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the neural and peripheral arcs, the maximal gains (at the
mid-point of the arc) and operating gains (at the inter-
section of arcs) were similar in supine and upright tilt
positions. All parameters (P;_4) and the maximal gain
of the total arc were similar in supine and upright tilt
positions (Table 3).

Using the data from all animals, the operating AP
estimated from the baroreflex open-loop equilibrium
diagram (protocols 1 and 3) agreed with those measured in
the baroreflex closed-loop condition (protocol 2) for both
postures (Fig. 6A). The operating SNA values estimated
from the equilibrium diagram also agreed with those
measured for both postures (Fig. 6B).

Discussion

The maintenance of AP in upright posture against
gravitational fluid shift is of great importance, but the
mechanisms remain unknown. We applied baroreflex
equilibrium diagram analysis (Yamamoto et al. 2004) to
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the baroreflex system both in supine and 60 deg upright
tilt positions. Our new major findings are that upright tilt
shifts the CSP-SNA relationship (the baroreflexneural arc)
to a higher SNA, whereas it shifts the SNA-AP relationship
(the baroreflex peripheral arc) to alower AP (Fig. 5). These
data support our first hypothesis that orthostatic stress
resets the baroreflex neural arc to a higher SNA.

Our data indicate that resetting of the baroreflex neural
arcin an upright posture doubles the orthostatic activation
of SNA and increases the operating AP by 10 mmHg.
In our experiments, 60 deg upright tilt reset the neural
arc to a higher SNA, shifted the peripheral arc to a
lower AP (Fig.5A and B), and consequently moved the
estimated operating point from point § (SNA, 66a.u,;
AP, 102 mmHg) to point U at a higher SNA (91 a.u) and
similar AP (102 mmHg) (Fig. 5C). In a simulation where
the resetting in the neural arc is absent, 60 deg upright
tilt would move the operating point from point S to
point A (the intersection of the supine neural arc and the
upright-tilt peripheral arc: SNA, 79 a.u.,; AP, 92 mmlg),
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Figure 5. Baroreflex neural arc (A), peripheral arc (B) and total arc (D and E) and the baroreflex
equilibrium diagram (C) in supine (o, dotted line) and 60 deg upright tilt positions (e, continuous line)
Data were averaged from all animals (n = 8) and presented as means = s.0. Dotted and continuous lines are
four-parameter logistic functions fitted to the averaged data. In the baroreflex equilibrium diagram (C), point S
and U indicate the estimated operating points in supine and upright tilt positions, respectively. Point A (grey circle)
indicates the estimated operating point in upright tiit position in the absence of neural arc shift (C). In the total arc
{£), points St and Ut indicate the estimated operating points in supine and upright tilt positions, respectively. The
two points are superimposed. The line joining the crosses and point At {grey circle) indicate the estimated total arc
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Table 1. The operating points estimaied from equilibrium
diagram
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Table 3. Effect of upright tilt on the baroreflex total arc
parameters

Simulated upright tilt
without resetting of

Supine Upright tilt the neural arc
AP (mmHg) 102+4 102+ 4 92 + 3*t
SNA (a.u) 66+ 6 91 £ 5* 79 £ 5%

Vaiues are means = 5.0. (n = 8). *P < 0.05 versus Supine. P < 0.05
Upright tilt versus Simulated upright tilt without resetting of the
neural arc.

Table 2. Effect of upright tilt on the baroreflex neural and
peripheral arc parameters

Supine Upright tilt
Neural arc
Py (a.u) 94 + 2 112 + 5*
Py (a.u. mmHg=") 0.10 £ 0.01 0.09 4+ 0.02
Py (mmHQ) 109+ 6 109+6
Ps (a.u.) 441 29 £ 6*
Gmax {8.u. mmHg~") -254+0.4 -234+04
Peripheral arc
Py (mmig) 115+ 18 82 £ 12%
P, (mmHg a.u.™ 1) -0.04 £+ 0.01 ~0.05 £ 0.01
P3 (a.u.) 63+8 88+ 7
Py (mmHg) 50+9 50+5
Gmax {(mmHg a.u." 1) 1.2+£04 1.0+ 0.1

Values are means £s.0. (n=28). See egn (1) in Methods for
definition of the four parameters of the logistic function.
*P < 0.05, Supine versus Upright tilt.

halving the orthostatic activation of SNA (13 a.u. versus
25 a.u) and decreasing the operating AP at upright tilt
by 10 mmHg compared with when the resetting is in
operation. These findings support our second hypothesis
that resetting of the arterial baroreflex contributes to
preventing postural hypotension.

Our data indicate that resetting of the baroreflex neural
arc contributes to preserving the baroreflex total arc
function in an upright posture. In a simulation where
resetting in the neural arc is absent, 60 deg upright tilt
would shift the total arc downward to a lower AP (Fig. 5D
and E) by a downward shift of the peripheral arc. However,
inour experiments, 60 deg upright tilt maintained the total
arc (Fig. 3D and E) by orthostatic resetting of the neural
arc. These findings indicate that resetting of the neural arc
has an important role in maintaining the total baroreflex
function in an upright posture.

Little is known about the arterial baroreflex system
under orthostatic stress. Although earlier studies
addressed the baroreflex in relation to AP regulation under
orthostatic stress, most of them evaluated the baroreflex in
asupine, not orthostatic, position (Mosqueda-Garcia et al.
1997).In addition, although earlier studies investigated the
gains of baroreflex control of SNA (Mosqueda-Garcia et al.
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Supine Upright tilt
Py (mmHg) 61+4 67 4
Py 0.05 £ 0.01 0.05 £+ 0.02
P3 (mmHg) 98+ 6 103+£6
Py (mmHg) 70+ 4 65+ 4
Gmax -0.8+0.2 -0.84+0.2

Values are means £s.D. (n=8). See egn (1) in Methods for
definition of the four parameters of the logistic function. All
parameters were similar in supine and upright tilt positions.

1997), vascular resistance (Cooper & Hainsworth, 2001)
and R-R interval (Cooke et al. 1999), these gains were part
of the total baroreflex system, and thus could not explain
the operating points of the baroreflex. In the present
study, we determined the neural and peripheral arcs
independently in an upright position using the baroreflex
open-loop equilibrium diagram. We found that upright
tilt shifted the baroreflex neural arc to a higher SNA, while
it shifted the baroreflex peripheral arc to a lower AP, Our
data confirmed the accuracy of the equilibrium diagram
in defining the operating point, since in both supine
and upright tilt positions, the operating points estimated
from the diagram agreed well with those measured in the
baroreflex closed-loop condition (Fig. 6). This is consistent
with earlier studies addressing haemorrhage (Sato et al.
1999) and muscle stretch (Yamamoto er al. 2004).

The mechanism responsible for the resetting of
baroreflex neural arc with upright tilt remains unclear.
The most likely mechanism is recruitment of other
sympathoexcitatory systems than the baroreflex during
orthostatic stress. In particular, the vestibular system is
stimulated by upright tilt, and has been reported to
increase SNA (vestibulosympathetic reflex) (Yates, 1992)
and assist AP regulation during orthostatic stress in
humans (Ray & Carter, 2003) and rats (Gotoh et al. 2004).
In addition, contractions of the antigravity muscles during
upright tilt stimulate the muscle reflexes that increase SNA
(Potts & Mitchell, 1998; Yamamoto et al 2004). Thus
recruitments of other systems may shift the CSP-SNA
relationship to a higher SNA.

However, the resetting of the baroreflex neural arc
during upright tilt may not result from simple summation
of SNA activation by the arterial baroreflex and by other
systems. Theoretically, if the recruitments of other systems
only offset SNA, it increases P, (the minimum value of
SNA) but not P, (the range of SNA response to CSP) of
the neural arc, and causes a parallel shift of the CSP-SNA
relationship to a higher SNA without transforming the
inverse sigmoid curve. In contrast, our results showed
that 60 deg upright tilt increased not only P, but also P,
(Table 2), and widened the inverse sigmoid curve. These
findings suggest an interaction between baroreflex and
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other systems in upright tilt posture. Indeed, the vestibular
system has been considered to interact with the baroreflex
(Yates, 1992; Kaufmann er al 2002; Monahan & Ray,
2002; Ray & Carter, 2003; Gotoh et al. 2004). In addition,
the muscle reflex has been reported to interact with the
baroreflex (Potts & Mitchell, 1998), and contribute to the
central resetting of the baroreflex during exercise (DiCarlo
& Bishop,2001; Miki et al. 2003). We have recently reported
that passive stretch of the triceps surae muscles shifts
the CSP-SNA relationship to a higher SNA using the
baroreflex equilibrium diagram analysis (Yamamoto et al.
2004). Further studies are necessary to address the
mechanism for the resetting during upright tilt.

Our data indicate that 60 deg upright tilt reduces the
pressor response to SNA in the peripheral cardiovascular
system. We observed that upright tilt down-shifted the
baroreflex peripheral arc to a lower AP. For all SNA levels,
AP was lower in the upright than supine position (Figs 4
and 5). This change may be attributed to the gravitational
fluid shift toward the lower part of the body (i.e. abdominal
vascular bed, lower limbs), which decreases the preload
and effective circulatory blood volume (Sagawa et al. 1988;
Rowell, 1993).

Our data suggest that upright tilt yields a different effect
on the baroreflex system compared with haemorrhage.
Haemorrhage decreases effective circulatoryblood volume
and preload (Sagawa et al. 1988; Rowell, 1993). Earlier
study in rats demonstrated that haemorrhage (blood loss
in the range of 0.5-2% of body weight) reduced AP in
a prevailing level of SNA in the baroreflex peripheral arc
(Sato et al. 1999), similar to our upright tilt. Therefore,
both upright tilt and haemorrhage reduce the pressor
response to SNA in the peripheral cardiovascular system.
In contrast to upright tilt, haemorrhage did not affect the
baroreflex neural arc (Sato et al. 1999). In short, upright
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tilt resets the baroreflex neural arc to a higher SNA whereas
haemorrhage does not.

Since we focused on arterial baroreflex dynamics in
response to an acute orthostatic stress, our findings could
not relate long-term pressure regulation by arterial and
cardiopulmonary baroreflexes and the renin—angiotensin
system. Early study showed that chronic sino-aortic
and cardiopulmonary denervations increased AP and
activated the renin—angiotensin system in the conscious
dog (Persson et al. 1988). Further study is needed to
address long-term orthostatic physiology.

As we investigated the role of the arterial baroreflex
in AP control under orthostatic stress while AP was
well maintained, our findings could not explain the
pathophysiology of orthostatic vasovagal syncope. Inter-
estingly, the final trigger of human orthostatic syncope
appears to be the abrupt disappearance of SNA (Morillo
et al. 1997). Given the present findings, we speculate that
some changes in the baroreflex neural arc can decrease
SNA and trigger orthostatic syncope.

Limitations

The present study has several limitations. First, we
excluded the efferent effect of vagally mediated arterial
baroreflex, which could affect the properties of the two
arcs. Second, we used an anaesthetic agent (intravenous
injection of a mixture of urethane and «-chloralose) that
could flatten the baroreflex peripheral arc by reducing the
cardiac pumping function.

Third, since we measured only renal SNA, our findings
have limited applicability to other SNA, including cardiac
SNA. Although static regulation of the baroreflex neural
arc over SNA is similar in renal and cardiac SNAs in
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Figure 6. The relationship between the operating points estimated from the baroreflex open-loop
equilibrium diagram (protocols 1 and 3} and those actually measured under the baroreflex closed-loop

condition (protocol 2) in all animals (n = 8)

A and 8 show the operating AP and SNA, respectively. Each animal provided two data points obtained in supine
(open circles) and upright tilt positions (filled circles). Both the operating AP and SNA estimated by the equilibrium
diagram match the values actually measured under the baroreflex closed-loop condition. RMS: root mean square.
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supine posture (Kawada et al. 2001), whether this holds
true during orthostatic stress remains to be verified.

Fourth, we were not able to quantify the contribution
of cardiac function (i.e. cardiac output) to AP regulation.
Since the baroreflex peripheral arc represents the static
relation from SNA input to AP, itincludes the effects of SNA
on cardiac function, stressed blood volume and vascular
resistance. We were not able to isolate these factors because
of complexity and experimental difficulties.

Fifth, we eliminated cardiopulmonary baroreflex by
cutting bilateral vagal nerves. Earlier human studies
have indicated that non-hypotensive hypovolaemic
perturbations do not change AP, but reduce central
venous, right heart and pulmonary pressures, and
cause vasoconstriction. These observations have been
interpreted as reflexes triggered by cardiopulmonary
baroreceptors (Johnson et al. 1974; Pawelczyk & Raven,
1989). However, Taylor et al (1995) showed that
small reductions of effective blood volume reduce
aortic baroreceptive areas and trigger haemodynamic
adjustments which are so efficient that alterations in
AP escape detection by conventional means. Accordingly,
further studies are needed to understand the relative
importance and mutual cooperation of arterial and cardio-
pulmonary baroreflexes in AP control during orthostatic
stress.

Lastly, we used rabbits, which are quadrupeds. Since
humans spend most of their time in nearly 90 deg upright
postures whereas rabbits do not, our findings have limited
applicability to humans. However, Japanese White rabbits
spend most of their time in 10—40 deg head-up posture,
and frequently stand up to nearly 70 deg. This suggests that
rabbits have an ability to maintain arterial pressure against
gravity-induced pressure perturbation under orthostatic
stress. Additionally, in our preliminary experiments in
rabbits, we observed that denervation of both carotid
and aortic arterial baroreflexes caused postural hypo-
tension of approximately 50 mmHg during 60 deg upright
tilt, consistent with a previous study in rats (Sato et al.
2002). This suggests that even in quadrupeds, the arterial
baroreflex has a very important role in the maintenance of
AP under orthostatic stress. Accordingly, we speculate that
our findings may reflect, at least, the qualitative aspects
of orthostatic baroreflex physiology in humans. Indeed,
recent human studies have suggested that orthostatic stress
(lower body negative pressure) enhances the SNA response
to arterial pressure change in the baroreflex closed-loop
condition (Ichinose et al. 2004a; Ichinose et al. 2004b)

In conclusion, baroreflex open-loop equilibrium
analysis demonstrated that 60 deg upright tilt shifted the
baroreflex neural arc to a higher SNA and shifted the peri-
pheral arc to a lower AP. Consequently, the upright tilt
markedly increased the operating SNA and maintained
the operating AP. Simulation study suggests that resetting
of the neural arc would double the orthostatic activation

© The Physiological Society 2005

Baroreflex resetting in upright posture 245

of SNA and increase the operating AP in upright tilt
by 10 mmHg compared with the absence of resetting.
These data suggest that orthostatic stress increases SNA
by resetting the baroreflex neural arc. The resetting of
the neural arc may compensate for the reduced pressor
responses to SNA in the peripheral cardiovascular system,
and contribute to preventing postural hypotension.
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Kitagawa, Hiroteshi, Toji Yamazaki, Tsuyoshi Akiyama,
Masaru Sugimachi, Kenji Sunagawa, and Hidezo Mori. Micro-
dialysis separately monitors myocardial interstitial myoglobin dur-
ing ischemia and reperfusion. Am J Physiol Heart Circ Physiol
289 HI924-H930, 2005. First published April 15, 2005;
doi:10.1152/ajpheart.01207.2004.—Direct monitoring of myoglobin
efflux during ischemia and reperfusion has been limited because of
inherent sample collection problems in the ischemic region. Recently,
the cardiac dialysis technique has offered a powerful method for
monitoring myocardial interstitial levels of low-molecular-weight
compounds in the cardiac ischemic region. In the present study, we
extended the molecuiar target to high-molecular-weight compounds
by use of microdialysis probes with a high-molecular-mass cutoff and
monitored myocardial interstitial myoglobin levels. A dialysis probe
was implanted in the left ventricular free wall in anesthetized rabbits.
The main coronary artery was occluded for 60 or 120 min. We
examined the effects of myocardial ischemia and reperfusion on
myocardial interstitial myoglobin levels. Interstitial myoglobin in-
creased within 15 min of ischemia and continued to increase during
120 min of ischemia, whereas blood myoglobin increased at 45 min of

chemia. Lactate and myoglobin in the interstitial space increased
during the same period. At 60 min of ischemia, reperfusion markedly
accelerated interstitial myoglobin release. The interstitial myoglobin
level was fivefold higher at 0-15 min of reperfusion than at
60-75 min of coronary occlusion. The dialysis technique permits
earlier detection of myoglobin release and separately monitors myo-
globin release during ischemia and reperfusion. Myocardial interstitial
myoglobin levels can serve as an index of myocardial injury evoked
by ischemia or reperfusion.

infarction; interstitial space; membrane permeability

IT 1S WELL KNOWN that certain proteins, including myoglobin,
called serum cardiac markers, are released into the bloodstream
in large quantities from necrotic cardiac muscle cells after
myocardial infarction (20, 26, 43). However, because direct
samples from the ischemic region are not readily obtainable, in
situ studies on efflux of these proteins in the cardiac ischemic
region have been limited (22). This problem of sample collec-
tion from the ischemic region remains unresolved. First, it is
uncertain exactly when cardiac markers appear from injured
myocardium. The appearance of cardiac markers indicates the
turning point from reversible injury to irreversible damage
(43). However, the first appearance of cardiac markers in the
bloodstream is influenced by the slow transport of cardiac
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markers from the interstitial space into the bloodstream (20).
Thus the detection of this appearance is of great value in
understanding the pathophysiological events induced by myo-
cardial ischemia. Second, recent experimental and clinical
findings suggest that reperfusion itself seems to accelerate the
release of cardiac markers (18, 37, 38). However, the extent to
which reperfusion contributes to relative changes in their
release is unclear. To determine myocardial injury evoked by
reperfusion, more information is needed about the extent (o
which ischemia and reperfusion affect changes in the release of
cardiac markers. Third, present methods used to measure
infarct size require tissue analysis several hours after the
ischemic event (8). Furthermore, histochemical analysis de-
pends on the times of ischemia and reperfusion (23, 33).
Concise, dissociated assessments of ischemia and reperfusion
injury have been a frequent object of research.

In general, mobilization of cardiac markers from ischemic
myocardium to the bloodstream has been divided into two
different sequences: release from the myocardial cell to the
interstitial space and transport from the interstitial space into
the bloodstream (20). Therefore, if we examine the first process
in in situ myocardium, we can discuss the pathophysiological
changes during development of ischemic myocardial necrosis.
However, little information is available on interstitial protein
kinetics in the ischemic region (15). Examination of protein
kinetics in the ischemic region has been limited to assessment
of protein kinetics in the isolated Langendorff-perfused heart
(28, 39). Recently, a cardiac dialysis technique has provided a
powerful method for monitoring myocardial interstitial levels
of low-molecular-weight compounds in the cardiac ischemic
region (2, 6, 14, 31). Furthermore, this method is suitable for
distinguishing between ischemia and reperfusion responses
(32). By improving the microdialysis probes with a high-
molecular-mass cutoff membrane, we have extended the mo-
lecular target to high-molecular-weight peptides and proteins
and monitored myocardial interstitial protein levels.

In the present study, we chose myoglobin as one of the
earliest biochemical markers in myocardial injury (4, 34). We
applied the dialysis technique to the heart of anesthetized
rabbits and investigated myocardial interstitial myoglobin lev-
els during coronary occlusion and reperfusion. To address the
above-mentioned issues, we compared the first appearance of
myocardial interstitial myoglobin levels with that of low-
molecular-weight metabolites (lactate and glycerol). Further-

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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more, we compared the time course of myocardial interstitial
myoglobin during reperfusion after ischemia with that of sus-
tained ischemia and examined the changes in myoglobin re-
lease evoked by reperfusion. The results of the present study
indicate that microdialysis is suitable for distinguishing be-
tween ischemia and reperfusion injury.

MATERIALS AND METHODS
Animal Preparation

The investigation conformed with the Guide for the Care and Use
af Laboratory Animals published by the National Institutes of Health
(NIH Publication No. 85-23, Revised 1996). All protocols were
approved by the Animal Subjects Commiitee of the National Cardio-
vascular Center. Thirty adult male Japanese White rabbits (2.5-3.2
kg) were anesthetized with pentobarbital sodium (30-35 mg/kg iv).
The level of anesthesia was maintained with a continuous intravenous
infusion of pentobarbital sodium (1-2 mg-kg™'-h™'). The rabbits
were intubated and ventilated with room air mixed with oxygen. Body
temperature was maintained at ~39°C with a heating pad and lamp.
Heart rate (HR), mean arterial pressure (MAP), and electrocardiogram
were monitored and recorded continuously. Heparin sodium (200
1U/kg) was first administered intravenously and then maintained with
a continuous infusion (5-10 [U-kg™'-h™") to prevent blood coagu-
lation. With the animal in the lateral position, the fifth or sixth rib on
the left side was partially removed to expose the heart. A small
incision was made in the pericardium, and the dialysis probe was
implanted in the region perfused by the left circumflex coronary artery
LCX) of the left ventricular wall. A snare was placed around.the main
branch of the LCX to act as the occluder for later coronary occlusion.
To ensure that the sampling area was in the ischemic region, we
xamined the color and motion of the ventricular wall during a brief
occlusion and confirmed that the dialysis probe was correctly located.
o avoid a preconditioning effect, the duration of occlusion was
imited to a few seconds.

ialysis Technique

We designed a handmade long transverse dialysis probe (1). One
nd ot a polyethylene tube (25 cm long, 0.5 mm OD, 0.2 mm [D) was
ilated with a 27-gauge needle (0.4 mm OD). Each end of the dialysis
ber (8 mm long, 0.215 mm OD, 0.175 mm [D, 300 A pore size;
Evaflux type 5A, Kuraray Medical) was inserted into the polyethylene
tube and giued. A fine guiding needle (25 mm long, 0.51 mm OD,
.25 mm ID) was used for implantation of the dialysis probes. A
uiding needle was connected to the dialysis probe with a stainless
teel rod (5 mm long. 0.25 mm OD). At a perfusion speed of 5 wl/min,
he in vitro recovery rate (RR) of myoglobin was 15 = 0.6% (number
f dialysis probes = 3). In vitro RR was defined as follows: RR = (G, —
oun)/Cin, where Ci, and C,,, are the concentrations of myoglobin in
he perfusate and in the dialysate, respectively (19). For monitoring
yocardial interstitial Jactate and glycerol levels, we used a conven-
ional dialysis fiber (PAN-1200, Asahi Chemical Japan) to detect
ow-molecular-weight compounds (1).

Dialysis probes were perfused with Ringer solution (in mM: 147.0
aCl, 4.0 KC!, and 2.25 CaCls) at 5 pl/min using a microinjection
ump (model CMA/100, Carnegie Medicine). Figure | shows the time
ourse of dialysate myoglobin levels collected at 1-h intervals over a
4-h period after probe implantation. Dialysate myoglobin rapidly
ecreased to 261 * 56 ng/ml at 2 h after probe implantation.

22 * 37 ng/ml 4 h after probe implantation. On the basis of the
esults of this experiment, in the subsequent protocol, we discarded
he first 120-min collections of dialysate and measured the dialysate
myoglobin level twice at 30-min intervals. When dialysate myoglobin
evels reached the steady level, we started the experimental protocol.

MYQCARDIAL ISCHEMIA AND INTERSTITIAL MYOGLOBIN LEVELS

hereafter, it gradually decreased, reaching an almost steady level of
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Fig. |. Time course of dialysate myoglobin levels after probe implantation.
Dialysate myoglobin levels decreased over the first 2 h and then reached an
almost steady level. Values are means = SE from 5 rabbits.

Sampling periods were 15 min (I sampling volume = 75 ul) in
control and during occlusion and reperfusion. Taking into consider-
ation the dead gpace between the dialysis fiber and sample tube, we
sampled the dialysate.

Dialysate myoglobin concentrations were measured as an index of
myocardial interstitial myoglobin levels. Blood samples were ob-
tained from the femoral artery. Using immunochemistry (Cardiac
Reader, Roche Diagnostics), we measured the myoglobin levels (7).
The detection limit of myoglobin was 30 ng/ml. The dialysate lactate
and glycerol levels were measured by kinetic enzymatic analysis
(CMA 600 analyzer, Carnegie Medicine) (30).

Experimental Protocols

After control sampling, we occluded the main branch of the LCX
for 60 min and then released the occluder. We continuously sampled
the dialysate from the ischemic region during 60 min of coronary
occlusion and reperfusion.

Time course of dialysate laciate, glycerol, and myoglobin levels
during myocardial ischemia. We compared the dialysate myoglobin
levels with the blood myoglobin levels. After control sampling, we
observed the time course of dialysate and blood myoglobin levels
during 60 min of coronary occlusion. In addition, we measured
stmultaneously dialysate lactate and glycerol levels from the ischemic
region in separate rabbits.

Time course of dialvsate myoglobin levels during 60 min of reper-

fusion following 60 and 120 min of ischemia. Reperfusion modulates

myocardial membrane damage and may accelerate dialysate myoglo-
bin levels {18, 21, 37). We compared the time course of dialysate
myoglobin during 60 min of reperfusion following 60 min of ischemia
with that of 120 min of ischemia.

Time course of dialyvsate myoglobin levels during local adminis-
tration of cyanide. To confirm whether the dialysate myoglobin level
reflects myocardial damage evoked by ischemia or hypoxia, we tested
the effect of local sodium cyanide (NaCN) administration on dialysate
myoglobin levels. We collected a control dialysis sample and then
replaced the perfusate with Ringer solution containing NaCN (30
mM), thereby locally administering NaCN for 60 min. We obtained
four consecutive dialysate samples and measured the dialysate myo-
globin levels.

At the end of each experiment, the rabbits were killed with an
overdose of pentobarbital sodium, and the implant regions were
checked to confirm that the dialysis probes had been implanted within
the cardiac muscle.

Statistical Analysis
Dialysate lactate, glycerol, and myoglobin responses to coronary
occiusion were statistically analyzed by one-way analysis of variance

with repeated measures. When a statistically significant effect of
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120 min Coronary Occlusion

5 15 30 45 60 75 90 105
HR, beats/min 2687 264£8 242+ g% 250=3* 253 £4* 252:£4% 250x4% 251 =3 248 + 4
MAP, mmHg 844 T4 5 69 5% T1+5% 68 5% 67 £5% 66:+4% 65+ 4% 64 5%
60 min Occlusion - 60 min Reperfusion
C 5 15 30 45 RS RIS R30 R4S
R, beats/min 2749 201 6% 255+7* 254 = 6% 261 x7* 256 5% 263 = 10* 264 12% 2639
MAP, mmHg 784 67 3% 6542% 6722 65:£2% 61 =24 603" 61 2% 58 124

Values are mean * SE. Data were obtained during control (C), after 3, 15,

oronary occlusion was detected as a whole, the Newman-Keuls test
i was applied to determine which mean values differed significantly
rom each other (40). Statistical significance was defined as P < 0.05.
Values are means * SE.

RESULTS
Time Course of HR and MAP

Table | shows the time courses of HR and MAP during
oronary occlusion and reperfusion. Coronary occlusion de-
reased HR and MAP. Reperfusion did not alter HR but
emporarily decreased MAP.

Time Course of Dialysate Lactate, Glyeerol, and Myoglobin
Levels During Mvocardial Ischemia

Coronary occlusion significantly altered dialysate myoglo-
in levels (Fig. 2). Dialysate myoglobin levels increased sig-
nificantly from 168 = 32 ng/ml in the control to 570 = 107
ng/ml at 0~15 min of occlusion. During 60 min of coronary
occlusion, dialysate myoglobin levels progressively increased
nd reached 2,583 * 208 ng/ml at 45— 60 min of occlusion. A
ignificant increase in blood myoglobin occurred at 45-60 min
f coronary occlusion. Dialysate lactate levels were 1.00 =
21 mmol/l in the control and increased after coronary occlu-
ion (Fig. 3). During 60 min of coronary occlusion, dialysate
actate levels markedly  increased and reached 3.34 = 0.50
mmol/l at 45-60 min of occlusion. During 60 min of coronary
cclusion, dialysate glycerol levels also increased and reached
32 = 33 pmol/l at 45-60 min of occlusion.

2}
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% control 015 15-30 3645 450 min
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Fig. 2. Time courses of dialysate and blood myoglobin levels during 60 min
of ischemia. Values are means * SE. *P <.0.05 vs. control.
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30, 45, 60, 75, 90, and 105 min of coronary artery occlusion, and after 3, 15, 30,

nd 45 min of reperfusion (R). #*P < (.05 vs. control, 7P < 0.05 vs. 45 min occlusion.

Time Course of Dialysate Myoglobin Levels During 60 min
of Reperfusion Following 60 and 120 Minutes of Ischemia

There were no significant differences in the control dialysate
myoglobin levels between the two groups (Fig. 4). During
ischemia, the dialysate myoglobin levels progressively in-
creased and reached 4,054 = 659 ng/mi at 105-120 min of
coronary occlusion. During 60 min of coronary occlusion,
there were no statistically significant differences in the dialy-
sate myoglobin levels between the two groups. After release of
the occluder, the dialysate myoglobin levels markedly in-
creased to 12,569 =+ 2,347 ng/ml at 0—15 min of reperfusion,
The dialysate myoglobin levels at 0-15 min of reperfusion
were fivefold higher than those at 60-75 min of 120 min of
coronary occlusion. Furthermore, these values were higher
than peak levels during 120 min of coronary occlusion. The
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Fig. 3. Time courses of dialysate lactate (rop) and glycerol (botiom) levels
during 60 min of ischemia. Values are means £ SE. *P < (.05 vs. control.
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Fig. 4. Time courses of dialysate myoglobin levels during
120 min of ischemia (fop) and 60 min of ischemia followed
by 60 min of reperfusion (r, botrom). Values are means =

SE. #P < 0.05 vs. control. #P << 0.05 vs. 45-60 min of
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dialysate myoglobin levels gradually decreased and reached
4,391 = 879 ng/ml at 45-60 of reperfusion. At 0—15 min of
reperfusion, dialysate lactate and glycerol levels were 3.27 =
0.61 mmol/l and 242 * 37.7 nmol/l, respectively. Dialysate
lactate and glycerol levels remained unchanged at 0—15 min of
reperfusion.

Time Course of Dialysate Myoglobin Levels During Local
Administration of NaCN

Local administration of NaCN increased the dialysate myo-
globin levels (Fig. 5). This increase was statistically significant
compared with the control level at all collection periods during
NaCN administration, except at 0-15 min. The maximum
myoglobin level was comparable to that observed during 60
min of ischemia.

DISCUSSION

Using the dialysis technique in the in vivo rabbit heart, we
observed myocardial interstitial myoglobin levels during myo-
cardial ischemia and reperfusion. Our data demonstrated myo-
globin release in the early stage of cardiac ischemia and its
enhancement by reperfusion. We discuss here the time course

13045 rd5-60 min

of myocardial myoglobin release during coronary occlusion
and after reperfusion.

We show for the first time that myoglobin release increases
within 15 min of ischemia and continues to increase during 60
min of ischemia. However, significant changes in the blood
myoglobin level occurred at 45—60 min of coronary occlusion,
Our data suggest a contrast between blood and dialysate
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Fig. 5. Time course of dialysate myoglobin levels during local administration
of sodium cyanide (30 mM). Values are means = SE. ¥P < (.05 vs. control.
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myoglobin levels during ischemia. The delay of the first
appearance of myoglobin in the bloodstream is mainly due to
the slow transport of myoglobin from the interstitial space into
the bloodstream (20). Therefore, myoglobin concentration
measured by cardiac microdialysis provides information re-
garding early release of cytosol protein into the interstitial
space. Within the [5-min time resolution, this increase in
myoglobin release was accompanied by increases in interstitial
lactate. Dead space volume between the dialysis fiber and the
sample microtube was identical for lactate, glycerol, and myo-
globin. The currently accepted concept (20) is that teakage of
anaerobic metabolites precedes macromolecular protein release
during ischemia. Anaerobic metabolites accumulate and leak
from the ischemic region within minutes via diffusion or
transport (6, 12, 41). In contrast to low-molecular-weight
metabolites, macromolecular proteins could be released into
the interstitial space without cytosol accumulation of myoglo-
bin, probably via bleb or altered permeability. Although sam-
pling periods of 15 min are too long to enable us to distinguish
the rate of release of lactate vs. myoglobin, our data at feast
suggest that cellular metabolic derangement is invoived in
membrane disruption for myoglobin release.
Myocardial injury caused by ischemia-reperfusion is asso-
ciated with membrane phospholipid degradation, which is
thought to underlic disruption of the cell membrane (27).
Glycerol 1s an end product of membrane phospholipid degra-
dation and has been used to study membrane phospholipid
degradation after cerebral ischemia and seizures (12). In the
present study, dialysate glycerol was examined as a potential
marker for membrane phospholipid degradation 1n myocardial
schemia and reperfusion. We observed increases in dialysate
glycerol levels during 15-60 min of ischemia but not during
reperfusion. In general, phospholipid degradation is accentu-
ated during reperfusion (27). Therefore, dialysate glycerol is
not suitable as an index of membrane phospholipid degrada-
ion, and the release of glycerol from membrane phospholipid
degradation might be too small to allow detection in blood-
perfused heart.
Early change of cytosol myoglobin was detected by immu-
nofluorescence after occlusion of the coronary artery (16, 25).
Histochemical studies demonstrated that intracellular diffusion
of cytosol myoglobin into the nuclei and mitochondria was
evident as early as 0.5 h after coronary artery occlusion (17,
25). Our data demonstrate early loss of cytosol myoglobin into
the interstitial space. Release of cytosol protein is caused by
membrane damage via alteration of permeability or bleb for-
nation. Biebs appeared on the cell surfaces, and the cell began
o swell within 10-20 min of ATP depletion n a gha cell line
or hepatocytes (13, 24). Furthermore, NMR spectroscopy sug-
gested that sarcolemmal membranes are gradually permeabil-
zed to large molecules by ischemia (3). These alterations of
sarcolemmal membranes might be involved in early release of
myoglobin during the myocardial ischemia. Our method offers
extremely fast and sensitive analysis of membrane injury in
myocardial ischemia that is not evident by histological or blood
analysis. Quantitative assessment of interstitial myoglobin lev-
{s could be performed independently of reperfusion cell injury
nd could be helpful in devising various myocardial preserva-
ion treatments.

We show that reperfusion markedly accelerates myoglobin
release in the ischemic region. The interstitial myoglobin levels
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at 0—15 min of reperfusion were fivefold higher than those at
60-75 min of 120 min of coronary occlusion. During the
reperfusion period, interstitial accumulated myoglobin might
be washed out into the bloodswream (37). Therefore, the
amount of released myoglobin at reperfusion could be mark-
edly greater than the changes in interstitial myoglobin concen-
trations at reperfusion. Release of cytosolic protein resulted
from a disruption of a sarcolemmal bleb or an enhancement of
membrane permeability (5, 29, 35). Either condition may gain
relevance during the reperfusion period. Thus the release of
myoglobin during the reperfusion seems to serve as an index of
disrupted sarcolemmal membrane.

Although the exact mechanisms of accelerated myoglobin
release cannot be determined from the present study, our data
suggest that substances induced during reperfusion differ from
those induced during ischemia. Reperfusion enhanced myoglo-
bin release but did not accelerate lactate or glycerol reiease in
the interstitial space, whereas ischemia accompanied macro-
molecular myoglobin release as well as anaerobic metabolite
release. Furthermore, in the previous studies, neither catechol-
amine nor acetylcholine release was accelerated by reperfusion
in ischemic cardiac sympathetic and parasympathetic nerve
endings (2, 14). During reperfusion, surviving myocardial cells
and nerve terminals quickly recover aerobic metabolism and
take up these accumulated substances, whereas myocardial
cells have no capability of myoglobin uptake via the sarcolem-
mal membrane, leading to continued myoglobin release via the
disrupted membrane. Reperfusion may enhance membrane
permeability (5). Further disruption of membrane blebs may
cause rupture of the membrane (29, 35). Alternatively, in
isolated perfused rats, leakage of cytoplasmic enzymes during
reoxygenation is accelerated by cardiac revived beating, be-
cause the cell membrane becomes fragile during the preceding
anoxia (36). In either condition, reperfusion-induced break-
down of membrane phospholipids contributes to an alteration
of permeability or bleb formation (27). Disruption of the
membrane phospholipid bilayer is likely to play a role in
myoglobin release from the cyotosome into the interstitial
spaces.

In the present study, we demonstrate that loss of cytosol
myoglobin occurs during myocardial ischemia and reperfusion
and might be involved in the outcome and pathophysiology of
the ischemic heart. Loss of cytosol myoglobin may precede, at
least in part, histological evidence of necrosis and occur in the
remaining viable myocardium that is not necrotic (11). In
vertebrate heart, myoglobin is involved in the wansport of
oxygen from the sarcolemma to the mitochondria (42). Recent
studies from myoglobin knockout mice indicate that myoglo-
bin contributes to the scavenging of bicactive nitric oxide (NO)
or oxygen radicals during ischemia-reperfusion (9, 10). NO
production and/or oxidant injury occur during the reperfusion
period. In hearts lacking myoglobin, changes in NO and
oxidative stress have a much farger impact on the maintenance
of vascular tone and cardiac function (44). Similarly, in myo-
globin knockout mice, loss of cytosol myoglobin may be
involved in the delayed restoration of cardiac contractility in
the postischemic region.

There are several limitations to the present study. First, with
application of the dialysis technique to the heart, we had to
perform this experiment as an acute surgical preparation. Probe
implantation and/or surgical preparation might affect the con-
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centration of myocardial interstitial myoglobin. To examine
the effect of probe implantation and/or surgery, we performed
the preliminary experiment on brief occlusion (3 min). Three
minutes of coronary occlusion did not alter dialysate myoglo-
bin levels. Furthermore, to confirm whether the dialysate myo-
globin level reflects myocardial damage evoked by ischemia or
hypoxia, we tested the effect of local NaCN administration on
diaiysate myoglobin levels: with NaCN, we found increases in
dialysate myoglobin levels similar o the increase evoked by
myocardial ischemia. Therefore, we believe that dialysate
myoglobin levels reflect the release of myoglobin evoked by
ischemia as well as by chemical hypoxia. The absolute myo-
globin level might be affected by implantation and/or surgical
preparation. However, it is possible to estimate myoglobin
release from relative changes in myoglobin levels.

Second, in the present study, myocardial interstitial myoglo-

bin levels during coronary occlusion and reperfusion were
determined regionally. We implanted the dialysis probe in the
midwall of the left ventricle. When the dialysis probe was
implanted in the subendocardial zone, it is likely that suben-
docardial ischemia was much more severe than in the midwall,
where the sampling was performed. Actually, subendocardial
lactate was significantly greater than epicardial lactate during
severe ischemia in the anesthetized dogs (6). Further studies
are warranted concerning the influence of the ischemic area
(subendocardial or marginal zone) on its myocardial interstitial
myoglobin levels.
In summary, this microdialysis study in an ischemic animal
mode! shows that coronary occlusion induced myoglobin re-
lease in minutes. Micromolecular metabolite (lactate) and mac-
romolecular protein (myoglobin) increased during the first 15
min of ischemia. Reperfusion markedly enhanced myoglobin
release without increases in lactate or glycerol levels. Elevation
of myogiobin release represents an increase in sarcolemmal
permeability or bleb formation during ischemia and reperfu-
sion. Massive disruption of myocardial membrane occurs im-
mediately after ischemia and is markedly accelerated by reper-
fusion. The dialysis technique permits more concise in vivo
monitoring of myocardial membrane disruption during ische-
mia and reperfusion separately.
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Uemura, Kazunori, Toru Kawada, Atsunori Kamiya, Takeshi Aiba,
Ichiro Hidaka, Kenji Sunagawa, and Masaru Sugimachi. Prediction of
circulatory equilibrium in response to changes in stressed blood volume.
Am J Physiol Hearr Circ Physiol 289: H301-H307, 2005. First published
February 11, 2005; doi:10.1152/ajpheart.01237.2004.—Accurate pre-
diction of cardiac output (CO), left atrial pressure (PLa), and right
atrial pressure (Pra) is a prerequisite for management of patients with
compromised hemodynamics. In our previous study (Uemura et al.
Am J Physiol Heart Circ Physiol 286: H2376-H2385, 2004), we
demonstrated a circulatory equilibrium framework. which permits the
prediction of CO, PLa, and Pra once the venous return surface and
integrated CO curve are known. Inasmuch as we also showed that the
surface can be estimated from single-point CO, Ppa, and Pra mea-
surements, we hypothesized that a similar single-point estimation of
the CO curve would enable us to predict hemodynamics. In seven
dogs, we measured the Ppa-CO and Pra~CO relations and derived a
standardized CO curve using the logarithmic function CO = S [In-
(PLa — 2.03) + 0.80] for the left heart and CO = Sgp{ln(Pra —
2.13) + 1.90] for the right heart, where Sp and Sg represent the
preload sensitivity of CO, i.e., pumping ability, of the left and right
heart, respectively. To estimate the integrated CO curve in each
animal, we calculated S, and Sy from single-point CO, P, and Pra
measurements. Estimated and measured CO agreed reasonably well.
In another eight dogs, we altered stressed blood volume (—8 to +8
ml/kg of reference vohune) under normal and heart failure conditions
and predicted the hemodynamics by intersecting the surface and the
CO curve thus estimated. We could predict CO [y = 0.93x + 6.3,/° =
0.96, standard error of estimate (SEE) = 7.5 ml-min~'-kg™ '], Ppa
(y = 0.90x + 05, # = 093, SEE = 1.4 mmHg), and Pra (v =
0.87x + 0.4, ¥ = 091, SEE = 0.4 mmHg) reasonably well. In
conclusion, single-point estimation of the integrated CO curve enables
accurate prediction of hemodynamics in response to exfensive
changes in stressed blood volume.

logarithmic function; venous return surface; heart failure

ACCURATE PREDICTION Of cardiac output (CO) and cardiac filling
pressures after therapeutic interventions is indispensable for
optimal management and improved prognosis of patients with
compromised hemodynamics (4, 5, 13, 23). In the 1980s,
Sunagawa’s group (20, 27) extended the framework of circu-
latory equilibrium of Guyton and co-workers (9, 10) to analyze
complicated hemodynamic conditions such as left-sided heart
failure. The extended framework is composed of a venous
return surface representing the venous return of the systemic
and pulmonary circulations and an integrated CO curve repre-
senting the pumping ability of the left and the right heart (Fig.

1) (27). The intersection point of the venous return surface and
the integrated cardiac curve gives the equilibrium CO, left
atrial pressure (Pra), and right atrial pressure (Pra). Changes
in stressed blood volume shift the venous return surface up-
ward or downward, altering the equilibrium point accordingly.

Our previous study (29) experimentally validated that ve-
nous return is a linear function of P, and Pra and that this
relation is expressed by a flat surface, i.e., the venous return
surface (Fig. 1). In addition, because of the small intra- and
interanimal variability in the slope of the surface, only-a single
set of CO, Pia, and Pra values is sufficient to estimate the
venous return surface. Furthermore, it is possible to predict
how the venous return surface shifts in response to a known
amount of change in the stressed blood volume. These findings
suggest that if the integrated CO curve can be estimated from
a single set of CO, PLa, and Pra values, it is possible to predict
hemodynamics in response to various therapeutic interven-
tions, which induce changes in loading condition or in the
pumping ability of the heart (29). The present study was
therefore undertaken to develop a method to estimate the
integrated CO curve from a single set of CO, PpLa, and Pra
values and to examine whether intersection of the integrated
CO curve and the venous return surface thus estimated predicts
hemodynamics in response to extensive changes in the stressed
blood volume. Using our model, we were able to estimate the
CO curve and predict the hemodynamics in anesthetized,
open-chest dogs under conditions of left heart failure as well as
normal cardiac function.

METHODS
Integrated CO Curve

In our previous study, we showed that CO 1s closely related to Py_a
or Pra by a three-parameter logarithmic function (29)

CO =8 X[In (P, — F)+ H] (1)
CO = Sg X [In (Pg, — FR) + Hyp) (2)

where Sy, Fr. and Hy and Sg, Fr, and Hg are parameters.

To estimate the integrated CO curve from a single set of CO, Pi,,
and Pra values, we fixed the F and H parameters according to the
following rationale. It is well known that the CO curve varies widely
with changes in ventricular contractility, heart rate, vascular resis-
tance, and diastolic stiffness (8, 10, 20, 21, 24, 30). As shown in the
APPENDIX, these factors are mainly included in the S parameter rather
than in the F or H parameters. The S parameter thus comprehensively
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Fig. 1. Diagram of circulatory equilibrium for cardiac output (CO), venous
return (COv), left atrial pressure (Ppa), and right atrial pressure (Pra).
Equilibrium CO, PrLa, and Pra are obtained as the intersection point of the
venous return surface and the integrated CO curve. [Modified from Uemura et
al. (29).]

represents the pumping ability of the left or right heart. Therefore, we
hypothesized that variations in the CO curve can be explained exclu-
sively by the § parameter. Once standard values of the F and H
parameters are determined, we can estimate the integrated CO curve
by calculating the S parameter from a single set of CQ, Py 4, and Pra
values.

Animal Preparation

We used 15 adult mongrel dogs of either gender (20-30 kg body
wt). 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” approved by the Physiological Society of Japan.
Anesthesia was induced with pentobarbital sodium (25 mg/kg), and
endotracheal intubation was performed. Isoflurane (1.5%) was con-
tinuously inhaled to maintain an appropriate level of anesthesia during
the experiment. Catheters (6-Fr) were placed in the right fernoral

ESTIMATING CARDIAC OUTPUT CURVE BY SINGLE HEMODYNAMICS

artery and vein for withdrawal of blood and for administration of
drugs and fluids. To stabilize autonomic tone, we isolated the carotid
sinuses bilaterally and maintained the intrasinus pressure constant at
120 mmHg (22). The cervical vagosympathetic trunks were cut.
Systemic arterial pressure was measured by a catheter-tipped micro-
manometer (model PC-751, Millar Instruments, Houston, TX) placed
in the ascending aorta via the right carotid artery. After a median
sternotomy. a small pericardial incision was made at the level of the
aortic root. An ultrasonic flowmeter (model 20A594, Transonics,
Ithaca, NY) was placed around the ascending aorta via the incision to
measure CO. Fluid-filled catheters were placed in the left and right
atria via the incision to measure P; 5 and Pra, respectively. They
were connected to pressure transducers (model DX-200, Nihon
Kohden, Tokyo, Japan). The junction between the inferior vena
cava and the right atrium was taken as the reference point for zero
pressure (22).

Experimental Protocol

Under normal control conditions, we first infused ~250 ml of 10%
dextran solution via the right femoral vein. We withdrew blood from
the femoral artery in steps of 2 ml/kg to a total volume of 1622 ml/kg
(8~11 steps per animal). In each step, after waiting for 1 min, we
recorded CO, Pp 4, and Pra for ~10 s (Fig. 2). We assumed that this
volume reduction alters only the stressed blood volume of the sys-
temic and pulmonary circulation. Because we isolated the barorecep-
tors, baroreflex-related changes in unstressed blood volume were
negligible. We defined the reference values of CO, Ppa, and Pra
when half of the volume reduction was attained.

To create left ventricular failure, we embolized the left circumflex
coronary artery with 90-pm-diameter glass microspheres (28). We
adjusted the number of microspheres injected so as to increase P by
20 mmHg. We then volume loaded the animals and repeated the
protocol described above.

The data were recorded while respiration was temporarily sus-
pended at end expiration. All analog signals were digitized at 200 Hz
with a 12-bit analog-to-digital converter (model AD12-16UE, Contec,
Osaka, Japan) using a dedicated laboratory computer system (model
MA 20V, NEC, Tokyo, Japan) and were stored on a hard disk for
subsequent analysis. All the recorded data were averaged over 5 s. All
data, except pressure data, were normalized to individual body weight.

200 _N\\Mﬁ:'\/\/\/\/\? ' ; : ; : ! !
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Fig. 2. Changes in arterial pressure, CO, Pya, 0
and Pra throughout the examination. As Pra
and Pra decrease after stepwise reduction of 200 —
the stressed blood volume, CO also decreases
(Frank-Starling mechanism). 20 =
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0
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Determination of standard values of F and H parameters, We
determined the standard values of the F and H parameters in seven
randomly selected dogs (group I). Using the least-squares method, we
fitted the PLa-CO and Pra-CO relations obtained under normal
conditions to the three-parameter logarithmic functions (Egs. 7 and 2).
We averaged the F and H values of the left and right heart for the
seven animals. The averaged values were used as the standard F and
H parameters in subsequent analyses.

Estimation of the integrated CO curve. Using the standard F and H
parameters, we examined whether we could estimate the integrated
CO curve from a single set of CO, PLa, and Pra values. For each
animal in group [, we calculated the § parameter by substituting the
reference values of CO, PLa, and Pra into Egs. 7 and 2. This
calculation was done under normal and heart failure conditions. After
calculation of the S parameter, the P and Pr 4 measured in each step
were substituted into Eg. I to estimate CO of the left heart and into
Eqg. 2 to estimate CO of the right heart. The estimated and measured
CO were compared by linear regression analyses.

Prediction of circulatory equilibrium. In the other eight dogs
(group 2). we estimated the integrated CO curve and venous return
surface. The CO curve was estimated as described above using the
standard F and H parameters. Venous return surface was estimated
according to our previous work (29) as follows

COy = V/0.129 ~ 19.61Pg, — 3.49P (3)
where V is the stressed blood volume, COv is the integrated venous
return, and 0.129 (min), 19.61 (ml-min~'+kg "' mmHg™*), and 3.49
(ml'min~*-kg ™! mmHg ™) are standard parameters characterizing
the venous return surface (29). The reference CO, Pia, and Pgra
values were used to calculate V, which served as the reference
stressed volume,

With altered V (from +8 to —8 ml/kg of the reference value), we
numerically determined the mtersection of the venous return surface
(Eq. 3) and the integrated CO curve (Egs. I and 2) to predict CO, Ppa,
and Pra. The predicted CO, P4, and Pra were compared with the
measured values. We considered the change in V (8 ml/kg) to be
substantial relative to the physiological stressed blood volume (~25
mil’kg) (17).

Statistics

Group data are expressed as means (SD). The level of statistical
significance was defined as P << 0.05. To test the goodness of fit, the
coefficient of determination () and the standard error of estimate
(SEE) were calculated.

Determination of the Standard Parameters

Figure 3 shows the measured Pi_4-CO and Pra-CO relations in
a representative dog. CO increases in response to increases in Py
or Pra by the Frank-Starling mechanisms. These relations could
be fitted to the three-parameter logarithmic function as follows:
CO = 66.7[In(Pp o — 2.08) + 0.1, * = 098, SEE = 5.9
ml-min~'-kg™! (Fig. 3A) and CO = 112.7[In(Pra — 1.39) +
0.19], ¥ = 0.98, SEE = 5.5 ml*min"'-kg~' (Fig. 3B).

Table 1 summarizes the results of the fit in seven dogs.
Coefficients of determination were high for the left heart (1% =
0.95-0.99) and the right heart (% = 0.90—-0.99). These results
indicated that the logarithmic functions represented the CO
curves of the left and right heart with good accuracy. The
averaged F and H values (F = 2.03 mmHg, H; = 0.80, Fx =
2.13 mmHg, and Hg = 1.90) for seven animals were used as
standard values in subsequent analyses.

Table 1. Fit of CO-Pra and CO-Pgry relations to three-
parameter logarithmic functions

Dog Si FL Hy ” SEE

7 58.1 1.27 0.61 0.98 4.3

2 24.4 2.03 2.71 0.95 3.6

3 108.4 0.00 -0.67 0.95 5.6

4 60.7 2.08 0.08 0.98 5.9

5 105.6 2.30 -0.02 0.99 5.0

6 73.5 2.21 0.59 0.99 2.5

7 42.0 4.32 2.30 0.98 4.7

Mean (SD) 68.4 (30.9) 2.03(1.29) 0.80(1.25) 097 4.5(1.2)
Dog SR Fr Hr r? SEE

/ 46.7 2.12 2.34 0.98 4.7

2 339 1.50 2.50 0.96 33

3 64.1 2.10 2.10 0.90 8.2

4 1127 1.39 0.19 .0.98 5.5

S 101.8 1.39 0.92 0.99 4.6

6 80.6 ©3.07 1.59 0.99 2.8

7 371 3.33 3.69 0.94 6.8

Mean (§D) 68.1 (31.3) 2.13 (0.8) 1.90 (1.14) 096 5.1 (1.9)

Sy and Sg (ml-min~{kg™!), FL and Fr (mmHg), and Hy and Hr (unitless),
parameters of the logarithmic function for left and right hearts, respectively
(see METHODS for calculations); 2, coefficient of determination; SEE, standard
error of the estimate (mlI'min~'kg™!).
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Estimation of the Integrated CO Curve

Figure 4 shows the estimated CO curves under normal and
heart failure conditions for a single animal. From the reference
values, we calculated individual values of the S parameter.
Under normal conditions, the estimated CO curve accurately
coincided with the measured points in the left and the right
heart. A good agreement was also observed under left ventric-
ular failure.

Figure 5 demonstrates the relation between estimated and
measured CO of pooled data from seven animals (group 1).
The estimated CO agreed with the measured CO in the left and
right heart.

Prediction of Circulatory Equilibrium

Figure 6 illustrates the accuracy of prediction of hemody-
namics in response to changes in stressed blood volume (8
dogs, group 2). Figure 6A shows the relation between predicted
and measured CO. CO was predicted accurately over a wide
range of CO values from 30 to 200 ml-min~ kg™ A small
intercept value with a slope near unity also indicates the
accuracy of prediction. Figure 68 shows the accuracy of the
PLa prediction. Although variability increased in the high
pressure range (>20 mmHg), the prediction was reasonably
accurate. Similarly, Pra was also predicted with reasonable
accuracy (Fig. 6C).

DISCUSSION

The results of this study indicate that once a single set of
steady-state CO, Py A, and Pra values is available, it is possible

>

250

Fig. 5. Relation between estimated and measured values
of CO for left heart (A) and right heart (B) for 104 steps
pooled over 13 CO curves. ®, Normal cardiac function;
0O, left heart failure; dashed line, line of identity. Regres-
sion analysis (solid line) reveals thar estimated CO
agrees well with measured CO in the left heart [y =
0.88x + 13.3, n = 104, »* = 0.93, standard error of
estimate (SEE) = 8.7 ml-min~'-kg™!] and right heart
(v = 0.96x + 5.0, n = 104, » = 0.88, SEE = 12.1
ml-min~!kg™").

Estimated CO of Left Heart

to predict the changes in hemodynamic variables resulting
from a known amount of change in stressed blood volume.
This prediction can be very helpful in management of patients
under unstable hemodynamic conditions (13, 23).

Estimation of the Integrated CO Curve

We have shown that the integrated CO curve can be
estimated with reasonable accuracy under normal and heart-
failure conditions (Figs. 4 and 5). By fixing the F and H
parameters and by ascribing the changes in the CO curve
exclusively to the § parameter, we were able to estimate the
integrated CO curve from a single set of hemodynamic
measurements. As shown in the AppENDIX, the F and H
parameters are mainly related to the end-diastolic pressure-
volume relation (Eg. A4). In advanced cardiac disorders
seen clinically, the end-diastolic pressure-volume relation
may vary drastically (6, 7). Hypertensive or idiopathic
cardiomyopathy sometimes induces severe ventricular hy-
pertrophy, thereby significantly altering the diastolic ven-
tricular pressure-volume relation (14). In such cases, it may
be desirable not to use fixed values but, rather, to estimate
F and H parameters in individual patients. The cardiovas-
cular properties shown in Eq. A4 can be estimated nonin-
vasively under a steady-state hemodynamic condition (3,
12). Integration of these properties into our method may
allow independent estimation of the three parameters in
individual patients.

The following validations indicate that our mathematical
model of the CO curve and its estimation are consistent with
previous investigations. First, on the basis of Eg. A4 (see
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reasonably well with measured values.

APPENDIX), using previously reported data (6, 11, 18, 25), we
calculated the three parameters in the logarithmic function for
the left heart. The values of the cardiovascular properties were
chosen to be appropriate for a 20-kg dog (Table 2). The
calculated S, (34 ml-min~!kg™"), F, (3.2 mmHg), and H,,
(1.14) were compatible with those obtained in our experiment
(Table 1). Second, Pouleur et al. (19) examined the CO curve
of the left heart in dogs under various cardiac conditions
(control, coronary occlusion, and nitroprusside infusion under
control and coronary occlusion). Their CO curves could be
approximated to our three-parameter logarithmic functions
with reasonable accuracy (* = 0.94-0.99). When we applied
the standard values of F; (2.03 mmHg) and H; (0.80) obtained
in this study to their data and estimated their CO curve, the
estimated CO closely correlated with the values measured (y =
0.67x + 29.0, 7% = 0.90, SEE = 5.0 ml-min~'-kg ™!, from 40
to 150 ml-min~'kg™h.

Clinical Application of the Framework of
Circulatory Equilibrium

Cardiac patients frequently receive empirical fluid chal-
lenges to treat low CO, unexplained hypotension, and oli-

Table 2. Values of the cardiovascular properties
from previously reported data

Parameter Value
HR, beats/min 120
T, min 0.0083
R, mmHg'min-m| ™! 0.031
Ees. mmHg/ml 10
Vo, ml 5
k, ml™! 0.13
o, mmHg 0.25
8. mmHg 4.8
v (unitless) 1.5

HR, heart rate; T, heart period; R, systemic arterial resistance; Ees, end-
systolic elastance of left ventricle; Vo, volume at which end-systolic pressure
is 0 mmHg in the left ventricle; &k, o, and 8, constants characterizing end-
diastolic pressure-volume relation of the left ventricle; vy, ratio of left ventric-
ular end-diastolic pressure to mean left atrial pressure.

guria (1, 32). Such empirical challenges sometimes exert
deleterious effects by excessive volume expansion (1, 32).
Our framework is free of such problems, because we
can accurately estimate the stressed blood volume of the
patient and predict hemodynamics resulting from the vol-
ume challenge, once we measure a single set of steady-state
CO, Ppa, and Pra values with, for example, Swan-Ganz
catheters (2).

The outcome of acute or chronic heart failure has been
related to the severity of reduced CO and elevated left
ventricular filling pressure (4, 5, 13, 23). Several studies,
however, indicate that patients with PForrester class IV
hemodynamics are not necessarily condemned to a class IV
prognosis. Even if the initial hemodynamics are classified as
class IV, patients showing reduction in filling pressure after
intensive medical therapy have a better prognosis than those
without reduction in filling pressure (13, 23). With use of
our framework for guidance, proper management of low CO
and elevated filling pressures would improve the prognosis
of such patients.

In clinical settings, the reference point for zero pressure is
determined by an empirical external inspection (16). Changes
in the patient’s position relative to the pressure transducer may
induce apparent changes in atrial pressures (16). These factors
can result in a measurement error for atrial pressure and,
consequently, an error in the prediction of the circulatory
equilibrium. Accurate determination of the external reference
point relative to the level of the right atrinm and strict attention
to patient position are required for clinical application of our
framework.

Limitations of the Study

All the experiments of this study were conducted in
anesthetized, open-chest dogs. Anesthesia and surgical
trauma significantly affect the cardiovascular system (31).
Whether this equilibrium framework can be applied to
conscious, closed-chest animals (including humans) remains
to be tested.
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We isolated baroreceptors and fixed the autonomic tone in
this study. This was necessary, because the barorefiex alters the
CO curve and venous return surface through its effects on
stressed blood volume, vascular resistance, heart rate, and
cardiac contractility (8, 22). How changes in autonomic tone
under the closed-loop condition affect the accuracy of hemo-
dynamic prediction remains to be investigated.

Conclusion

The integrated CO curve can be estimated on the basis of a
single set of hemodynamic measurements (CO, Py 4, and Pra).
The integrated CO curve thus estimated enables accurate pre-
diction of hemodynamics (CO, P_a, and Pra) after extensive
changes in stressed blood volume during heart failure and
normal cardiac function.

APPENDIX

Mathematical modeling of the CO curve. We derived the relation
between CO and atrial pressure on the basis of the ventricular
pressure-volume relation framework (15, 25) and the ventricular-
arterial coupling framework (26) as follows.

The relation between the stroke volume (SV) and the ventricular
end-diastolic volume (Veq) has been approximated with reasonable
accuracy as

TE,,

SV=———X
TE, + R

(Vcd - Vr)) (A1)
where L is the slope (elastance), Vg is the volume axis intercept of
the ventricular end-systolic pressure-volume relation, 7 is the heart
period, and R is the arterial resistance (20, 25, 26). Dividing SV by 7,
CO can be expressed as

EC<
CO=———=X{V,4—-V A2
) TE. + R (Ve o) (A2)
Veq can be interrelated with end-diastolic pressure (P.q) by
Py ="+ (A3)

where k, «, and [ are constants (6, 7). If we approximate Peq by 2
scaled mean atrial pressure (Pad, YPa: (v is a proportionality con-
stant), Eg. A2 can be rewritten as

LB ol (P B) +1 (V kVy| (A4
k TE.+R D Fay " n o o| (A4)
which can be simplified by lumping parameters for cardiovascular

system properties into three constants, S, F, and H

CO=S5X[In(Py, —F) + H]

CO

(AS)
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