function in small animals by eliminating the effects
of anesthesia and acute surgical intervention (13, 22, 30). By
using a single-beat estimation method to determine the
ESPVR, our system would enable evaluation of the load-
independent contractile index in conscious animals (24, 25).
We validated pressure-volume signals only under control con-
ditions in this study. The stability of the acquired data and the

200

100

Pressure {mmHg}

f ! T I I 1
100 200 300 400G 500

Volume (ul)

Fig. 6. Day-1o-day reproducibility of LV pressure-volume loops in 1 rat. Thick
solid loops, study I; dotted loops, study 2. Loops for smudies 1 and 2 (6 days
apart) were superimposable.

capacity of our system to monitor altered hemodynamics re-
main to be evaluated.

Our telemetry system is potentially useful for the long-term
monitoring of LV function. We confirmed that our system was
viable for up to § days in this study. However, further studies
are required to definitively evaluate the longevity of the im-
plants over a longer period of time (19). Thrombosis and
infection would affect the morbidity and mortality associated
with the chronic implantation of our system. Coating of the
pressure-conductance catheter with anticoagulants and further
miniaturization of the implant are under development to ame-
liorate such problems.

We adopted Bluetooth technology for telecommunication.
Bluetooth is a wireless technology designed to atlow low-cost,
short-range radio links between mabile personal computers and
other portable devices (18). While point-to-point connections
are supported, Bluetooth technology allows up to seven simul-
taneous connections to be established and maintatned by a
single receiver (18). This unique feature of Binetooth technol-
ogy should be beneficial in experimental settings where a large
population of animals in a single cage must be evaluated (16).

Limitations

The volume calibration factor o was assumed to be unity on
the basis of the preliminary experiment, where the conduc-
tance-derived volume was close to true syringe volume in the
normal operating range for rats (Fig. 2). Georgakopoulos and
Kass (9) noted that the relation was quite linear when the
volume range was limited to the physiological operating range
for mice. Hettrick et al. (11) also noted that conductance-
derived volume was close to true syringe volume and o was
unity in a volume range. However, both groups and others
noted that the relation was nonlinear when considered over a
wider volume range (1, 9, 11, 20). In addition, the syringes
have no Gy, whereas the rat heart does. It has been shown that
G has significant effects on « (11). Taken together, these
findings suggest that it will be necessary to recalibrate o« when
we apply our system to the rat LV in heart failure or other
cardiac disorders, where drastic changes in ventricular volume
and changes in the electrical propetties of surrounding struc-
tures, i.e., change in Gy, are probable (1).

Values of EF in Table 2 are low for normal rats (5, 7). Other
parameters of LV function are, however, within the noreal

AJP-Heart Circ Physicf « VOL 287 » DECEMBER 2004 - wWW.ajpheart.org



Innovative Methodology

H2912

20 kHz compenent

2 kHz component

Less than 2
kHz component

0 0.1 0.2 0.3 0.4 05
time (msec)

Fig. 7. Visual representation of logical processing used to extract 20-, 2-, and
<2-kHz frequency components of digital signals.

range (5, 7) (Table 2). Dual-frequency derived G, valoes from
the rats in group 3 ranged from 1.8 to 3.3 mS (mean 2.3 = 04
mS). The dual-frequency method slightly underestimated G, in
that range compared with the saline injection method (Fig. 48).
This might result in an apparent reduction of EF. To settle the
discrepancy between EF and other functional parameters, it is
necessary to compare the telemetric EF with the EF determined
by other independent methods, such as echocardiography.

We were able to estimate p in the LV cavity in normal-sized
rats with the present catheter design (Fig. 1B, inset). However,
the catheter design may not be applicable to smaller rats or
mice, where the current distribution volume probably distrib-
utes outside the LV cavity. To apply our system to these smali
animals, further reduction of the interelectrode distance is
required for measurement of p.

Conclusion

A novel telemetry system was developed for measurements
of LV pressure, volume, and ECG in conscious, freely moving
rats. The system enabled us to accurately measure the LV
pressure-volume relatien with good reproducibility and with-
out the harmful effects of anesthesia or acute surgical trauma
in rats.

-
[=]

[=-]

[-+]

Measured Voltage (mV)

Syringe diameter (mm)

Fig. 8. Relation between syringe diameter and voltage as measured by sensing
electsedes of our conductance catheter designed for blood resistivity measure-
ment. Voltage reaches a minimum at a syringe diameter of ~4 mm. This
indicates that current distribution volume is confined to within a 4-mm
diameter around the catheter.
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Fig. 9. Relation between measured voltage and saline resistivity.

APPENDIX

Logical processing of digital signals to extract frequency compo-
nents. We extracted frequency components of 20 kHz, 2 kHz. and low
frequency (<2 kHz) by logical processing of digital signals. The
analog signals were converted to digital signals at a sampling rate of
40 kHz. Twenty serial digital values were processed simultancously
(Fig. 7). We obtained the 20-kHz component on the basis of the
difference between even- and odd-numbered digital values. We cal-
culated an average of every 10 digital values. We obtained the 2-kHz
component on the basis of the difference between the two averaged
values of the former half and the latter half (average of 10 values
each). We obtained the low-frequency component by averaging ali 20
digital values. All this logical processing was performed by the
programmable logic device (Fig. 1C).

Estimation of imtraventricular p. First, we experimentally deter-
mined the current distribution volume of the four small electrodes for
estimation of p. We placed cur pressure-conductance catheter at the
center of plastic syringes of various sizes filled with diluted saline.
Saline resistivity was matched to that of the blood (122 {}:cm). We
injected a constant current (20 kHz, 20 pA RMS) into the excitation
electrodes (0.6 mm apart; Fig. 1B, inser) and measured voltage via the
sensing electrodes. We present the relation between the measured
voltage and the syringe diameter in Fig. 8. As demonstrated, with
increasing syringe diameter, the voltage signal decreased and reached
a minimum at a syringe diameter of ~4 mm. This implied that most
(>95%}) of the current was confined to within the cylindrical diameter
at which the voltage reached a minimum. From these data, we
concluded that the current distribution volume was confined to within
a 4.mm diameter around the catheter.

Second, the resultant voltage signal was converted to p by a
conversion formula. We determined the conversion formula experi-
mentally by placing the catheter at the center of a plastic syringe with
a diameter of 9 mm. Syringes were filled with diluted saline solutions
with known resistivities in the range of those expected in rat blood
(122 and 244 (1-cm). Constant currents (20 and 2 kHz, 20 nA RMS)
were injected between the excitation electrodes. We linearly related
the measured RMS voltage to saline resistivity and used this relation
as a conversion formula (Fig. 9).
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Abstract—In acute hypotension, an automated drug infusion sys-
tem to control mean arterial blood pressure (MAP) has not been
previously studied, though many investigations have examined
the use of vasodilatng drugs to control MAP in postoperative
hypertension. Therefore, we examined an automated control of
MAP during acute hypotension using a neural network (NN) ap-
proach. A proportional-integral-derivative (PID) control, an adap-
tive predictive control using a NN (APCyy), a combined control
of APCyw and PID (APCyw-pp), @ fuzzy control, and a model
predictive control were tested in computer simulation based on
the MAP response to norcpmephnne (NE) of 25 pg mt~!. In six
anesthetized rabbits, using the NE of 25 zg m1~}, the PID control,
APCy, and APCyy-pp prevented severe hypotension compared
to an uncontrolled condition. Under PID control, four of the six
animals showed MAP oscillation. Using NE of 50 pg ml~*, the
rabbits recovered from acute hypotension for all systems tested
but showed sustained MAP oscillation during PID control. In
conclusion, utilization of a NN for adaptive predictive control
systems could facilitate the development of an automated drug
infusion apparatus because it provides robust control even when
acute or large perturbations and inter-individual differences in the
sensitivity to therapeutic agents occur.

Keywords—Automated drug infusion system, Norepinephrine,
Rabbits, Proportional-integral-derivative control.

INTRODUCTION

Inaclinical setting, itis necessary to regulate many phys-
iological parameters in the presence of disturbances includ-
ing interactions among therapeutic agents, unexpected and
acute changes in hemodynamic variables, and background
noise.? Many investigators have reported on the use of au-
tomated drug infusion systems using vasodilators in post-
operative hypertension'**-2 and multiple drug infusion
systems to regulate hemodynamics such as cardiac output

Address correspondence to Koji Kashihara, Department of
Cardiovascular Dynamics, National Cardiovascular Center Research In-
stitute, 5-7-1 Fujishirodat, Suita, Osaka 565-8565, Japan. Electronic mail:
kasihara@ri.ncvc.go.jp

and mean arterial blood pressure (MAP).%?2 However, in
acute hypotension, an automated drug infusion system to
control MAP has not been studied previously because no
controller was robust enough to handle the associated unex-
pected large disturbances and complex modeling of varions
pathological states. If a system could be designed, which
adapted to acute hypotension, and combined with a multiple
drug infusion system,”?* it would be useful for application
in a clinical setting.

Catecholamines, fluid infusion, and blood transfusion
are required to maintain local circulation to vital organs
during acute hypotension>%2 The catecholamines con-
tribute to the quick recovery of MAP from a state of acute
hypotension.?-3! However, the sensitivity or responsive-
ness to the pharmacological agents generally differs among
patients, and even within the same individual, the effects
of pharmacological intervention could vary with time due
to changes in a patient’s underlying pathophysiology.® Fur-
ther, the dose-response relationship is usually nonlinear,
which makes a prediction of MAP response difficult. The
cumulative effects of the past intervention on the current
MAP? also complicate MAP control. Therefore, proper
drug infusion for MAP control largely relies on the ex-
pertise of anesthesiologists and clinicians. Developing a
reliable method for automating the drug infusion system
would improve a patient’s individualized drug therapy and
minimize the total amount of drug required, which may
allow an early tapering off of the drug.

Automated drug infusion systems for controlling MAP
have been constructed previously using proportional-
integral-derivative (PID) algorithms.’®?" As long as the
MAP response to pharmacological intervention does not
change markedly, simple control with PID-tuned parame-
ters works reasonably well. However, the PID controller
cannot achieve maximum performance in all simations be-
cause of the nonlinear time-varying MAP response and
the differences of drug sensitivity among patients.!-13-3
To overcome the limitation of PID control, adaptive
MAP controls have been developed to provide consistent

0090-6964/04/1000-1365/1 © 2004 Biomedical Engineering Socicty
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performance. These adaptive controllers recursively update
their own parameters 50 as to compensate for both the time-
varying characteristics of MAP response and the intra-
and inter-individual differences to drug sensitivity.!3-28.33
Because the conventional adaptive controls still rely on
a moment-to-moment linearity in MAP response to drug
infusion, they might not be able to adapt to the nonlinear
MARP response when large perturbations such as acute and
severe hypotension! occur,

A neural network (NN) is a useful tool that can identify
and learn nonlinear time-varying systems even in the pres-
ence of intra- and inter-individual variability in a patient’s
vital signs with large perturbations.!>® Therefore, an adap-
tive predictive control based on a NN (APCyy) may be more
robust compared to the conventional PID controller in stabi-
lizing the system in the presence of nonlinearities in patient
response and sensitivities to a drug.!''"!7 The purpose of
the present study was to explore the utility of a MAP control
system based on an APCyy algorithm. One limitation of us-
ing an advanced algorithm is that the added computational
expense results in longer times for system identification
compared to a simpler algorithm such as PID control. To
overcome this performance limitation, we also constructed
an APCyx combined with PID control (APCyy-pip). The
performance of the APCyy and APCyn-pip Systems was
compared to that of a traditional PID system, using a
hemorrhage-induced acute hypotension condition to alter
MAP. To estimate the effects of the simple adaptive con-
trol using artificial intelligence or the predictive control
compared with APCyy or APCyn-pin, we tested the PID
control based on fuzzy inference or model predictive control
(MPC). Finally, we tested the robustness of each system,
to control MAP, using two different .concentrations of a
vasopressor agent, norepinephrine (NE), at concentrations
of 25 and 50 peg ml~1.

METHODS

Modeling of MAP Response

To make a simple model for MAP response to a drug
infusion, we obtained the average step response as MAP
changed from baseline (AMAP) during a 5-min NE in-
fusion at 3 g kg™! min~! in anesthetized rabbits (n = 3)
without hemorrhage [Fig. 1(a)}. The AMAP response (sam-
pling rate = 10 Hz) was averaged every 10 s. We approx-
imated the step response of AMAP to the following first-
order delay system with a pure time delay:

K-l =L > L
AMAP() = { © | TP AT €=L)
0 (r <L)

where X is a proportional gain [mmHg (ugkg™" min~")~!],
T is a time constant (s), and L is the pure time delay (s).

{a) Step response to NE infusion at 3pg/kg/min
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FIGURE 1. (a) Step response to norepinephrine {(NE) infusion
at 3 g kg~ min-1, (b) Unit impulse response to NE infusion,
(c) The absolute error between actual changes in mean arte-
rial blood pressure {AMAP(f) as the model (AMAP,q4(f) and
AMAPNN(T) showing predicted changes in MAP by a neurat
network (NN).

K =20, T =49, and L = 10 were acquired from the
approximation of the averaged step response [Fig. 1(a)}.

The AMAP response as a modet (AMAP,,,.4) was calcu-
lated by the convolution integral in the discrete-time domain
as follows:

ANm
AMAP moq (1) =) | 8(2)- AT -u(t —=v) ()
=0
where
K t—L
gty = T SXP (_T)

u(t)is the infusion rate of NE (prg kg~ min~!) and g(r) is the
unit impulse response (mmHg). The g(r) is calculated from
the derivative values of the step response of Eq. (1) [Fig.
1(b)]. AT is the sampling interval (s) and N, is the finite
number of terms in the model for the unit impulse response.
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K is a proportional gain [mmHg (pg kg=! min~!)~'], T is
a time constant (s), and L is the pure time delay (s). The
parameters of AMAP,q were AT = 10, N, = 30, K =
20/3, T=49,and L = 10. ’

Design of Controllers
PID Control

We applied the PID algorithm as a velocity form al-
gorithm. The velocity form algorithm determines the drug
infusion rate rather than the total amount of drug infused.
The algorithm can be expressed in the discrete time domain
as follows [Fig. 2(2)].*

Au(t) = Kp - {[e(t) —e(t — )] + %T- -e(t)
1

—!—%-[e(t)—2-e(t-—1)+e(t—2)] 3

w(t) = ult - 1)+ Au(z)

where u() = NE infusion rate (p2g ke™! min™!), Au(t) =
change in w(¢), Kp = proportional gain [(ug kg~! min~')
mmHg~!], T} = integral time (s), Tp = derivative time (s),
AT = sampling interval (10 s), ¢(¢) = difference (mmHg)
between a target value and observed MAP at a given time.
PID parameters were determined by the Ziegler—Nichols®
method, resulting in Kp =03, Ty = 20, and Tp = 5.

Adaptive Predictive Control Based on a NN (APCyy )

Figure 2(b) shows a block diagram of an APCyyy system.
The APCyy is a control system where the NN shown in
Fig. 3 recursively learns the characteristics of a patient using
their observed AMAP response to NE infusion, and then
determines the predicted output after IV, steps. First, in the
closed loop controls, the NN Jearned about AMAP response
only once every 10 s to prevent overlearning of AMAP
during rapid disturbances or artifacts [*1. Leamning Loop™in
Fig. 2(b) and (c)]. Second, the learned AMAPyN response
was used for the prediction of future AMAP responses
by the NN [“2. Prediction Loop” in Fig. 2(b) and (c)).
The initial connection weights for the NN were determined
from the learning-stage results using the AMAPq [see
Eq. (2)1.

Feed-Forward Owput Using a NN. Figure 3 shows the
components of a NN. A multilayer feed-forward NN with
two hidden layers was used to emulate the AMAPoq re-
sponse. The NN structure used was a nonlinear antoregres-
sive moving average (NARMA) model'*? as follows:

AMAPN(?) = f(AMAP(t — 1), u(r — 1), u(z — 2),

w(t —3), u(t —4), u{t — 5), u(t — 6))
g

where AMAPxn(?) is the MAP change estimated by the
NN. AMAP(1—1) is the actual MAP change induced by
NE infusion before one sampling interval (10 s} has passed.
The input layer in a NN is composed of the past input and
output, The duration of past NE infusion rate was set to
} min accounting for the pure time delay in the AMAP
response differing among patients.

The input values are sent through the first hidden layer,
second hidden layer, and output layer (see Feed-Forward
Output Using a NN under Appendix). When the NN calcu-
lates the output, the hyperbolic tangent function is applied
14 times (7 in the first hidden layer and 7 in the second
hidden layer).

Backpropagation Algorithm for Learning. To identify
the MAP response and determine the initial weights in a
NN for MAP controls, the NN was trained using the output
of the AMAP o4 response to random inputs. In the present
study, we used the backpropagation algerithm in the online
mode as follows,

All connection weights are adjusted to decrease the error
function by the backpropagation learning rule based on the
gradient descent metbod.**2* The error function, E is as
foltows:

1
el = 5 [AMAP — AMAPwI: (5

where AMAP is the actual MAP change as a supervised
signal, AMAPyy 1s the AMAP predicted by the NN before
update of the connection weights, and ¢ is the difference
between AMAP and AMAPwy. The AMAPyy predicted
by a NN is compared with the actual AMAP, and its error is
calculated by Eq. (5). The error is back propagated through
the network, and the connection weight is generally updated
by the gradient descent of E as a function of the weights.*

w*=w -+ Kn-Aw (6)
where
A aE 3E de 8MAPNN
W= — = —" .
dw oc BMAPNN ow
oMAPNN

E)

aw

w* is the weight of each connection after update, w is
the weight of each connection before update, Aw is the
modified weight, K, is the learning rate.

In the present study, the backpropagation algorithm was
performed in the following order: output layer, second hid-
den layer, and first hidden layer (see Backpropagation Al-
gorithm for Learning under Appendix). The total number of
weights in the NN was 120 (105 for layer weights and 15 for
bias, Fig. 3). The combination of a fixed input xp = 1 and an
extra input weight wy is known as a bias input (Fig. 3'-*°).

Determination of Initial Weights in a NN. To determine
the initial weights in the NN for the APCyn and APCn-pip.
we made the NN learn the AMAP o4 response. The starting
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ional-integral-derivative (PID) control. {b) An adaptive

predictive control using a neural network (APCny). (c) APCyy combined with PID control {APCyn-pin). {¢!) PID control based on
tuzzy inference. (e) Model predictive control {MPC). & (f: infusion rate of NE.r: a target value, e (f): error between the target value
and observed MAF. a(t + /}: error between the target value and MAP predicted by the NN {AMAPyy(t + )) or the model MAP response
(AMAPmoq(t + ). AMAP(D), AMAPyy, and AMAPyy(f + /) are actual changes in MAP, MAP changes by the NN before update, and
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