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Indirect Flow Rate Estimation of the NEDO Pl Gyro Pump for
Chronic BVAD Experiments
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In totally implantable ventricular assist device systems, mea-
suring flow rate of the pump is necessary to ensure proper
operation of the pump in response to the recipient’s condition
or pump malfunction. To avoid problems associated with the
use of flow probes, several methods for estimating flow rate
of a rotary blood pump used as a ventricular assist device
have been studied. In the present study, we have performed a
chronic animal experiment with two NEDO PI gyro pumps as
the biventricular assist device for 63 days to evaluate our
estimation method by comparing the estimated flow rate with
the measured one every 2 days. Up to 15 days after identifi-
cation of the parameters, our estimations were accurate.
Errors increased during postoperation days 20 to 30. Mean-
while, their correlation coefficient r was higher than 0.9 in all
the acquired data, and estimated flow rate could simulate the
profile of the measured one. ASAIO Journal 2006; 52:266—
271.

ln cardiac patients, ventricular assist devices (VADs) have
been developed and clinically applied for many years. Re-
cently, totally implantable VAD systems have been used to
improve a patient’s quality of life. In such systems, the pump
flow rate provides important information for proper pump
operation in response to the recipient’s condition or pump
malfunction.

Usually, ultrasound and electromagnetic flow probes are

used for monitoring; however, these sensors are sometimes too
bulky for implantation and require additional power consump-
tion. To avoid such problems, methods for estimating flow rate
of the rotary blood pump used as a VAD have been studied.1-5
These methods can be realized by processing the rotational
speed of the impeller and power consumption of the actuator,
which are easy to measure. An estimation method with an
autoregressive exogenous (ARX) model also has been devel-
oped, and studies have demonstrated its capability to replace
the flow meter in a mock circulatory system and acute animal
experiments.57

To apply this method to clinical use, the evaluation in
long-term use in vivo is necessary, because the time-varying
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condition of the circulatory system may affect the accuracy of
the estimation. Ayre et al.® reported a successful result in
long-term experiments but concluded that the result depended
on the flat P-Q curve in the static characteristic of the pump.
This implies that evaluation with other pumps should be done
if we apply this method to other pumps. Tsukiya et al.? suc-
ceeded in estimating waveforms and mentioned that the
method of suppressing noise in the motor current is desired.
Neither of these studies reported the chronic change in the
accuracy of the estimated flow rate. Other methods*S were
tested only in the mock circulation or acute experiment; thus,
more tests in practical situations should be performed.

This author’s research group developed a much smaller
centrifugal pump to make it more implantable9; however, the
characteristics of the small implantable pumps may be so
different from those of other traditional pumps that it is neces-
sary to ascertain whether this method of estimating flow rate is
still valid for long-term implantation in animals. in the present
study, a long-term animal study was performed with two im-
planted NEDO Pl pumps (Figure 1) for 63 days, to compare the
estimated flow rate with the measured flow rate in terms of the
average value and similarity of the waveform.

Materials and Methods
Estimation Using ARX Model

The flow rate estimation method is based on the method
proposed by Yoshizawa et al.é To correlate flow rate with
rotational speed, supplied power, and other indexes, an ARX
model was used given by:

y(k) + gl ay(k—iy= ; gobiiuj(k— N +w(k) (n.

Inputs u; (k) and output y(k) are written as [u;u,u;] =
[VI/N N K], and Q(K), where Q(k), I, N are flow rate, electric
current, and rotational speed, respectively. k is a notation of
the discrete time. w{k) is the residue assumed to be white
noise. V is a constant voltage of 15 V. The first and second
terms in inputs, VI/N and N, were derived from the static
characteristic of the pump and the circulatory system.5 With
these terms, the flow rate curve can be represented in a prac-
tical range. On the other hand, in cases where the VAD drains
blood from the left ventricle, pulsatile movement of the left
ventricle changes the preload of the pump. The static model
cannot represent this dynamic characteristic. We replaced
each term in the static characteristic with time series data and
obtained the ARX model, which can represent the dynamic
characteristic. With this method, a waveform that reflects the
dynamics can be simulated more precisely.

The third term K is given by
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Figure 1. NEDO PI centrifugal pump (height of the housing: 37
mm, diameter: 55 mm).
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and represents a steady-state gain from supplied power to
rotational speed. The steady-state gain K was introduced to
compensate for changes in the physiological condition such as
viscosity of blood; for example, when the viscosity of blood
increases, then the actuator needs more power consumption to
keep the same level of flow rate. Meanwhile, power consump-
tion increases when the flow rate is larger. These two facts
mean that we cannot judge the change in flow rate only with
the power consumption. To detect the change in viscosity
independently, our method uses the ratio between the rota-
tional speed and power consumption. Effectiveness of this term
has been proven in the previous studies.®” Taking into account
the sampling rate, the orders of the model L, M;, and nin this
paper were 10, [8 8 1] and 3,000, respectively.

Figure 2 shows the idea of flow rate estimation. In practical
use, y(k) can be calculated with measured u;(k) and parame-
ters a; and bj;. These parameters were identified with mea-
sured u;(k) and (k) in advance, with MATLAB R14 (Math-
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Figure 2. Idea of flow rate estimation based on supplied power
and rotational speed.
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Figure 3. Experimental setup. Measurement system and connec-
tion of the LVAD and the natural heart.

works Inc., Natick, MA) and the System Identification Toolbox.
The data for identification of parameters should be measured
in a mock circulation, animal experiments, or during surgery.

Preprocessing

To eliminate noise and unfavorable components in electric
current waveform, the wavelet filtering method was applied.
Wavelet decomposition with bi-orthogonal function was ap-
plied to the current waveform; then, the detail coefficients
smaller than the threshold level were ignored, after which the
current waveform was reconstructed with the same wavelet
function. All calculations were performed with MATLAB R14
and the Wavelet Toolbox. The filtering was performed using
the function “wden” and mother wavelet “bior4.4” in the
wavelet toolbox. For details, refer to the book.!?

At first, to improve the accuracy of the estimation, a low-
pass filter (LPF) was applied to suppress a small vibration
included in the electric current. However, the LPF also re-
moved steep changes in the rising edge of the waveform and
the estimation error did not decrease. For improvement, wave-
let filtering was applied, which was suitable for processing
nonstationary signals

Experiment

Schematic illustration of the measurement system for the
animal experiment is shown in Figure 3. In this system, the
rotational speed was manually adjusted to keep a certain level
of flow rate.

Two NEDO PI pumps were implanted in a calf as the left
VAD (LVAD) and the right VAD (RVAD), respectively. The calf
was healthy from the beginning of the experiment to POD 61.
In the LVAD, blood was drained from the left ventricular apex
with a titanium tip and a cannula connected to the inlet of the
pump. The outlet of the pump was grafted to the descending
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aorta, as shown in Figure 3. An ultrasonic flow probe (Tran-
sonic. Inc, Ithaca, NY) was placed on the graft.

Flow rate, electric current, and rotational speed were mea-
sured at 1 kHz and discretized to make the sampling rate 500
Hz every 2 days while the calf was in a sitting position, except
for day (POD) 19.

The care and use of the animal reported in this study were
approved by the Baylor College of Medicine Animal Protocol
Review Committee.

Evaluation of Estimation Method

The datasets obtained on POD 11 and 13 were used to
identify the parameters of the ARX model a; and by. The data
consist of four sets of the measured data that were obtained
while the rotational speed of the left pump (N,) was set to
1,780 rpm, 1,700 rpm (POD 11), 1,870 rpm, and 1,700 rpm
(POD 13), respectively. These operating points were in the
normal range on PODs 11 and 13. The length of each data
measurement was 20 seconds. The average heart rate was
about 90 bpm in these four sets of data, for a total of 120
cardiac cycles, which we considered an adequate amount of
data for our method.

The accuracy of the estimation was evaluated with root
mean square error {r.m.s.e), correlation (r) and bias (bias):

1 Xo
mse = |73 (109 - 900F ®
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@

bias = y—y 5
where y is the estimate of y, y is the mean value of y, y is the
mean value of ¥, and K is the number of data.

Results
Result of Preprocessing

Figure 4 shows the comparison between the electric current
waveforms with and without preprocessing, using wavelet
filtering. In the original waveform, interesting high-frequency
noise components can be found. However, they were re-
moved, and only the profile of the original waveform was
obtained by the preprocessing.

Evaluation of Waveform Estimation

Figure 5(a) shows waveforms of the measured electric
current, rotational speed, flow rate of the left pump, and the
estimated flow rate. Table 1 shows r.m.s.e., r, and bias in
this case. The representative results in the beginning, mid-
dle, and end stage of the experiment are shown in Figure
5(b). An unfavorable event of reverse flow occurred on POD
17, which indicated the value of flow rate was lower than 0
I/min, thus implying that the pump was not working effi-
ciently. Table 1 also shows r.m.s.e, r, and bias in the cases
of POD 17, 37, and 57.
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A]

Preprocessed
waveform [A]
oo oo
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L

11 12 13 14
Time [s]

Figure 4. Original and preprocessed electric current waveforms
{top: original waveform; bottom: preprocessed waveform with
wavelet filtering).
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Evaluation in Long-term Use

Figure 6 shows the trend of rm.s.e., r, and bias during the
experiment. This figure also shows the comparison between
two kinds of preprocessing, which were done by the Butter-
worth LPF (cutoff frequency: 400 Hz) and the wavelet filter. In
the case of the LPF, the orders of the model L, M;, and n were
0, [5 5 1], and 3,000, respectively. These values are deter-
mined by trial and error, avoiding the divergence of the esti-
mated value. In the beginning of the experiment, r.m.s.e. and
bias were not so large. After that, they tended to increase as the
days passed. Meanwhile, r was higher than 0.90 in all the
datasets. Wavelet filtering made r close to 1.0 and slightly
improved r.m.s.e. and bias.

Rotational speed N was manually changed to keep a
certain level in flow rate during the experiment. The trend of
the rotational speed and pump flow during the experiment is
shown in Figure 7. As references, the trend of physiological
data (aortic pressure; AoP, and total flow measured at the
pulmonary artery) and gain K are shown in Figure 8.

Discussion
Evaluation of Waveform Estimation

Figures 5(a) and (b) show that the estimated flow rate could
simulate the profile of the measured one with good accuracy.
As shown in Figure 7, r was high enough throughout the
experiment, and wavelet filtering improved the accuracy of the
estimation. ‘

Previous studies’ mentioned that electric current was
affected by change in preload. This is the origin of the
oscillation in the electric current. Meanwhile, the impeller
of the NEDO P! pump levitated by hydraulic force,'s and
thus, the impeller swung periodically, which might be the
reason for the small vibration in the electric current wave-
form. Preprocessing with wavelet transform could remove
only the small vibration in waveforms without phase delay
and preserve smooth changes, which was necessary to sim-
ulate the measured flow rate. This was probably the reason
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Figure 5. Comparison between the measured and the estimated flow rate (solid fine: the measured waveform; dotted line: the estimated
waveform). (a), Pump flow and other measured data on POD 11; (b), the measured and the estimated flow rate on POD 17, 37, and 57.

why the correlation r became higher when wavelet prepro-
cessing was applied.

Evaluation in Long-term Use

Figure 6 shows that the correlation between the measured
and the estimated waveforms was high enough during the
experiment. However, r.m.s.e. and bias became gradually
larger in the last stage of the experiment. This result sug-
gested that the method could simulate waveforms of flow

Table 1. r.m.s.e., r, and bias in Figure 5 and Figure 6

POD r.m.s.e. [I/min) r bias [l/min]
11 0.59 0.981 0.01
17 0.42 0.994 -0.20
37 1.91 0.986 1.87
57 1.65 0.992 1.58
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Figure 6. Trend of rm.s.e., r, and bias during the experiment
(solid line: preprocessing with the wavelet filter; dashed line: low-
pass filter, POD19: N/A).

rate sufficiently, but it needed an improvement to compen-
sate for the bias error that might appear in the case of
long-term use. Modification of preprocessing with wavelet
filtering improved r.m.s.e. and bias a little, but their values
were not yet acceptable for clinical use in which another
calibration could not be performed in an implanted device.

It was revealed that the waveform of the flow rate is useful
in detecting the suction,® and our result shows that these
methods are effective even in long-term use, and estimated
flow rate can be substituted. Also, the reverse flow shown in
Figure 5(b) can also be detected with our method even in
long-term use. Increase in the estimation error after POD 20
to 30 shown in Figure 7 suggested that the increase was due
to several reasons.

The first possible reason was the change in the operating
point of the pump. In this experiment, flow rate decreased
slightly as days passed by, so rotational speed was also con-
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Figure 7. Trend of the operating point during the experiment (top:
rotational speed; bottom: mean value of the flow rate; dashed line
shows the peak value in systole/diastole).
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Figure 8. Trend of the average value of physiological data and
gain K during the experiment (top: aortic pressure; middle: total flow
measured at pulmonary artery; bottom: gain K).

trolled manually to keep a certain level of flow rate, as shown
in Figure 8.

The second reason was mild intima formation at the outflow
graft, which was found in the operation to wean the pumps on
POD 63. Judging from the decrease in the amplitude of flow
rate as shown in Figure 7 and the change in its waveform, it
could be speculated that the intima formation caused the
partial obstruction of blood flow. The fact that a certain level of
pump flow could be maintained throughout the experiment
means this dimensional change due to intima formation was
not critical for the VAD system.

In addition, the implantation of the VAD is so invasive that
drastic change in physiological condition, such as vascular
resistance and compliance, and regulation of the flow rate or

pressure by the nervous system is possible. This is also not

negligible. These problems can be avoided if we have enough
data that include the wide range of operating points and
various output resistances.

Limitation

This experiment was performed with a healthy calf, but
usually the VAD is implanted, not in a healthy person but in
a patient in abnormal condition. An experiment with an
animal with low cardiac function is preferred. However,
such a condition is very difficult to prepare. Analysis in the
interaction between the natural heart and the VAD 1215 will
be helpful to clarify the effect of the cardiac function against
the accuracy of the estimation and improve the estimation
method.

In this experiment, the data to identify the parameters of
the estimator was obtained on PODs 11 and 13. In clinical
use, however, it is impossible to measure flow rate after the
implantation. The data used for identification should be
obtained during surgery. It is desirable that generalized
parameters for the estimation are approximated before the
implantation. In addition, if a mock circulatory system
could be built that simulates the physiological condition
shown in these results, the system would also help to iden-
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tify parameters more quickly and easily. However, even if
such a precise mock system could be realized, the system
would no longer be useful once the physiological condition
varies, This is because online identification of the parame-
ters included in the model without measuring the actual
flow rate after implantation could not be performed.

Clarifying the conditions that must be included in the data
for the identification of the parameters is important. Mean-
while, the data acquisition during the surgery should be as
short as possible to prevent negative effect on the patient’s
condition. To interpolate the lack of data, some technique
such as fuzzy logic or artificial neural networks will be
helpful.

Conclusion

The flow estimation method was evaluated with the data
acquired from a chronic animal experiment. Estimation with
good accuracy was confirmed until 15 days after the iden-
tification of the parameters. However, r.m.s.e. and bias
started to increase during PODs 20 to 30, because of the
change in the operating point and the partial obstruction of
the cannula. This problem has to be solved by a more
sophisticated method if this flow estimation method were to
be used.

However, correlation r was higher than 0.9 in all the
acquired data, and estimated flow rate could simulate the
profile of a measured one throughout the experiment. This
information will be useful to detect an abnormal state during
physiological monitoring, which does not always need an
absolute value.
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Brief Episode of Myocardial Ischemia Before Prolonged
Ischemia Attenuates Cardiac Sympathetic Nerve Injury

Teruo Nakadate, MD; Takashl Nqidwa; MD; Akira Matsuki, MD; Makoto Nonomura, MD;
Norio Tgarashi, MD; Akihiko Igawa, MD; Hiroshi Inoue, MD

Background The aim of this study was to investigate the effects of brief ischemia before prolonged ischemia
on cardiac sympathetic fieural function, Brief ischemia inhibits the sympathetic neural release of norepinephrine
(NE) during subsequent sustained ischemia. However, whether it can attenuate the neural function after sus-
tained ischemia remains unknown. = -~ - . »
Methods and Results - Sympathetic néural function was assessed using 12’I-metaiodobenzylguanidine (MIBG)
in patients who with (Group I) or without angina (Group II) within 3 days prior to acute myocardial infarction. In
the rat experiment, cardiac interstitial NE (iNE) with or without pretreatment of 5-min coronary ligation was
determined during a 30-min occlusion. Differences between MIBG and Thallium-201 for the total defect score
were significantly greater in Group 1I than in Group I (6.1+4.0 vs 0.4+4.4). Levels of iNE were less in rats with a
5-min pretreatment (7.3£2.3 vs 18.6+5.9 x10% pg/ml, p<0.01) and MIBG uptake of ischemic region was greater
(0.0610.029 vs 0.031+0.011 %kg dose/g, p<0.05) compared with rats without the pretreatment.

Conclusion - A brief épisode of ischemia attenuates the sympathetic netiral injury caused by subsequent pro-
longed ischemia and this protective effect is associated with attenuation of NE release during the prolonged

" ischemia. (Circ J2006; 70: 919-925)

Key Words: ' Arrhythmia; Myocardial infarction; Nervous system; Norepinephrine; Nuclear medicine

brief episode of transient myocardial ischemia
A protects the myocardium against subsequent pro-

longed ischemia! and is known as ischemic pre-
conditioning (PC). Previous human and animal studies of
PC have primarily focused on reduction of infarct size, but
recent animal studies have demonstrated that a.brief
episode of ischemia reduces norepinephrine (NE) release
during the following prolonged ischemia?3 This reduction
of NE release may reflect attenuation of sympathetic neu-
ronal dysfunction caused by the sustained ischemia (ie,
neural PC), because the nonexocytotic NE release that
occurs during ischemia is a consequence of energy starva-
tion of the sympathetic nerve terminals®S Miyazaki and
Zipes demonstrated that PC preserved the efferent sympa-
thetic and vagal responses, as assessed by measuring effec-
tive refractory periods during coronary artery occlusion in
dogs® However, it remains unknown whether the attenua-
tion of sympathetic neural dysfunction could be induced by
a transient ischemic attack before the onset of myocardial
infarction (MI) in human hearts, and whether the attenuated
NE release during sustained ischemia can lead to preserva-
tion of neural function."Accordingly, the present stady was
performed to compare the extent and severity of cardiac
sympathetic neural dysfunction associated with acute MI
in patients-with and without transient ischemia before the
onset of MI, using a radiotracer of 123I-metaiodobenzyl-

(Received February 28, 2006; revised manuscript received April 11,
2006, accepted April 20, 2006) e

The Second Department of Internal Medicine, Uniyersity of Toyama,
School of Medicine, Toyama, Japan.~ o
Matling address: Takashi Nozawa, MD, The Second Departmient of
Internal Medicine, University of Toyama, School of Medicine, 2630
Sugitani, Toyama 930-0194, Japan. - E-mail: tnozawa @med.u-toyaiia,

acjp:. i

Circalation Journal Vol.70, July 2006

guanidine (MIBG). Furthermore, animal studies were con-
ducted to elucidate the relationship between neural NE
release during sustained ischemia and sympathetic neural
function.

Methods

Clinical Study

Thirty patients who expetienced a first acute MI were
enrolled. All patients except 2 had ST elevation. Patients
with multivessel disease, that is, those with significant
coronary artery narrowing (% diameter 270%) in addition
to the culprit region of M1, or with prior M1, were excluded.
Primary percutaneous transluminal coronary angioplasty
(PTCA) was performed in 20 patients and thrombolytic
therapy in 3 patients. Patients were divided into 2 groups:
Group I had angina within 3 days before the onset of MI,
and Group II did not have angina prior to M1 :

All patients gave consent to participate in this study.

123]-MIBG and Thallium-201 (°1T1) Imaging

123]-MIBG imaging was performed in overnight fasted
patients, 2—3 weeks after the onset of ML Planar and single
photon emission computed tomography (SPECT) images
were acquired with a scintillation camera (CA-9300 A/D],
Toshiba, Tokyo, Japan) at 15min (early) and 180min (de-
layed) after injéction of 111 MBq of 13I-MIBG: The recon-
structed tomographic data were displayed in horizontal
long-axis, vertical long-axis, and short-axis slices with a
6.4mm thickness. None of the study patients had received
reserpine, tricyclic antidepressants, or other. drugs that
could interfere with 123I-MIBG imaging. Exercise or
dipyridamole stress 201T] imaging with the injection of
111 MBgq of 21Tl-chloride was performed within 1 week of
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Table 1 Patient Characteristics of Groups I and I

Group I (n=13) Group II (n=17)

Age (years) 62110 66x10
Male : 13(100%) . 12(71%)
Diabetes mellitus 2(15%) 7(41%)
Primary PTCA 9 (69%) 11(65%)
Thrombolytic therapy 1(8%) 2(12%)
Infarct location

Anteroseptal 5(38%) 9(53%)

Inferior 4(31%) 5(29%)

Other 4(31%) 3(18%)
TIMI flow

0-1 9(69%) 6(35%)

2-3 4(31%) 11(65%)
Collateral index )

0-1 10(77%) 14 (82%)

2-3 3(23%) 3(18%)
LVDd (mm) 51.8+4.3 52.2%7.0
LVEF 0.52+0.08 0.50%0.13

Data are meant SD or (%).

PTCA, percutaneous transluminal coronary angioplasty; TIMI Throm-
bolysis in Myocardial Infarction’®; Collateral index, collateral flow was
assessed by the Rentrop index!!; LVDd, left ventricular end-diastolic dimen-
sion; LVEF, left ventricular ejection fraction.

the MIBG study. Early and delayed 201T1 images were
collected as for the MIBG images.

Data Analysis

Both MIBG and 201T] early images were visually assessed
by 2 experienced nuclear cardiologists who had no knowl-
edge of the clinical data. The 17-segment model of the left
ventricle (L'V) was used; each of 2 short-axis slices, the 4th
and 9th slices from the apex, were divided into 8 segments,
in addition to the apical segment of the horizontal long axis.
Each segment was scored using a S-point scoring system:
normal (0), mildly reduced (1), moderately reduced (2),
severely reduced (3), and absent uptake (4). The sum of the
defect score (DS), ie, total DS (TDS), the difference in DS
between 123I-MIBG and 201T1 (ADS), and the number of
segments showing ADS >2 were determined.

Quantitative analysis of the SPECT data was then per-
formed Polar maps were divided into 24 segments and the
percentage activity of 20171 and of 13I-MIBG of each seg-
ment relative to the maximum LV count was determined.
The 20171 and 23-MIBG polar maps were compared with
those obtained from healthy control subjects (27 subjects
for 201T] images, mean age 64+17 years; 21 subjects for
123]-MIBG images, mean age 57+17 years)."A segment was
considered abnormal if the activity was more than 2 stan-
dard deviations (SD) below the mean activity for the corre-
spondmv secrment in the healthy subjects

24 h ECG Recordzng

Betweeni 7 and 21 days after the onset of M1 a 24 h ECG
recording’ was performed in 10 of 13 patients in Group I
and 15 of17 patients in Group II. The ECG was analyzed
using a Holter analysis system (DMW-900, Fukuda Denshi,
Tokyo, Japan). The. frequency of repetitive ventricular pre-
mature contractwns (VPCS ie, palred VPCs or more) was
determmed

Anzmal Studzes o : e
- All animal expenments were in accordance W1th the
omdehnes for animal experimentation and were approved

NAKADATE T etal.

by University of Toyama.

. Animal Preparation Male Wistar rats welahmg 300-
350 g each weré used for induction ‘of myocardial ischemia
as described previously! Briefly, under ether anesthesia, a
left thoracotomy ‘was performed to expose the heart. The
left coronary artery was ligated 2~3 mm from its origin with
a 5-0 Prolene suture (Ethicon Inc, Somerville, NJ, USA) for
30min and then the ligature was released (non-PC group).
In the PC group, a single 5-min coronary ligation followed
by a 5-min reperfusion was conducted before the 30-min
ligation.

Rat MIBG Study 131I-MIBG autoradiography of the rat
heart was performed as described previously? Briefly, 3
days after the induction of myocardial ischemia, 1.85MBq
of 131I-MIBG (radiochemical purity >98%, specific activity
7.4GBg/mg, Daiichi Radioisotope Laboratory, Chiba,
Japan) was injected via the external jugular vein under
pentobarbital anesthesia (30mg/kg, ip). The heart was
removed 3h later. Serial 20-um thick transverse sections
were prepared and autoradiography was performed on an
imaging plate (BAS-UR, Fuji Film, Tokyo, Japan) for 6h.

To evaluate the myocardial accumulation of 131I-MIBG,
the antoradiographic images were analyzed using a com-
puter-assisted imaging-processing system (BAS3000, Fuji
Film, Tokyo, Japan) as described previously? The circum-
ference of the LV was divided into 6 equal segments at the
level of papillary muscles, and the ischemic region dRr)
was put on the LV anterior segment and the remote region
(RR) the interventricular septum, as described in the pre-
vious study® The myocardial tracer uptake in IR and RR
was normalized as a percentage of the administered dose
per gram of heart tissue (%kg dose/g) using 13- labeled
graded standards.

Cardiac Microdialysis Wistar rats were anesthetlzed
with pentobarbital sodium (30mg/kg, ip) followed by con-
tinuous, intravenous infusion (3mg-kg-!-h-1). Body tem-
perature was maintained with a heated pad and lamp. The
heart was exposed by midline incision and a microdialysis
probe was inserted into the myocardium along the left coro-
nary artery. Both ends of the dialysis fiber (8 mm length,
0.31mm outer diameter, 0.2mm inner diameter, 50,000
molecular weight cutoff, PAN-130SF,- Asahi Cheinical,
Tokyo, Japan) were connected to polyethylene tubes?10
The dialysis probe was perfused with Ringer’s solution at a
rate of 2pl/min. For baseline sampling, dialysate sampling
started 60 min after the stabilization of NE concentration of
the dialysate and then the left coronary artery was ligated
as-described in the MIBG study. Dialysate sampling was
performed between 15 and 30 min after the onset of the 30-
min ligation and between 0 and 15min after the onset of
reperfusion. The NE concentration of the dialysate was
measured by high-performance liquid chromatography
with electrochemical detection (ECD 300, EICOM, Kyoto,
Japan). After the dialysate sampling, the heart was isolated
and perfused with Krebs solution and the ischemic area
was determined using blue ink. Also, the pos1t1on of the
microdialysis probe was confirmed.

Statistical Analysis o

The results are expressed as mean+SD Vanables be-
tween the 2 groups ‘were compared with unpzured t-test,
BIL-MIBG accumulation and NE concentration of rat hearts
were compared using ANOVA followed by the Bonferroni
t-test to identify differences between the groups or between
IR and RR. For comparisons between Groups I and II of the
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20177

PI-MIBG

Group I
(44 yo, male)

Group 11
(58 yo, female)

Figl. Representative examples of

- thallium-201 (201T1) and 1?3]-meétaiodo-
benzylguanidine (MIBG) polar maps
in a 44-year-old male patient with
pre-infarction angina (Group I, Upper
panels) and a 58-year-old female

" patient without pre-infarction angina
(Group I, Lower panels).

A TDS (29ITI) B TDS (MIBG)
30, C 40 ¢ 7 .
' 30
20 ¢
20 i
107 w0l
; e 1 3 O A : )
Group I GroupII - Group I Group I
C ATDS D ADS 22
15 . p<0.01 5 p<0.01
10 o , 4 , Fig2. Comparison of thallium-201 (291TI)
[ 3 [ and !2]-metaiodobenzylguanidine (MIBG)
) images between Groups I and II. TDS, ATDS,
5 and ADS 22 indicate total defect score,
1 [ differences between 1231-MIBG and 21T in
. the TDS, and the number of segments having
O ' s 0 ESDNEN 1 s

a difference of the defect score 22, respec-

Group I - Group Il tively.

sidered statistically significant.

Results

Clinical Study » e
. Patient Characteristics There were no significant d1f—’
- ferences between Group I and Group II in the_ i :
patients with diabetes mellitus or patient§ tre
primary PTCA (Table 1). Primary PTCA was-
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Table 2 Patient Characteristics and Ventricular Arrhythmxas
in Patients Undergoing 24-h ECG Recording | . .

Group I (n:]O)

Age (years) 6418
LVEF | 0.50£0.09 -
Medications :
B-blockers 7(70%)
Ca antagonists 3(30%) -
ACE inhibitors 9(90%) :
Anti-arrhythmic drugs 0(0%)
Repetitive VPCs 1(10%)
Ventricular tachycardia 0(0%)

Datas are mean+ SD or( % ).

enzyme VPCs, ventricular premature cantractzo
*p<0.05 vs Group 1.

whereas in Group I the area of reduc: pta

was very close to that of 201T1 uptake] (Fig 1. On the aver-
age, the TDS of the 20!T1 and 123]-MIBG images in
were -not different from those in G I
However, the difference in the TDS between' 123IAMIBGr
and 21T] was significantly greater.in Group
Group I (Fig2C). Similarly, _the number, of segments ‘with
ADS between 12I-MIBG and 201T1
Group I than in Group I (Fig2D).

In the quantitative analysis, the number of abnormal
segments was not significantly different between Groups I
and I for either the !2I-MIBG (7.6+3.5 and 9.1x4.1,
respectively) or 201T1 images (9.9+5.2 and 8.8+5.4, respec-
tively). However, the difference between the abnormal
MIBG and 01T] segments (ie, the number of abnormal 1231-
MIBG segments minus that of abnormal 201T] segments in
each patient) was significantly smaller in Group I than in
Group I (-2.3%£3.9 vs 0.6+3.3, p<O 05). When the delayed
201T] images instead of the early images were used, similar
differences between the 2 groups were seén for both the
visual and quantitative analyses.

Table2 presents the clinical characteristics of the pa-
tients who underwent 24-h ECG momtormg There were no
differences between the 2 groups in age, LV ejection frac-
tion or medications, including - blockers Ca antagonists,
and angiotensin-converting enzyme inhibitors. More Group
Il patients Had repetitive VPCs than Group I patients. Three
patients of Group Tl but none in Group I had ventricular
tachycardia (>3 conseciitive VPCS)

‘concentration (pg]n}l)

e -
1T (Figs 2A B

WaS 01'63161’ 11'1_«'~

NAKADATET etal.

i

 NE concentration (x10° pg/mi)

I n (Panel A), durmg the 30-min ligation, and just
rep;rfusmn (Panel B) in rafs. PC, precondmonma The number
of ammal PC (—) and PC (+) was 7 and 8 respecnvely

centration The ischemic
imilar-in ‘the PC! and 1non-PC groups of rats
(52. 0+12.8 and 59.5+8.3% of Lv, respectlvely) Before
coronary hgatlon there was no d1fference between the
2 groups in cardiac interstitial NE concentration. During
the 30-min ischemia, NE concentration increased malkedly
in the non-PC group, but the increase was significantly
attenuated in the PC group (Fl<7 3). After reperfusion, the
NE concentration decreased in both groups but was still
hlgher in the non-PC group than in PC group.. -

JBIEMIBG Accumulation in Rat Hearts. . B1I-MIBG
uptake' in the IR was significantly greater in. the PC group
than in the non-PC group (Fig4). This was also true for the
B1I-MIBG uptake ratio (IR/RR) (Fig5).

Discussion

In the present study, decreases in cardiac 12I-MIBG
uptake relative to the corresponding 201T] i images were less
extensive in patients with pre-infarction angina than in
those without the angina, suggesting sympathetic neural
preservation by brief 1schemla precedmg MI. This neural
PC assessed by MIBG was also revealed in the experimen-

Figd. Repiesentative examples of 131-meta-

1odobenzylguamdme (MIBG) autoradiography
. In rat hearts without (Panel A} and with pre-

jcondmomng (Panel B). BIL-MIBG uptake in

-the ischémic region (left ventricular free wall)
“. was greater in the rats thh precondmomm of
S bnef Ischemia.
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tal model of rat hearts and was preceded by attenuated NE
release into the cardiac interstitial space during the coro-
nary occlusion. To our knowledge, the present study is the
first to demonstrate sympathetic neural PC in human hearts
and a coupling of the attenvation of neural NE release
during ischemia and preserved sympathetic neural function
thereafter. We also observed that patients with pre-infarc-
tion angina had repetitive VPCs less frequently in the
chronic stage before hospital d1schar0e than those without
pre-infarction angina.

Effect of PC on Neural Function

During sustained myocardial ischemia, NE release is
primarily caused by a nonexocytotic mechanism, which is a
consequence of energy starvation of the sympathetic nerve
terminals®> MIBG is an analog of NE and shares the same
uptake and storage mechanism with NE at the sympathetic
nerve terminals!314 Preserved 1231-MIBG uptake in patients
with pre-infarction angina may, therefore, imply less im-
pairment of sympathetic nerve function after MI.

In the rat experiment, brief ischemia before prolonged
ischemia markedly suppressed an increase in the cardiac
interstitial NE levels during the subsequent prolonged
ischemia, a finding consistent with previous studies2!5 In
previous studies®!5 and our preliminary study, NE release
was not induced by ischemia of short duration (<10min)
and, therefore, the reduction of NE release during sub-
sequent, prolonged ischemia was not caused by release or
degradation of NE during the brief ischemia.

The underlying mechamsm of neural protection remains
unclear, but the reduction of NE release implies suppression
of energy starvation in the nerve terminals by PC# Activa-
tion of the Katp ,channel may be important in ischemic PC
of sympathetic nerves!3-17 However, Schémig et al reported
that reduced activation of the Na*—H* exchange after brief
ischemia may résult in theé suppression of NE telease dur-
ing subsequent, prolonged ischemiad Taken together, the
findings suggest that the mechanism for reducing ischemia-
induced NE release may involve inhibition of intracellular
Nat* accumulation. The suppression of NE felease by PC
might reduce NE-derived free radical formationi819 there-
by contributing to the preservatlon of neural function after
prolonged ischemia. Thus, in patients with pre-infarction
angina the brief ischeinia before MI could reduce NE
release and attenuate the. damave to sympathetm nerve
endings.

In both humans and expenmental animal studles of
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Fig5. 13!I-metaiodobenzylguanidine (MIBG) uptake
(Panel A) and the ratio of the uptake of the ischemic
region (IR) to the remote region (RR) (Panel B) in rat
hearts with or without preconditioning (PC). The num-
ber of animals in PC(-) and PC(+) was 8 and 9, respec-
tively.

MI2%-22 the sympathetic nerve injury assessed by MIBG
often exceeds the area of myocardial necrosis. Reduced
MIBG uptake is also found in patients with angina pectoris
but - without MI?3-25 These observations suggest that the
vulnerability of sympathetic nerves to ischemia may differ
from that of myocytes. In addition to neural PC, brief
ischemia before prolonged ischemia might reduce the
infarct size and, therefore, may have affected the TDS for
the 20171 and !23I-MIBG images in the present human
study. However, the present results of the human studies
also suggest that the influence of brief ischemia before MI
on the myocardium might be negligible or smaller than that
on the sympathetic nerve terminals.

Effect of PC on Ventricular Arrhythmias ,

Activation of the sympathetic nervous system after MI
may play an important role in arrhythmogenesis?6 In addi-
tion, heterogeneity of ventricular repolarization because of
heterogeneous sympathetic innervation after MI may have
a potential arrhythmogenic effect?’-2? A previous study
demonstrated that ventricular arrhythmias occurring in pa-
tients who had suffered MI were associated with increased
mortality during the follow-up period3® In a multicenter
study, paired VPCs after MI were associated with a more
than 3-fold increase in the odds ratio of mortality compared
with those with no VPC, and ventricular tachycardia with a
5- to 6-fold increase in the odds ratio3! The peri-infarct area
with normal flow tracer uptake but reduced MIBG uptake
is considered to be “denervated but viable” myocardium
that may be supersensitive to catecholamines, and therefore,
may be arrhythmogenic3?

Study Limitations

Some methodological limitations of this study deserve
comment in the interpretion of the present results. First,
tracer uptake of human hearts is often lower in the L'V infe-
rior region than in the other regions, especially with 1231-
MIBG 1ma<r1n033 However, the number of patients with
inferior MI was not different between the 2 groups in the
present study. The attenuation of reduced 123I-MIBG uptake
compared with 201T1 uptake found in patients with pre-
infarction angina was observed in patients with inferior MI,
as well as in those with other MI locations. Second, the
TIMI flow grade before the coronary intervention was not
significantly different between the 2 groups but there was
a trend fowards a greater number of patients with TIMI
grade =2 in Group Il (p=0.07). This antegrade flow before
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coronary intervention might protect the myocardium from
irreversible damage but not be sufficient to protect sympa-
thetic neuronal function, because the sympathetic nerve
is more vulnerable to ischemic injury than myocytes?324
This statistically insignificant difference between the 2
groups in antegrade ﬁow might partially affect the present
results.

tigraphy, early images were analyzed, because the early
123].MIBG image reﬁects the neuronal function better than®
the delayed nna0e34 and the early image of stress 201T] .
scintigraphy reﬁects the risk area of myocardial 1schemla_
better than the delayed, redistribution image. When the

delayed 201T1 images were used, similar differences be- -

tween 1251-MIBG and 20171 images were observed in the
present study. During stress 201T] scintigraphy, 2 patients
of Group I and 5 patients of Group II had stress-induced
ischemia in the peri-infarct region. When these patients
with stress-induced ischemia were excluded, the differ-
ences between 123I-MIBG and 201T1 in the TDS and the
number of segments with ADS >2 were still significantly
lower in Group I than in Group II. Thus, the existence of
residual ischemia might not primarily affect the present
results.

In conclusion, patients W1th brief ischemia before MI had
attenuation of sympathetic neural dysfunction, a phenome-
non termed “neural PC”, in association with a lower
frequency of repetitive VPCs. This neural PC assessed by
MIBG was also detected in experimental rat hearts and was
coupled with attenuatéd NE release from the sympathetic
nerve terminals during ischemia. Neural PC induced by a
pharmacological intervention, for example, KaTp channel
opener or Na*—-H* exchange inhibitor, could inhibit the
expansion of neural dysfunction, possibly leading to sup-
pression of ventricular arthythmias.
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Influence of f-Adrenoceptor Blockade on the Myocardial
Accumulation of Fatty Acid Tracer and Its
Intracellular Metabolism in the Heart After

Ischemia-Reperfusion Injury |

Norio Igarashi, MD; Takashi Nozawa MD Nozo:'“u Fujii, MD;
T; kayuk1 Suzulo MD; Akira Matsuk1 MD; Teruo Nakadate MD;
Akihiko Igawa, MD; Hll‘OShl Inoue, MD . :

“*gion of coronary artery in rats Myoéardral FA accumulation and mtracellular metabolites of FA tracer were deter-

mined 3 days after reperfusion using - and 31[-9- metylpentadecanorc acid (OMPA). Carvedilol significantly
_decreased SMPA accumulation in both the ischemic regiofi. (IR) and non‘IR as compared with vehicle, and

1ncreased its clearance However the’ non -metabolized 9MPA fraction was not different between carvedilol- and
.. vehicle-treated rats. Consequently, the amount of non-metabolizéd 9MPA in:the myocardium was lower in rats

. - propranolol

. treated with carvedilol than n those grven wvehicle. These effects of carvedll Ik 'ere not drfferent from those of

- ~.. Conclusion Beta—adrenoceptor blockade d1d not affect a v1sua1 assessment of the autorachocrraphlc image of
9MPA in hearts subjected to ischemia-reperfusion, but it accelerated the clearance of 9MPA in both the IR and
non-IR. The administration of -blockade before ischemia could accelerate the’ recovery from ischemia-reperfu-

sion 1n]ury by 1nh1b1t1n0 myocardlal FA accumulatron before [;’—oxrdatron

(Cire-J 2006; 70: 1509-1514)

Key Words: S-adrenoceptor blockade; Fatty acids; Ischermafreperfusxon, Meta};ohs;n; Myocardaurn;»_Ra&otracers

- uch evidence has demonstrated that treatment
M with f-adrenoceptor blockade in patients with

ischemic heart disease and chronic heart failure
can improve their symptoms:and prognosis.-The harmful
effects of adrenoceptor stimulation are related to increased
oxygen consumption and enhanced free fatty ‘acid (FFA)
use secondary to elevated levels of plasma FFA and to
increased intramyocardial lipolysis! However, it is still
unclear if $-adrenoceptor blockade has a beneficial effect
on the heart subjected to ischemia-reperfusion in terms of
myocardial fatty acid (FA) metabolism.. . :

Recently, branched-chain FA analogs, such as 1°3I 15-
,8 -methyl-p- 1odophenyl—pentadecan01c a01d (BMIPP) and
123]-15-(p-iodophenyl)-9-methylpéntadecanoic acid (IMPA),
have been clinically applied to assess FA metabolism in pa-
tients with ischemic heart disease?$ In contrast to a straight-
chain FA, methyl-branched FA analogs are. expected to
interfere. with. -oxidation because the metabolic process
requires e-oxidation before -oxidation? However, previous
stud1e58 10 demonstrated that branched—cham FA analous
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could be metabohzed Wrthm the myocaldrum by a- and -
oxidation, and cardiac imaging using these analogs could
1eﬂect at least in part, ‘myocardial FA metabohsm includ-
ing [:? oxidation. Most: patients with ischemic heart disease
are treated with -adrenoceptor blockade and therefore it is
important to clarify the influence of B-blockade on cardiac
accumulation of the FA tracer and its intracellular metabo-
lism. The purpose of this study was to determine the effect
of carvedilol on the autoradiographic images obtained using
OMPA, as well as alterations in the intracellular oxidation
of the tracer, in rat hearts after ischemia- reperfusmn mjury
and cornpare it with propranolol S

Methods

Experzmental Anzmals S

-~ All animal.experiments were in accordance wrth the
guidelines for animal experimentation and were approved
by the University of Toyama. :

- Male Wistar rats weighing 300 350 g were used for in-
duction -of. 1sche_rma-reperfusron injury: as .described pre-
viously!! Briefly, under ethér anesthesia, a left thoracotomy
was performed to expose the heart. The left coronary artery
was ligated 2-3mm from its origin ‘with a .5-0. Prolene
suture (Ethicon Inc, Somerville, NJ, USA) for 15min and
then the ligation was released. Sham operation was per-
formed using the same procedure except for the coronary
artery ligation. The rats were divided into 4 groups: saline
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Table 1 Plasma Concentrations of FFA, TG, and Glucose in the 4 Treatment Groups
Sham Vehicle = Propranolol Carvedilol .
(n=38) “(n=5) . (n=8) o (n=7)
FFA (mmol/L) 1.03£0.15 0.9040.16 0.89+0.20 0.93£0.14
TG (mgrdl) 31.8%94 24.2+11.7 35.5+£9.8 28.1+10.9
Glucose (mg/dl). _ 122.5%21.4 13412106 120.7:18.1 116.4£14.3
FFA, free fatty acids; TG, triglycerides. Mean+SD. .
LBIT.OMPA 1251_9MPA 14, NS p<0.05 p<0.01 p<0.05
1.2 | ~
1.0} :
: .
Sham y _L
0.8
5
é 0.6
: 0.4
. . 0.2
Vehicle 0
Sham  Vehicle. Propranclol Carvedilol
Fig2. Nine«methylpéntadecéﬁoi; acid (QMPA) accumulation ratio
" of the ischemic region (IR) to non-ischemic region (Non-IR) in sham-
" operated (n=4), vehicle (n=6), propranolol (n=6), and carvedilol rats
(n=5). (Open bars) PII-9MPA accumulation ratio; (solid bars) 125
OMPA accumulation ratio. Mean +SD.

Propranolol | _
assessed with 1311-and 125]-OMPA. 9MPA was prepared and
supplied by Daiichi Radioisotope Laboratory Co, Ltd
(Tokyo, Japan) and its radiochemical was more than 98%,
and its specific activity was 30~70 GBg/mmol.

Cardiac 9MPA Accumulation :

Carvedilol

Figl.. Representative examples of myocardial 9-methylpentade-
canoic acid (YMPA) accumulation shown by dual-tracer autoradiogra-
phy. BIOMPA, images obtained 5 min after tracer injection; 1251-
9MPA, 60 min after injection.

infusion (vehicle), carvedilol (1 mg/kg, iv), propranolol
(1mg/kg, iv), and sham operation. Beta-adrenoceptor block-
ade or saline was administered intravenously 10 min before
the coronary occlusion. Cardiac dual-tracer autoradiography
was performed to determine myocardial accumulation and
clearance of the FA analog 3 days after the ischemic insult.
In separate animals, thin-layer chromatography (TLC) was
performed to determine the intracellular metabolic products
of the FA analog 3 days after the ischemic insult. Cardiac
dual-tracer autoradiography and TLC were performed after
the animals were fasted for 24h before the study. Blood
sampling was performed during the TLC study to determine
plasma concentrations of FFA, triglycerides (TG), and
glucose. S A C o

FA Trdcers S el . v S
- In the present study, myocardial FA metabolism was

Dual-tracer autoradiography with 1311-OMPA and 125
9MPA was performed to determine the myocardial accumu-
lation and clearance of 9IMPA as described previouslyl0
Briefly, animals were injected intravenously with 0.74 MB
of 125I.OMPA and 55min later with 5.55MBq of 131I-
9MPA. The hearts were removed 5 min after the second in-
jection. Serial 20-um transverse sections were prepared.
The first autoradiographic exposure on an imaging plate
(BAS-UR, Fuji Film, Tokyo, Japan) was carried out for 8h
to reveal 131I-SMPA accumulation. The second exposure for
the 125-OMPA image was initiated 75 days later following
the decay of 131I-9MPA -activity, and required 30 days for
adequate image quality. With the present doses of 1311 and
123], the cross-talk between the 2 tracers was less than 3%10

To determine the myocardial accumulation of O9MPA, the
autoradiographic images were analyzed using a computer-
assisted imaging-processing system (BAS3000, Fuji Film)
as described previously!® The region of interest was put on
the left ventricular (L'V) anterior wall (ischemic region, IR)
and septal wall (non-ischemic region, non-IR) at the level
of papillary muscles, and the IR was defined as one-sixth
of the whole LV area around the center of ischemia o the
autoradiographic image!! The myocardial tracer uptake in
the IR and non-IR was normalized as a percentage of the
administered dose per gram of heart tissue (%dose/g) using
131]- and 125]-1abeled graded standards. The clearance. of
9MPA (ie, its washout rate (WR)), in the IR and non-IR

Circulation Journal Vol. 70, November 2006



Myocardial Fatty Acid Metabolism 1511

Table 2 Myocardial 9IMPA Accumulation and Washout Rate in the 4 Treatment Groups

BI] (%odose/g) 125] (%odoselg) WR (%)
IR Non-IR IR Non-IR IR Non-IR
Sham (n=4) 6.00+1.04 6.41%1.31 2.85+0.49 3.02+0.69 52.2%6.3*% 52.8%6.2
Vehicle (n=6) 4.7620.811 5.99+0.93¢ 3.02£041 3.12£0.28 33.3+5.6 46.819.7¢
Proranolol (n=6) 3.03£1.08* 4.52+0.59%%  1.17+0.15* 1.10£0.22* 56.1+18.0* 75.1£7.0%%
Carvedilol (n=5) 2.78+0.48* 4.21%£1.78%%  1.11+0.30* 0.9610.24* 59.6%£11.7* 73.3+12.4%4

WR, washout rate of 9MPA; IR, ischemic region,: Non-IR, non-ischemic region.

'p<0.01 vs sham, ¥p<0.01 vs vehicle, 1p<0.05 vs IR.

was calculated using the following equation:
WR (%)= (111 uptake—1251 uptake) x 100+ 131] uptake.

Analysis of 9MPA Metabolites .

Lipid extraction from myocardial tissues was performed
according to a modification of the method of Folch et all2
with the metabolic products of 9MPA being assessed by
TLC. A dose of 3.7MBq of 125I-9MPA was administered
intravenously under pentobarbital anesthesia. The hearts
were quickly removed 5min later and the LV tissue from
the IR and non-IR was separately homogenized. The radio-
activity of the 9IMPA metabolites was assayed by TLC on
aluminum sheets (RP-18F; Merck, Germany) in conjunction
with standard lipid preparations. The metabolites of IMPA
on the aluminum sheets were exposed on the imaging plate
for 14 days and quantified with a bioimaging analyzer
(BAS3000).. Two major metabolites of 9MPA detected on
the exposed images were 3-methylnonanoic acid (3MNA)
as the intermediate metabolite after 3 cycles of f-oxidation
from 9MPA, and p-iodo-phenyl acetic ac1d (PTPA) repre-
senting the final product of 9MPA13 S

Statzstzcal Analyszs o -

Data: are expressed as mean * SD Group compansons
were made using ANOVA followed by a Bonferroni test to
identify differences between the groups. Comparison be-
tween the IR and non-IR in each heart was performed by
paired t-tests.-A-value of p<0 05 was considered stat1st1cal—
ly swmﬁcant : .
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é=m PIPA
= 3MNA | Metabolized
SMPA fraction
@ OMPA = F103 Representatlve exa.mples of thin-layer chro-
matography of 9-methylpentadecanoic acid (IMPA)
3 days after reperfusion following 15-min coronary
_ ; occlusion. The bottom spots are 9MPA in the tri-
Nogn&e;a?ohzed glyceride (TG) pool. The sum of radioactivity from
raction the intermediate metabolites above 9MPA to p-iodo-
phenyl acetic acid (PIPA) was defined as the metab-
= TG pool - olized 9MPA fraction processed by p-oxidation.

3MNA, 3-methylnonanoic acid. Samples were ob-
tained from the ischemic region.

Results

Cardiac 9MPA Accumulation

None of the plasma levels of FFA, TG, or glucose dif-
fered among the 4 groups (Tablel). LV accumulation of
131]- and 1251-9MPA was homogeneous in the sham rats.
However, in the other 3 groups (ie, vehicle, carvedilol, and
propranolol groups) 131I-9MPA accumulation was lower in
the IR as compared with the non-IR. In contrast, 125I-9MPA
accumulation in the LV was relatively homogeneous in
these groups, suggesting slower 9MPA clearance in the IR
than in the non-IR (Figs1,2). Carvedilol decreased 13!1-
and 125I-OMPA accumulation in both the IR and non-IR,
and the WR of the tracer was significantly greater in the
carvedilol group than in the vehicle group (Table2). None
of the autoradiographic indices in the rats treated with
propranolol differed from those with carvedilol.

Analyszs of 9MPA M etabolites -

Representative examples of TLC in the IR and non~IR
are shown in Fig3. The sum of 3MNA, PIPA, and the other
intermediate metabolites processed via S-oxidation was de-
fined as the metabolized 9MPA fraction in the present
study. In rats treated with vehicle, the metabolized fraction
of the IR was less than that of the non-IR, and was also less
than that of the sham rats (Table3). Neither carvedilol nor
propranolol affected the metabolized or non-metabohzed
9MPA fraction in either the IR or non-IR..

The amount of non-metabolized 9MPA in the myocaI~ :
dium at 5min after the tracer injection was calculated from
the mean values of myocardial }31]-9MPA accumulation de-
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Table 3 Metabolized and Non-Metabolized 9MPA Fractions in the IR and Non-IR of the 4 Treatment Groups’

Non-metabolized fraction { %) Metabolized fraction (%)
IR Non-IR IR Non-IR
Sham (n=8) 40.0+6.9 39.2+5.1 60.0+7.2 60.8%5.3
Vehicle (n=5) 53.8+2.3* 46.0£6.6% 46.2+2.5* 54.047.0%
Propranolol (n=8) 48.9+4.5% 41.0+7.1% 51.1+4.6% 59.0+7.3%
Carvedilol (n=7) 51.6%1.6% 44.812.0¢ 48.4+1.7% 55.2+2. 14

Non-metabolized fraction, 9MPA fraction before B-oxidation; metabolized fraction, 9MPA fraction processed by B-oxidation.

Other abbreviations see in Table ].
*p<0.05 vs sham, ¥p<0.05 vs IR.

3.0

2.0

1.0

Non-metabolized IMPA (%dose/g)

Sham' e Vehicle : Prop'r"ani)lol Carvedilol

Figd. Amount of non—metabohzcd 9- methylpentadecanoxc acid
(9MPA) in the myocardlum calculated from mean values of 131]-
9MPA accumiulation in the ischemic (JR) and non-IR regions deter-
mined by autoradiography and the non-metabolized 9MPA fraction in
the corresporiding thin-layer chromatography study (Open bars) IR;
(solid bars) non-IR.

termined by dual-tracer autoradlography in each group and
the non-metabolized 9MPA faction in the corresponding
TLC study. As shown in Fig4, the amount of non-metabo-
lized 9MPA was decreased by carvedilol and propranolol
in both the IR and non—IR

Discussion

The major findings of the present study are as follows.
First, a single administration of carvedilol before transient
ischemia reduced myocardial 9MPA accumulation in both
the IR and non-IR 3 days after reperfusion. Consequently,
carvedilol did not affect a visual assessient of the autora-
diographic image of 9MPA, but accelerated its clearance
from both regions.-Secondly carvedilol suppressed the intra-
cellular accumulation of non-metabolized SMPA, which
implies that the administration of carvedilol before the onset
of ischemia might have a beneficial effect on myocardial
metabolism late in the reflow phase, because the accumula-
tion of FA intermediates such as long-chain acyl-coenzyme
A (CoA) and long-chain acylcarmtme has been implicated
in the acceleration of ischemic heart failure!4-16 Finally,
these effects of carvedilol were not different from those of
propranolol,- suggesting that the'f-adrenoceptor blocking
action of carvedilol might primarily contnbute to altera—
tlons in card1ac FA metabohsm

Eﬁ‘ects of B-Adrenoceptor Blockade on Cardiac FA Imaging

Branched-chain FA analogs such as 123I-BMIPP and
123]-9MPA are used clinically to assess FA metabolism in
patients with coronary heart disease?-6 Slow recovery of

the tracer uptake affer ischemic insult has been found in
both clinical and experimental studies!’-1 In the present
study, the reduced tracer uptake by the IR seen in the early
image after tracer injection was not present in the delayed
image because of slow ¢learance of the tracer in the IR a
ﬁndmg consistent with the previous study!0 :

Beta-adrenoceptor blockers, including carvedilol, are fre-
quently prescribed for patlents with coronary heart disease
and heart failure, so it is important to clarify their influence
on the distribution and intracellular metabolism of FA:trac-
ers in the myocardium. Miura et al reported that propranolol
inhibited the myocarchal accumulation of non-esterified FA
in ischemic canine hearts using fluorescent labeling? In a
study using positron emission tomography, carved1101 de-
creased the mean cardiac uptake rate of a long- chain FA
tracer in patients with_ischemic card10myopathy21 In the
present study, carvedilol suppressed myocardlal accumula-
tion of 9MPA in both the IR and non-IR and consequéntly,
the autoradiographic images from hearts treated with
carvedilol were visually similar to those from the vehicle
group; that is, reduced accumulation of tracer in the IR in
the early image and relatively homogeneous distribution of
the tracer in the delayed image. These effects of carvedilol
were not different from those of propranolol, suggesting
the primary influence of -adrenoceptor blocking action of
carvedilol is on tracer kinetics, but not other mechanisrns,
such as a-blocking or antioxidant effects, that have been
implicated previously?223 The present results also imply
that the efficacy of cardiac FA imaging for the detection of
coronary heart disease would not be decreased by treatment
with 3-blockers. :

Effects of f5- Blockade on Myocara’zal FA Metabolzsm Aﬁer
Ischemza-Repe;fuszon

Metabolism of ischemic t1ssue is characterized by de-
creased oxidation of long-chain FA with increased shunting
of FA to TG. Myocardial ischemia causes augmentation of
intramyocardial lipolysis, as well as increasing myocardial
extraction of FA from blood because of the mcreased plas-
ma concentration! Increased myocardial accumulation of
acyl CoA may exert several deleterious effects, including
uncoupling of oxidative phosphorylation, alterauon of mito-
chondrial permeability, and impaired sarcolemmal function
and intracellular Ca?* handling!-4 In the present study, the
amount of non-metabolized 9MPA in the IR of the vehicle

group did not decrease (Fig4), despite a significant decrease
in 9MPA accumnlation assessed by autoradiography. These

" results suggest that no reduction in the level of acyl CoA in

ischemia-teperfused myocardium may contribute to deteri-

oration or slow recovery of myocardial functiori.
Reduction in myocardial 9MPA accumulation induced

by carvedilol did not result from altered substrate availabili-
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ty, because there were no significant changes in the plasma
levels of FFA and glucose among the groups in the present
study. Nanki et al showed that metoprolol inhibited the
accumulation of acyl CoA in the mitochondria of ischemic
myocardium?’ Panchal et al demonstrated a 28% decrease in
the activity of myocardial camitiné palmitoyl transferase I
(CPT-I), a key enzyme involved in mitochondrial FA uptake
after metoprolol treatment in dogs with coronary micro-
embolization-induced heart failure?6 Moreover, DeGrado
et al have clearly shown a marked reduction in myocardial
accumulation of 14(R,S)-18F-fluoro-6-thia-heptadecanoic
acid in mice treated with the CPT-1 inhibitorZ’ Thus, the
decreased CPT-I activity by p-blockade may account for
the reduction in myocardial FA accumulation, especzally
long-chain acyl CoA after an ischemic insult.

Propranglol vs, Carvedilol .

Both' propranolol and carvedilol are non-selective -
adrenoceptor blocking agents, but carvedilol has a a1-
adrenoceptor blocking action and antioxiddnt property as
weli?223 In our preliminary study using sham-operated rats,
the heart rate reduction induced by the present dose of
carvedilol-(1 mg/kg) was similar to that -of propranolol
(Img/kg) (19.0£8.9%, n=8 vs 18.5+8.0%, n=8). Therefore,
the magnitude of S-blocking action of carvedilol might be
equivalent to that of propranolol in the present study. The
influence of carvedilol on 9MPA accumulation and its intra-
cellular metabolism did not differ from that of propranolo}.
Taken together, alterations in myocardial FA metabolism by
carvedilol might result primarily from its S-blocking prop-
erty. In a recent study by Gambert et al2® however, trime-
tazidine, an inhibitor of cardiac FA oxidation, improved
postischemic mechanical dysfunction in association with
reduced formation of free radicals in isolated rat hearts
after reperfusion following 30-min global ischemia. They
suggested that adverse effects of FAs on ischemia-reperfu-
sion injury might be mediated, at least in part, by free radi-
cals. In the present study, 15-min coronary occlusion fol-
lowed by 3-day reperfusion did not result in macroscopic
myocardial infarction, although we did not determine car-
diac hemodynamics or oxidative stress. It remains unclear
whether the antioxidant effects of carvedilol could attenuate
myocardial ischemia-reperfusion injury in the heart after
more prolonged coronary occlusion.

Study Limitations

Some methodologic limitations deserve comment. First,
we did not determine whether S-adrenoceptor blockade
might affect cardiac FA metabolism during ischemia or dur-
ing reperfusion. Many factors could contribute to myocar-
dial reperfusion injury, but free radical generation and
intracellular Ca?+ overload are considered as major factors
in reperfusion injury?® Carvediolol has an antioxidant prop-
erty, but its effect on IMPA metabolism was not different
from that of propranolol in the present study. Therefore, it
seems likely that the S-blocking action of these drugs might
affect cardiac metabolism during ischemia rather than dur-
ing reperfusion. Second, effects of p-blockade on cardiac
function were not evaluated in the present study. A 15-min
coronary occlusion did not result in myocardial necrosis in
our previous study!! and rats treated with and without S-
blockade did not show macroscopic myocardial infarction
in the present study. However, f-blockade before ischemia
might accelerate the recovery from myocardial stunning.
Previous studies have shown that p-blockade reduced in-
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farct size in the heart after more prolonged coronary occlu-
sion3031 Further studies are required to investigate whether
changes in FA metabolism by’ p-blockade may accelerate
recovery from myocard1a1 stunmng

Conclusions

The present. study results indicate that S-adrénoceptor
blockade does not affect the visual assessment of autoradio-
graphic images of FA tracer in the rat heart after ischemia-
reperfusion injury, suggesting that 8-blockade ‘does not
affect the capability of FA tracer to detect coronary heart
disease. Branched chain FA ‘analogs are processed, at least
in part, via a- and S-oxidation in the in-situ heart, and, there-
fore a dynamic study of FA tracer accumulation, including
9MPA and BMIPP, may provide useful information on
intracellular FA metabolism.
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