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Figl. Representative exercise ECG from a patient with (A) true-positive (TP: Vs) and (B) false-positive (FP: Vs) ST-
segment response. In the patient with a TP response, slow-rising ST-segment depression at peak exercise and at 1 min
afier exercise became downsloping at 3 min followed by its recovery at 6 min. That is, the ST slope transiently decreased
soon after exercise but increased with time in late recovery. In the subject with a FP response, a horizontal ST-segment
depression at postexercise 3 min became downsloping at 6 min; that is, the ST slope decreased in this late recovery.
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Fig2. Computer measurements of the ST slope. From ECG data for
all 8 leads (A), we computed the algebraic sum (Z1VI) of the
absolute value of voltage relative to the isoelectric Q-Q baseline (B),
which was used 1o determine the J-point. Once the J-point was deter-
mined, ST-segment displacements from the iscelectric Q-Q baseline
at the J-point and at Jeo were measured automatically (C). The ST
slope is derived as the slope connecting these 2 points. Vertical solid
and broken lines indicate the J-point and Jso, respectively.

malities such as prior myocardial infarction, ST-segment
depression, T-wave inversion, LVH, or bundle branch
block. We also excluded patients with atrial fibrillation or
frequent extrasystole (>10beats/min) and those with exer-
cise-induced ST-segment elevation (0.1 mV). All subjects
gave informed consent.

Patients were divided into the 2 groups according to the
results of coronary angiography and exercise SPECT per-
formed within 3 months after treadmill testing. The TP
group comprised 134 patients (62+9 years) who had angio-
graphical coronary artery stenosis (>50% luminal narrow-
ing). Inducible ischemia was confirmed by the presence of
reversible defects corresponding to coronary lesions. The
FP group included 64 subjects (63+10 vears) with normal
exercise SPECT images. Of them, 19 (30%) had undergone
coronary angiography and none had significant CAD.

We investigated the presence of a history of hyperten-
sion, which may be assoctated with a high incidence of
FPD in patients with mild LVH only discernible by echo-
cardiographic study?10

Treadmill Exercise ECG

Exercise testing was performed according to our proto-
col, which was similar to the modified Bruce protocol!! We
performed the test using a treadmill system (Formula,
Esaote, Italy), while simultaneously digitizing the ECG
data at 500Hz (12-bit resolution) from rest, during exer-
cise, and into recovery for at least 6min. A hard copy of the
standard 12-lead ECG at a paper speed of 25mm/s at rest,
at the end of each stage, at peak exercise, and every minute
into recovery was produced. Termination of exercise was
decided by the occurrence of exhaustion, ST-segment de-
pression >0.3mV, significant arrhythmias, moderately
severe angina, inadequate blood pressure response, or the
attainment of 90% predicted maximal heart rate.

Circulation Journal Vol 68, October 2004
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Table 1 Clinical Characteristics of the Study Population Table 2 Exercise Test Results
FP TP Fp TP I
(n=64) (n=134) (n=64)  (n=13q; PVOUe
M/F (n, %) 34/30(53/47) 118716 (88/12)%* Rest HR (beats/min) 72111 67+]171 <0.0]
Age (vears} 63110 6219 Rest SBP (mmHg) 139422 13244 <0.05
Coronary risk faciors Peak HR (beats/min) 149419 127421 <0.01
Hypertension (%} 44 60* Peak SBP (mmHg) 178427 160424 <0.01
Diabetes mellitus (%) 4 40* Exercise time (5) 5261150 480%136  <0.05
Medications Exercise-induced chest pain (%) 9 46 <001
Nitrares (%) 1 60** ST-segment depression (mV) 0208011 —0.2220.12  <0.0!
f-blockers (%) 16 STk —
Calcium-antagonists (%) 27 £8%* FF, fales-positive; TP, true-positive; HR, heart ratc; SBE systolic blood
Coronary artery disease pressire.
LMT (%) - !
SVD (%) - 45
DVD {%) - 33 Exercise Thallium-201 Scintigraphy
TVD (%) - 20

Values are mean+SD or numbers (percentage). **p<0.01 vs FP group. ¥p<
0.05 vs FP group. FF, fales-posiiive; TF, true-positive; LMT, left main tnmk
disease; SVD, single vessel disease; DVD, double vessel disease; TVD,
triple vessel disease.

On the ECG hard copies, we identified 2 significant ST-
segment depression according to the following criteria: (1)
horizental or downsloping ST-segment displacement at the
J-point 20.1mV; and (2) upsloping ST-segment displace-
ment at Jgo 20.15mV in at least 3 consecutive beats at peak
exercise. Arterial blood pressure was measured by a sphyg-
momanometer at the end of each stage, peak exercise and
recovery.

ECG Analysis

For the standard 12-lead ECG, only 2 of 6 limb leads are
actually recorded, and the other 4 leads are derived mathe-
matically from these 2 leads!? Our stress system capable of
reproducing the 12-lead ECG actually records 2 unique
limb leads (teads I and II) and 6 precordial leads in a simi-
lar manner. We performed the following analysis using the
digitized ECG data set of 8 leads (I, II, and Vi-s; Fig 2A).

To determine the ST slope, we found the peak of each R
wave in lead Vs, with which the QRS-T complex was aver-
aged over 5Sbeats to improve the signal-to-noise ratio, On
the QRS-T complex, we measured ST-segment displace-
ment at peak exercise and at every minute during the first
6 min postexercise, in a lead with a greater ST-segment de-
pression at peak exercise of either lead Vs or Ve. Because
the J-point determination is occasionally difficult, we
derived the algebraic sum (Z1V|) of the absolute value of
voltage relative to the isoelectric (Q-Q baseline from all 8
leads (Fig 2B). With reference to this curve, we determined
the J-point by detecting the point at which the curve most
closely approached the baseline (the lowest point of the
trough). If the curve did not have a distinct trough, the
J-point was assumed to be the inflection point at which a
steep descent of the curve was terminated. Once the J-point
was determined, ST-segment displacement from the Q-Q
baseline at the J-point and Jso was measured automatically
{Fig2C). From these 2 values, we calculated the ST slope
{mV/s}). The ST slope, treated as a continuous variable
ranging from negative to positive values, was used for the
later intra- and intergroup comparisons. The time-courses
of ST-segment depression and ST slope from peak exercise
to the 6-min recovery (every minute, 7time points) were
assessed.
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All subjects underwent bicycle exercise testing accord-
ing to the same end points as defined earlier. At near-maxi-
mal exercise, thallinm-201 was intravenously injected and
the patient was encouraged to exercise for another 1min.
SPECT images were obtained at 15 min (initial images) and
4h (delayed images). The images were reconstructed into
transaxial tomograms, which were assessed by 2 experi-
enced physicians unaware of the coronary anatomy. Thalli-
um uptake in myocardial segments was classified as
normal, mildly, moderately or severely reduced, or absent.
A reversible defect was defined when the classification of
uptake improved by at least one category from the initial to
the delayed image.

Statistical Analysis

All data are presented as mean =+ SD. Unpaired t-test was
used for comparisons between 2 groups, Differences in
categorical variables were analyzed by chi-square analysis.
The time-course of $T-segment depression and the ST
slope were compared by analysis of variance for repeated
measurement. When this test was significant, the Newman-
Keuls post-hoc multiple comparison was performed.

For convenience in presentation, the term ‘sensitivity” is
used to measure the percentage of subjects who met the
criteria for identifying FP results in the FP group. The term
‘specificity’ is used to measure the percentage of subjects
who did not fulfill the criteria in the TP group.

Performance of diagnostic criteria was evaluated using
receiver operating characteristic (ROC) curve analysjs!®!4
The area under the curve (AUC), which is a measure of the
discriminatory power of the index, was calculated for each
variable and these areas were compared statisticallyls A
p-value <0.05 was considered significant.

Results

Patient Characteristics

Although age was similar between the groups, the FP
group included more females than the TP group (p<0.01,
Table 1). Hypertension, common to both groups, was found
more frequently in the TP (60%) group than in the FP group
(44%, p<0.05). Approximately half of the TP patients
(46%) had single-vessel disease.

Treadmill Exercise Test

Resting heart rate and systolic blood pressure were
higher in the FP group than in the TP group (p<0.01 and
p<0.05, respectively; Table2). Exercise time, peak heart
rate and peak systolic blood pressure were also higher in the
FP group (p<0.05, p<0.01, and p<0.01, respectively}. Chest
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Fig3. Comparison of the recovery time-course of ST-segement depression changes at the Jso between the false-positive
(FP: closed circle) and true-positive (TP: open circle) groups. *p<0.01 vs TP.
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Figd4. Comparison of the recovery time-course of changes in the ST slope between the false-positive (FP: closed circle)

and true-positive {TP: open circle) groups. *p<0.01 vs TP,

pain, including atypical, equivocal, or typical features for
angina, occurred in 46% of the TP group and 9% of the FP
group (p<0.01) during the test. Maximal ST-segment
depression (Jso) was marginally but significantly greater in
the TP (-0.2320.15mV) than in the FP group (-0.20x
0.11mV, p=0.002, unpaired t-test).

Time-Course of ST-Segment Depression

Fig3 shows the time-course of the recovery of ST-
segment depression (Jso). At peak exercise and in early
recovery (at } and 2 min), ST-segment depression was sig-
nificantly greater in the TP group (p<0.01, all} than in the
FP group. No difference was observed at 3, 4, and Smin. In
the late recovery, ST-segment depression gradually recov-
ered toward the baseline in the TP group, but remained
unchanged in the FP group. Consequently, it was greater in
the FP group than in the TP group at 6min postexercise
(p<0.01). Despite these differences, ST-segment depres-
sion at any time point hardly differed between the 2 groups
because of a considerzble overlap, evidenced by the large

standard deviation.

Time-Course of the ST Slope

Fig4 shows the time-course of the recovery of the ST
slope. It decreased with time up to 3 min postexercise in
each group. During this period, the ST slope was signifi-
cantly lower in the TP group than in the FP group (all
p<0.01). Thereafter it continued to decrease in the FP
group, whereas it gradually recovered toward the baseline
in the TP group. Thus, in the late recovery, the ST slope in
the FP group changed in the opposite direction to that in the
TP group.

Fig5 shows the changes in the ST slope for each subject.
In the FP group, the ST slope decreased between 3 and
6min (0.12+0.55 to —0.28+0.50mV/s, p<0.001), whereas it
increased in the TP group (-0.25+0.77 to 0.06+0.52mV/s,
p<0.001). Most FP subjects (56/64, 88%) showed a de-
crease during this period, which was observed in only 19%
of TP patients (25/134).

The time-course difference in the ST slope (AST Slope,

Circulation Journal  Vol. 68, Ovtober 2004
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Fig5. Changes in ST slope from 3 to 6 min after exercise in the false-positive (FP: Left) and true-positive (TP: Right)
groups. Large closed circles and vertical lines represent means and 1 SD, respectively.
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Fig6. AST slope (ST slope at 6min minus that at 3min) is plotted for each subject in the false-positive (FP: Left) and

true-positive (TP: Right) groups.

ST slope at 6min minus that at 3min) is plotted for each
subject in Figh. When a decrease in the ST slope (AST
Slope <0mV/s) was set as the criterion for FPD, we could
discriminate FP from TP patients with a sensitivity of 88%
and a specificity of 81%. Conversely, its increase was
highly predictive for TP patients; AST slope 20.4mV/s was
100% predictive for TP patients (FP n=0, TP n=49) and
AST slope 20.0mV/s was 93% predictive for TP patients
(FP n=8, TP n=109).

Because coronary angiography was not performed in
70% of the FP group, we performed separate subgroup
analysis of subjects with (n=19) and without (n=44) angio-
graphy. As a result, the ST slope significantly decreased
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from postexercise 3- to 6-min in each group (p<0.001, for
both groups). AST slope was very similar between the 2
groups (-0.36+0.43mV/s with vs -0.42+0.35mV/s without
angiography, NS).

Comparison of Test Performance by ROC

Fig7 shows the ROC curves describing the ability for
the discrimination using the ST slope for 1, 3 and 6min
after exercise and AST slope. The AUC for AST slope was
significantly greater than that of the ST slope obtained at
any of the 3time points (p<0.01, all}.
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Fig7. Thereceiver operating curve (ROC) for the ST slope at postexercise 1-min {A), 3-min {B) and 6-min {C), and for
AST slope (D). The area under the ROC (AUC) for D was significantly greater than each AUC for A, B, or C (p<0.001,
all). In (D), closed arrow indicates the diagnostic values (sensitivity 88%, specificity 81%) by using AST slope of
<0.0mV/s as the criterion for false-positive subjects. Open arrow indicates the values (sensitivity 37%, specificity 100%)
by using AST slope of 20.4 mV/s as the criterion for true-positive patients.

Discussion

We have demonstrated that computer analysis of the
recovery time-course of the ST slope is a simple, reliable
method of discriminating FP from TP ST-segment re-
sponses. The accuracy using AST slope <0.0mV/s as the
criterion for FP response is considered to substantiafly
improve the diagnostic value of exercise ECG. Further-
more, the finding that AST slope 20.4mV/s counld correctly
identify TP responses without exception is important for
the interpretation of the exercise ECG. One can consider
that an exercise-induced ST-segment depression followed
by an ST slope increase from post-exercise 3 to 6 min would
credibly strengthen the diagnosis of CAD.- To our best
knowledge, there have been few studies conducted specifi-
cally to differentiate FP from TP ST-segment responses
using a simple ECG marker in a relatively large population.

Diagnostic Value of ST Slope

To improve the accuracy of the exercise ECG, various
indices have been proposed, including the degree of ST-
segment depression!1617 R wave amplitude changes!819
ST/HR slope202! ST index2l.22 QT dispersion??3 ST
slopel 7162425 and concomitant changes in hemodynamic
parameters!!7 Each has been reported to improve accuracy;
however, only a few are in clinical use, presumably be-

cause there has not been a dramatic increase in accuracy,
the method is complicated or ime-consuming, or both.

Downsloping or horizontal ST-segment depression is
more specific for CAD than upsloping depression!.” Fur-
thermore, the downsloping pattern has been reported as a
marker for severe ischemia®-2? Thus, the ST slope offers
some useful diagnostic information. Also, in CAD patients,
exercise-induced ST-segment depression often changes
from an upsloping or horizontal pattern during exercise to a
downsloping pattern in recovery?# Therefore, because the
ST-segment usually returns to baseline between 6 to 10min
postexercise, the ST-T time-course of CAD patients (ie, the
TP response) can be characterized by a transient decrease
in the ST slope scon after exercise with a gradual increase
toward baseline in late recovery?®

Unlike the characteristic time-course of the ST slope in
CAD patients, individuals with FPD often show several
patterns?® one of which was observed in the present FP
subjects. In it, the magnitude of ST-segment depression re-
mained almost constant and the ST slope rather decreased
from postexercise 3- to 6-min, whereas, in TP patients, both
ST-segment depression and ST slope recovered toward
baseline during this period. The directionally opposite ST
slope changes emphasized the intergroup difference, con-
tributing to accurate differentiation of the FPs from the
TPs.

Circulation_journal  Vol. 68, Ottober 2004
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Different Recovery Time-Courses of the ST Slope in the TP
and FP Groups

Despite the potential usefulness of ST-T time-course for
diagnosis, few smdies have focused on this possibility,
especially in conjunction with the ST slope32 In our analy-
sis, the postexercise ST slope in TP patients progressively
decreased up to 3mir, at which time it reached the lowest
value of less than zero (downsloping) and gradually in-
creased until 6min. The mechanism(s) for this postexercise
transient ST slope decrease in CAD is uncertain, but it
could be, at least partially, explained by the effect of heart
rate dependent J-point depression? In many CAD patients,
tachycardia-induced J-point depression would lower the
initial portion of ST-segment (ie, draw the ST-segment
upward) during exercise, thereby obscuring or masking the
downsloping depression, and the stowing of the heart rate
following exercise would readily unmask the downsloping
configuration. The subsequent progressive increase in ST
slope from 3- to 6-min postexercise reflects the recovery
process of the ischemia-induced electrophysiological im-
pairment.

On the other hand, we observed a progressive decrease
in the ST slope from 1- to 6-min postexercise in the FP
subjects. After becoming negative at 4min, the ST slope
further decreased until 6min, at which time the FP group
eventually had a lower ST slope with a greater ST-segment
depression than the TP group. This recovery time-course in
FP subjects, characterized by the inappropriately late aggra-
vation of ST-T abnormalities, has also been reported by
Malcom et al who examined patients with mitral valve
prolapse, a condition prone to FPD® The mechanism for
this late aggravation is unknown. Although the FP group
included many females (47%), in agreement with previous
reports!3 it is noteworthy that the prevalence of hyperten-
sion was considerably high (44%) compared with that in
the general population. In the presence of hypertension, im-
plicated as one potential cause of FPD?10 strenuous exer-
cise may acutely induce electrophysiological changes with
late ST-segment aggravation by & mechanism such as the
reduction of coronary flow reserve documented in those
patients$

Advantages of Computer Analysis

Our computer analysis method using an 8-tead ECG
ensures high-resolution analysis as well as objective and
reproducible measurements; in particular, in terms of the
J-point determination. Because it is difficult to precisely
determine the J-point in a single lead with ST-segment
depression, which may seriously affect the ST slope, we
incorporated the QRS information of all 8 leads in a single
complex (algebraic sum). Like other available systems, our
stress system yields the ST slope in mV/s to one decimal
place (eg, 0.3mV/s). However, those values were not used
for the analysis in the present study because the resolution
was considered insufficient. More importantly, the mea-
sured values are occasionally inaccurate because of errone-
ous determination of the Q-Q baseline or J-point. Although
AST slope could accurately differentiate FP from TP pa-
tients (Fig6), the absolute values were very small in most
subjects. We believe that high-resolution analysis can con-
tribute to accurate diagnosis of the presence or absence of
inducible ischemia by detecting the subtle ECG changes
that are otherwise undetectable by conventional methods
such as by a simple categorical judgement of the ST-
segment shape!”
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Porential Limitations

First, FPD are frequentiy seen in patients with abnormal
resting ECGs such as those with LVH46 valvular disease! 45
or cardiomyopathy? Because we examined subjects with a
normal resting ECG, our findings cannot be extrapolated to
those other categories of patients. Second, only patients
with both angiographically and scintigraphically docu-
mented abnormalities were enrolled into the TP group
because the diagnostic accuracy of SPECT is not perfect.
This is probably the reason why the positive predictive
value (68% =134/198) for our entire population seems to
be slightly lower than that previously reported. Further-
more, FPD was based on the normal exercise SPECT
imaging. and 70% of FP subjects did not undergo angiogra-
phy. Although the changes in ST slope from postexercise
3- to 6-min were similar in FP subjects with and without
angiographic results, we cannot completely exclude the
possibility that a number of FP subjects might have angio-
graphical CAD.

Conclusion

Our study has demonstrated that a simple observation of
the ST slope recovery time-course is very useful for dis-
criminating FP from TP ST-segment depressions. Although
our findings are currently confined to subjects with a
normal resting BECG, they should enhance the diagnostic
value of the exercise ECG and serve to reduce the number
of more costly, time-consuming and invasive procedures.
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Inhibition of Rho-Kinase in the Brainstem Augments
Baroreflex Control of Heart Rate in Rats

Koji Ito, Yoshitaka Hirooka, Yoji Sagara, Yoshikuni Kimura, Kozo Kaibuchi, Hiroaki Shimokawa,
Akira Takeshita, Kenji Sunagawa

Abstract—The Rho/Rho-kinase pathway in the nucleus tractus solitarii (NTS) of the brain stem contributes to blood
pressure regulation, Activation of this pathway might be involved in the central nervous system mechanisms of
hypertension. The aim of the present study was to determine whether baroreflex control of heart rate is altered by
inhibition of Rho-kinase in the NTS. Adenovirus vectors encoding dominant-negative Rho-kinase or B-galactosidase
were transfected into the nucleus tractus solitarti of Wistar Kyoto rats (WKY) and spontancously hypertensive rats
{SHR). Baroreflex control of heart rate was examined by changing arterial pressure with an intravencus infusion of
phenylephrine or sodium nitroprusside. The maximum gain of baroreflex control of heart rate was attenuated in SHR
compared with WKY before the gene transfer. Transfection of adenovirus vectors encoding dominant-negative
Rho-kinase significantly augmented the maximum gain in both WKY and SHR. The extent of this augmentation,
however, was greater in SHR than in WKY. After treatment with metoprolol, the maximum gain was significantly
decreased in rats transfected with adenovirus vectors encoding dominant-negative Rho-kinase, but not in nontransfected
rats. In contrast, after treatment with atropine, the maximum gain was greater in rats transfected with adenovirus vectors
encoding dominant-negative Rho-kinasc compared with nontransfected rats, although it was decreased in both groups.
These results suggest that inhibition of Rho-kinase in the NTS augments baroreflex control of heart rate, in both WKY
and SHR, probably because of a cardiac sympathoinhibitory effect. (Hypertension, 2004;44:478-483.)
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It is well established that the arerial baroreceptor reflex is
an important determinant of cardiovascular homeostasis. '
The major baroreflex pathway is in the brain stem, and
baroreceptor afferent inputs are initiatly integrated by neu-
rons in the nucleus tractus solitarii {(NTS).3* Baroreflex
control of heart rate {IIR) is impaired in various animal
models of hypertension as well as in hypertensive humans.s 7
Furthermore, evidence suggests that many vasoaclive sub-
stances, such as angiotensin I, affect sympathetic nerve
activity and modulate the baroreflex control of HR and
sympathetic nerve activity 3

The small GTPase, Rho, and its effector, Rho-kinase, are
involved in various cellular functions, including myosin light
chain phosphorylation and smooth muscle contraction.!?® 12
Activation of this pathway contributes to the pathophysiology
of hypertension.'* '* We previously reported that Rho/Rho-
kinase is present in the NTS and maintains arterial pressure
via the sympathetic nervous system, and that activation of the
Rho/Rho-kinase pathway in the NTS might contribute to the
hypertensive mechanisms.'>'? It is not known, however,
whether Rho/Rho-kinase in the NTS is involved in baroreflex
function. The Rho/Rho-kinase pathway in the central nervous

system is involved in the maintenance of dendritic spines.'®
Dendritic spines form the postsynaplic contact sites of exci-
tatory synapses in the central nervous system.'®2® Therefore,
the aim of the present study was to elucidate the role of the
Rho/Rho-kinase pathway in the NTS in baroreflex control of
IR in Wistar-Kyoto rats (WKY) and spontaneously hyper-
tensive rats (SHR). For this purpose, adenovirus vectors
encoding either dominant-negative Rho-kinase (AdDNRhoK)
or B-galactosidase (AdBgal) were transfected into the NTS in
vivo and mean arterial pressure (MAP)-TIR curves were
construcled using an intravenous infusion of phenylephrine or
sodium nitroprusside to examine baroreflex function in WKY
and SIIR.

Methods

This study was approved by the Committee on Ethics of Animal
Experiments, Kyushe University Graduate School of Medical Sci-
ences, and conducted according to the Guidelines for Animal
Experiments of Kyushu University. Male WKY or SHR (280 to 340
grams, 16 to 20 weeks old) were used in the present study. Rats were
obtained from an established colony at the Animal Research Institute
of Kyushu University Faculty of Medicine {(Fukuoka, Japan).!3-7
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In Vivo Gene Transfer Experiments

Adenoviral vectors encoding either the S-galactosidase gene or the
DNRhoK (Rho-binding domain of Rho-kinasc) genc were used as
described previously.'s Systolic blood pressure (SBP) was measured
before and at day 7 afler genc transfer using the tail-cuff method. At
day 7 after the gene transfer, we performed immunohistochemistry
for c-mye, an AADNRhoK tag protein, as described previously. '

Western Blot Analysis

We performed Western blot analysis for phosphorylated ERM
(p-ERM}) or total ERM family members (ezrin, radixin, mocsin),
which are target proteins of Rho-kinase?! and membranous or total
RhoA (1:1000; Santa Cruz Biotechnology) in the NTS of nontrans-
fected rats as described previously.'¢ Furthermore, we performed
Westera blot analysis for c-myc and p-ERM of brain tissue contain-
ing the injection sites in the NTS of AdDNRhoK-transfected rats
before and at day 7 after gene transfer.!®

Analysis of Baroreflex Control of HR

In AdDNRhoK-transfected rats or AdBgal-transfected rats, measure-
ment of the sensitivity of baroreflex control of HR was performed on
day 7 after the gene transfer.'® Under pentobarbital anesthesia (40
mg/kg IP), catheters were inscrted into the right femoral artery for
measurement of blood pressure and HR, and into the femoral vein for
infusion of phenylephrine or sodium nitroprusside. After animals
awoke from the anesthesia, analysis of baroreflex control of HR was
performed with animals in the conscious state. The femoral vein
catheter was connected to an infusion pump and progressive infusion
of phenylephrine (2 to 32 pa'kg per minute) at flow rates of 0.008 to
0.13 mL/min or sodium nitroprusside (5 to 10 ug/kg per minute) at
flow rates of 0.007 to 0.013 mL/min for | minute was performed to
induce changes in MAP between 40 and 50 tam Hg. The speed of the
increase or decrease in MAP was =0.8 nun Hg per second.”

Some animals (hydralazine-treated WKY or SHR, n=5 for each)
were treated with hydralazine hydrochloride in their drinking water
(0.6 mg/mL) for 7 days. On day 7 after treatment with hydralazine,
baroreflex control of HR was analyzed as described.

Effects of Autonomic Blockade

To examine the sympathetic and parasympathetic componeat of the
intcraction between Rho-kinase activity in the NTS and autonomic
innervation of the sinoatrial node, metoprolol (a selective B,-receptor
blocker, 2 mg/kg 1V, supplemented with 0.2 mg/kg 1V every 30
minutes) or atropine methyl bromide™? (0.2 mg/kg [V, supple-
mented with 0.02 mg/kg 1V every 30 minutes) was injected in the
nentransfected and AdDNRhoK-transfected rats. The measurement
of the gain of baroreflex control of HR was performed as described
previousty.”

Data Analysis of Baroreflex Control of HR

To analyze the baroreflex control of HR, HR and MAP data were
obtained every 2 seconds, and the relation between MAP and HR was
determined by fitting pairs of data points to a [ogistic function using the
computer program [gor Pro (Wave Metrics) as described previously.”
The logistic function used for data analysis conformed to the matke-
matical expression HR=P1/{1 +exp[P2AMAP—P3)]} +P4, in which P)
is the range of responses of the HR, P2 is the slope coefficient, P3 is the
MAP at the midpoint of the range for the HR, and P4 is the minimum
HR. The maximum gain of baroreflex control of HR was expressed as
—P1xP2/4 of the logistic function curve.”

Statistical Analysis

All values are expressed as mean*SEM. Two-way ANOVA was
used to compare the MAP and HR between the nontransfected and
AdJDNRhoK-transfected rats. Comparisons between any 2 mean
values were performed using Bonferroni correction for multiple
comparisons. An unpaired 7 test was used to compare the maximum
gain of baroretlex control of HR between groups. Differences were
considered statistically significant at P<0.05.
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Results

Analysis of AdDNRhoK Expression in the NTS
[mmunohistochemistry after AADNRhoK transfection re-
vealed c¢-myc expression locally in the NTS, where
AdDNRhoK was microinjected {(Figure 1A). In addition,
Western blol analysis revealed that c-myc expression was
significantly increased at day 7 after the transfection of
AdJDNRhoK in WKY and SHR (Figure 1B). The magnitude
of the increase in c-myc expression did not differ between
WKY and SHR (Figure 1B).

Effects of ADNRhoK Transfection on Blood
Pressure and HR

SBP and HR were significantly decreased on day 7 after the
gene transfer of ADDNRhoK in SHR and WKY. The mag-
nitude of the decrease in SBP and R, however, was
significantly greater in SHR than in WKY (ASBP: —39+4
versus —24+3 mm Hg; AHR: —98*8 versus —68*4 bpm,
n=6 for each; P<<0.05). In contrast, these variables did not
change in either strain in nontransfected or Adpgal-
transfected rats.'® To confirm the specific inhibitory effects of
AdDNRhoK transfection on Rho-kinase activily, we exam-
ined phosphorylation of the ERM lamily in rats transfected
with AADNRhoK into the NTS. Phosphorylation of the ERM
family was significantly reduced in AdDNRhoK-transfected
animals (Figure 1C),

Effects of Rho-Kinase Inhibition in the NTS on
Baroreflex Control of HR

[n the nontransfected group, the baroreflex curve shifted to
the right and the maximum gain of baroreflex control of HR
was significantly decreased in SHR compared with
WKY({—0.8%+0.1 versus —1.8+0.2; n=6 for each: P<0.01;
Figure 2 A and 2B). In AdDNRhoK-transfected rats, the
baroreflex curve shifted to the left and maximum gain of
baroreflex contrel of HR was significantly increased com-
pared with controls in both WKY {—2.7%0.3 versus
—1.8%£0.2; n=6 for each; P<(.05) and SHR (—-2.0%0.2
versus —(.8x0.1; n=6 for each; P<0.01; Figure 2A and 2B).
The magnitude of the augmentation of the maximum gain of
baroreflex control of HR was significantly greater in SHR
than in WKY {1.50.2 versus 2.5£0.1; data are expressed as
relative ratio to the control group of each strain, which was
assigned a value of 1). [n AdBgal-transfected rats, none of the
parameters was significantly different compared with those of
nontransfected rats (data not shown).

Effects of Blood Pressure Reduction on Baroreflex
Control of HR

In hydralazine-treated WKY (n=3), baseline MAP was
significantly decreased compared with nontreated WKY
(963 versus 116+ 3 mm Hg, P<0.01), and baseline TIR was
significantly increased (348 %7 versus 323+7 bpm, P<0.05).
There was no difference in the maximum gain of baroreflex
control of HR between hydralazine-treated WKY and non-
treated WKY {-1.7%20.2 versus —1.8+0.2; Figure 2C and
2D). In hydralazine-treated SHR (n=35), baseline MAP was
significantly decreased compared with nontreated SHR
(n=6) (123 =5 versus 160x3 mm Hg; P<0.01), and baseline
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[IR was significantly increased (36226 versus 339*4 bpm;
P<0.01). The maximum gain of baroreflex control of HR
was significantly increased in hydralazine-treated SHR com-
pared with nontreated SHR (—L.1%£0.1 versus —0.8*0.1;
P<0.05}), although the maximum gain of hydralazine-treated
SHR was smaller than that in nontreated WKY (—1.8+0.2
versus —1.1x0.1; P<0.01; Figure 2C and 2D). Although
hydralazine treatment produced a decrease in baseline blood
pressure as did AJDNRhoK-transfection in SIIR (baseline
MAP {352 versus 123%5 mm Hg), the improvement in
baroreflex control of HR was smaller in the hydralazine-
treated SHR than in AdDNRhoK-transfected SHR,

Effects of Inhibition of Rho-Kinase in the NTS on
Baroreflex Control of HR After

Autonomic Blockade

In nontransfected WKY, atropine significantly increased the
baseline IR {317+8 10 3355 bpm; n=6 for each; P<0.05)
and decreased the range of 1IR (11313 to 53%8 bpm;
P<0.01) and maximum gain of baroreflex control of HR
(—1.820.2 to —0.9x0.1; P<(.0), but did not significantly
change the baseline MAP (104%5 to 106=4 mm IIg; Figure

AdDNRhoK

Figure 1. A, Histochemical analysis for
site-specific c-myc expression within the
NTS. Scale bar indicates 1 mm. B, West-
em blot analysis for c-myc in the

medulla containing the NTS in WKY and
SHR, The c-my¢ expression level in SHR
was as same as in WKY, C, Western blot
analysis for p-ERM, substrates of Rho-
kinase before and after the gene transfer.
The level of p-ERM was significantly
reduced by the transfer of AdDNRhok,
hut not by that of Adfgal.

AdBeal

3A and 3B). Metoprolol significantly decreased the baseline
IR (304*2 to 272%4 bpm; n=6 for each; P<0.01) and
range of HR (11313 to 324 bpm; P<<0.01), and increased
the slope coefficient {—0.07x0.02 to —0.23+0.03 bpm/
mm Hg; P<0.01), but did not change the maximum gain of
baroreflex control of HR (—1.820.2 to —1.7%x0.2) and
baseline MAP (107£6 to 1076 mun Hg; Figure 3C and 3D},
In AdDNRhoK-transfected WKY, atropine significantly de-
creased the range of HR (10210 to 38+35 bpm; P<<0.01)
and maximum gain of baroreflex control of HR (—2.7+0.3 to
—1.4+0.1; P<<0.01), but did not alter the baseline MAP
(89x4 to §89+4 mm Hg; n=6 for each). Baseline HR in-
creased to 250+7 from 2416 bpm, but this increase was not
statistically significant (Figure 3A and 3B). Metoprolol sig-
nificantly decreased baseline HR {243%2 to 220=4 bpm,
P<0.01), the range of HR (102%{0 to 60x 10 bpm/min;
P<0.05), and the maximum gain of baroreflex control of HR
(—2.720.3 to —1.5%20.1; P<0.01), but did not aller the
baseline MAP (902 to 862 mm Hg; Figure 3C and 31D).
After treatment with atropine, the maximum gain of barore-
flex control of HR was significantly greater in AADNRhoK-
transfected WIKY than in nontransfected WKY (—1.4*0.3
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Figure 2. A, Average logistic function regression curves. B,
Average gain curves; a indicates nontransfected WKY; b,
AdDNRhoK-transfected WKY; ¢, nontransfected SHR; d,
AdDNRhoK-transtected SHR; n=6 for each. G, Average logistic
function regression curves. D, Average gain curves; g, nontrans-
fected WKY treated with hydralazine; f, nontransfected SHR
treated with hydralazine; n=6 for nontransfected animais and
n=5 for hydralazine-treated animals.

versus —0.9x0.1; P<0.05; Figure 3A and 3B). After treat-
ment with metoprolol, however, the maximum gain of barore-
flex control of 1R was not different between AdDNRhoK-
transfected and nontransfected WKY(—1.5+0.1 wversus
—1.7x0.2; Figure 3C and 3D).

Rho/Rho-Kinase Activity in the NTS

Expression of membranous RhoA, which represents RhoA
activity,?® was greater in SHR than in WKY (Figure 4 A). The
expression level of membranous RhoA in hydralazine-treated
SHR tended to decrease, but was not statistically different
from that in nontreated SHR {(Figure 4A). The level of
p-ERM, which represents Rho-kinase activity,?' was greater
in SIIR than in WKY (Figure 4 B). Furthermore, p-ERM
family levels in hydralazine-treated SHR were significantly
decreased compared with nontreated SHR, but significantly
increased compared with nontreated WKY (Figure 4B).

Discussion
The present study demonstrated that inhibition of Rho-kinase
in the NTS augments the baroreflex control of 1R in WKY
and SHR and improves the impaired barcreflex function in
SHR. The major effect of Rho-kinase inhibition in the NTS

Figure 3. Average logistic function regression curves of the in-
travenous injection of atropine (A4) or metoprolol (C). Average
gain curves of the intravenous injection of atropine (B} or meto-
prolol (0); a indicates nontransfected WKY: b, AdDNRhoK-
transfected WKY; g, nontransfected WKY injected with atropine
intravenously; h, AdDNRhoK-transfected WKY injected with
atropine intravenously; i, nontransfected WKY injected with
metaprolol intravenousty; i, AdONRhoK-transfected WKY
injected with metoprolo! intravencusly; n=8 for each.

on barorellex control of HR appears to be caused by inhibi-
tion of the cardiac-sympathetic component.

In nontransfected SHR, the maximum gain of baroreflex
control of HR was significantly decreased compared with
nontransfected WKY, consistent with previous reports.e’
Inhibition of Rho-kinase actlivity in the NTS by AdDNRhoK
increased the maximum gain in WKY and SHR; however, the
magnitude of the augmentation of the maximum gain was
significantly greater in SHR than in WKY. These results
indicate that Rho-kinase in the NTS contributes to maintain
baroreflex control of IIR in both strains, and activation of this
pathway contributes to impaired baroreflex control of HR in
SHR. Consistent with this suggestion, RhoA and Rho-kinase
activities were enhanced in the NTS of SHR compared with
WKY, as shown in Figure 4. Afler treatment with atropine,
the maximum gain was significantly decreased in both
nontransfected WKY and AdDNRhoK-transfected WKY.
Conversely, after treatment with metoprolol, the maximum
gain was significantly decreased in only AdDNRhoK-
transfected WKY. Furthertmore, afier treatment with atropine,
the maximum gain was significantly greater in AdDNRhoK-
transfected WKY than in nontransfected WKY, but afier
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Figure 4, Protein expression of RhoA and p-ERM in the NTS.
Data are expressed as relative ratio to WKY control, which was
assigned a value of 1. A, The expression of RhoA in membrane
and total RhoA. The graph shows the ratio of membranous
RhoA to total RhoA. The RhoA protein level in the membrane
fraction was significantly higher in SHR or hydralazine-treated
SHR than in WKY (n=3). "P<0.05 versus WKY. B, The expres-
sion of p-ERM and totat ERM. The graph shows the ratio of
p-ERM to total ERM. The p-ERM expression level was signifi-
cantly higher in SHR or hydralazine-treated SHR than in WKY
(n=3). "P<0.05, *"P<0.01 vs WKY, but the p-ERM expression
level was significantly reduced in hydralazine-treated SHR com-
pared with SHR {n=3). #P<0.05 vs SHR.

treatment with metoprolol, the maximum gain was not
different between AJDNRhoK-transfected and nontrans-
fected WKY. In the present study, we used adenovirus
veclors, which might cause an inflammatory response, There
is, however, no evidence that inflammation alfects cardiovas-
cular regulation.'® These results suggest that gene transfer
of AADNRhoK into the NTS affects the cardiac sympathetic
component of baroreflex function.”

There is a possibility that changes in arterial pressure by
intravenous infusion of phenylephrine or sodium nitroprus-
side affect the cardiopulmonary receptors. The activity of the
baroreceptors to pressure changes is decreased in animal
models of hypertension.2s Therefore, another experimental
design, such as stimulation of the aortic depressor nerve,
might be preferable. Tt is difficult to perform such an
experiment in the awake rat, however, because the stimulat-
ing electrode must be implanted for a long period of time.
However, the evaluation of the baroreflex function between
normotensive and hypertensive models using phenylephrine
or sodium nitroprusside has been widely used in previous
studies. 2o 2

Rho-kinase inhibition in the NTS decreased arterial pres-
sure, consistent with our previous report.'? The decrease in
blood pressure alone might affect baroreflex control of HR.
Therefore, we examined the baroreflex control of HR in
hydralazine-treated rats. In hydralazine-treated WKY, base-
line MAP significantly decreased, but the maximum gain did
not change compared with nontreated WKY, despite the fact
that blood pressure decreased to a similar extent as in
AdDNRhoK-transfected rats. In hydralazine-treated SHR,
baseline MAP significantly decreased and the maximum gain
was significantly increased compared with nontreated SHR,
although the value of the maximum gain of hydralazine-

treated SHR was smaller than in AdDNRhoK-transfected
SHR, despite the fact that blood pressure decreased to a
similar level as in AAdDNRhoK-transfected SIR, These
results indicate that the effects of Rho-kinase inhibition in the
NTS on baroreflex function are not simply caused by the
change in systemic blood pressure,

In conclusion, inhibition of endogenous Rho-kinase in the
NTS augments the baroreflex control of HR in WKY and
SHR and improves the impaired baroreflex function in SR,
The major elfect of Rho-kinase inhibition in the NTS on
baroreflex control of HR was probably caused by a cardiac
sympatho-inhibitory effect.

Perspectives

The precise mechanisms by which Rho-kinase inhibition in
the NTS augments the baroreflex control of [IR cannot be
determined [rom the results of our study. With regard to
cardiovascular disease, the Rho/Rho-kinase pathway contrib-
utes to hypertension'? 52 and endothelial dysfunction.?-3!
The neuronal Rho/Rho-kinase pathway contributes to den-
dritic spine formation, which forms the postsynaptic contact
site for the majority of excitatory synapses.'®-20.32 Recent
studies demonstrate that morphological changes in dendritic
spines occur rapidly* and are associated with glutamate
sensitivity.™ Furthermore, there are structural differences in
dendritic spines in the NTS between WKY and SHR.3®
Therelore, the Rho/Rho-kinase pathway might afTect synaptic
transmission in the NTS. Further studies are needed to clarily
the mechanisms underlying our observations,
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Bone Marrow-Derived Monocyte Chemoattractant Protein-1
Receptor CCR2 Is Critical in Angiotensin II-Induced
Acceleration of Atherosclerosis and Aneurysm Formation in
Hypercholesterolemic Mice

Minako Ishibashi, Kensuke Egashira, Qingwei Zhao, Ken-ichi Hiasa, Kisho Ohtani, Yoshiko Ihara,
Israel F. Charo, Shinobu Kura, Teruhisa Tsuzuki, Akira Takeshita, Kenji Sunagawa

Abstract—Angiotensin IT (Ang II) is implicated in atherogenesis by activating inflammatory responses in arterial wall cells,
Ang II accelerates the atherosclerotic process in hyperlipidemic apoE—/— mice by recruiting and activating monocytes.
Monocyte chemoattractant protein-1 (MCP-1) controls monocyte-mediated inflammation through its receptor, CCR2.
The roles of leukocyte-derived CCR2 in the Ang Il-induced acceleration of the atherosclerotic process, however, are not
known. We hypothesized that deficiency of leukocyte-derived CCR2 suppresses Ang II-induced atherosclerosis.

Methods and Results—A bone marrow transplantation technique (BMT) was used to develop apoE—/— mice with and
without deficiency of CCR2 in leukocytes (BMT-apoE—/—CCR2+/+ and BMT-apoE—/—CCR2—/— mice). Com-
pared with BMT-apoE—/—CCR2+/+ mice, Ang Il-induced increases in atherosclerosis plaque size and abdominal
aortic aneurysm formation were suppressed in BMT-apoE—/—CCR2—/— mice. This suppression was associated with
a marked decrease in monocyte-mediated inflammation and inflammatory cytokine expression.

Conclusion—Leukocyte-derived CCR2 is critical in Ang II-induced atherosclerosis and abdominal aneurysm formation.
The present data suggest that vascular inflammation mediated by CCR2 in leukocytes is a reasonable target of therapy
for treatment of atherosclerosis. {Arterioscler' Thromb Vasc Biol. 2003;24:e174-¢178.)

Key Words: atherosclerosis m angiotensin II m inflammation m leukocytes
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Excessive Increase in QT Interval and Dispersion
of Repolarization Predict Recurrent Ventricular

Tachyarrhythmia after Amiodarone

TAKESHI AIBA,*t WATARU SHIMIZU,* MASASHI INAGAKI,t KAZUHIRO SATOMI,*
ATSUSHI TAGUCHI,* TAKASHI KURITA,* KAZUHIRO SUYAMA,* NAOHIKO ATHARA,*
KENJI SUNAGAWA, 1 and SHIRO KAMAKURA*

From the *Division of Cardiology, Department of Internal Medicine, and the +Department of Cardiovascular
Dynamics, Research Institute, National Cardiovascular Center, Suita, Japan

AIBA, T., ET AL.: Excessive Increase in QT Interval and Dispersion of Repolarization Predict Recurrent
Ventricular Tachyarrbythmia after Amiodarone. Although chronic amiodarone has been proven to be
effective to suppress ventricular tachycardia (VT) and ventricular fibrillation (VF), how we predict the
recurrence of VT/VF after chronic amiodarone remains unknown. This study evaluated the predictive
value of the QT interval, spatial, and transmural dispersions of repolarization (SDR and TDR| for further
arrhythmic events after chronic amiodarone. Eighty-seven leads body surface ECGs were recorded before
{pre) and one month after (post) chronic oral amiodarone in 50 patients with sustained monomorphic VT
associated with organic heart disease. The Q-Tend (QTe), the Q-Tpeak (QTp), and the interval between
Tpeak and Tend (Tp-e) as an index of TDR were measured automatically from 87-lead ECG, corrected
Bazett’s method (QTce, QTcp, Tep-e), and averaged among all 87 leads. As an index of SDR, the maxi-
mum (max) minus minimum (min) QTce (max-min QTce) and standard deviation of QTce (SD-QTce) was
obtained among 87 leads. All patients were prospectively followed (15 = 10 months) after starting amio-
darone, and 20 patients had arrhythmic events. The univariate analysis revealed that post max QTce,
post SD-QTce, post max-min QTce, and post mean Tcp-e from 87-lead but not from 12-lead ECG were
the significant predictors for further arrhythmic events. ROC analysis indicated the post max-min QTce
>106 ms as the best predictor of events (hazard ratio = 10.4, 95%, CI 2.7 to 40.5, P = 0.0008). Excessive
QT prolongation associated with increased spatial and transmural dispersions of repolarization predict

the recurrence of VT/VF after amiodarone treatment. (PACE 2004; 27:901-909)

amicdarone, QT interval, dispersion, ventricular tachycardia, prognosis

Introduction

Spatial heterogeneity of ventricular repolar-
ization has been important as the genesis of ven-
tricular tachyarrhythmias.? The QT dispersion and
recovery time dispersion, which are assumed to
reflect the spatial heterogeneity,?? have been pro-
posed as a marker of electrical instability under
several conditions, such as congenital long QT
syndrome (LQTS).*~® On the other hand, recent
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experimental studies have suggested that transmu-
ral dispersion of repolarization (TDR) across the
ventricular wall (epicardial, midmyocardial (M),
and endocardial cells) was linked to ventricular ar-
rhythmias such as torsades de pointes (TdP) under
LQTS conditions.'®-1? The peak and the end of the
T wave in the ECG are reported to coincide with
repolarization of the epicardial and the longest M
cell action potentials, respectively,'® so that the
interval between the Tpeak and Tend (Tp-e) is ex-
pected to reflect TDR.1%1°

Chronic amiodarone therapy reduced slowly
activating delayed rectifier K™ currents (Ix) in
the ventricular myocardium,’® resulting in pro-
longation of action potential duration and sup-
pression of life-threatening tachyarrhythmia in pa-
tients with structural heart disease.’” Although
amiodarone is classified into Class IIl antiarrhyth-
mic agents, TdP is rare due to homogeneous pro-
longation of regional ventricular repolarization
{QT interval).’®® Previous studies have attempted
to show the effect of amiodarone on the QT interval
and QT dispersion in the standard 12-lead elec-
trocardiogram (ECG).?°~%? However, the change
of QT dispersion after amiodarone therapy was
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controversial. Moreover, the effect of amiodarone
therapy on TDR was reported only in some exper-
imental studies,®¥~%° but not in a clinical study.
In the present study, we measured the spatial and
transmural dispersions of repolarization obtained
from the 87-lead body surface mapping ECG be-
fore and 1 month after starting oral amiodarone,
and investigated the predictive value of these
repolarization parameters for recurrence of ven-
tricular tachyarrhythmias. Our results suggested
that excessive prolongation of the maximum
QTc interval associated with increased spatial
and transmural dispersions of repolarization pre-
dicted the risk of further arrhythmic events after
amiodarone.

Methods
Patient Population

We prospectively investigated 50 patients (39
-men, 11 women) with a mean age of 57 & 10 years
(Table Ij, who had been referred to the National
Cardiovascular Center between 1993 and 2001. All
patients had a history of symptomatic sustained
monomorphic ventricular tachycardia (VT) asso-
ciated with prior myocardial infarction (22 pa-
tients), dilated cardiomyopathy (21 patients), and
arrhythmogenic right ventricular cardiomyopathy
(7 patients). Mean left ventricular ejection frac-
tion (LVEF) was 31% % 12%, and 47 {94%) pa-
tients were in New York Heart Association func-

Table 1.
Patients Characteristics

Patients {n} 50
Age (yrs) 57 (10)
Gender (Men) 39
Basal disease (n)

prior Ml 22

DCM 21

ARVC 7
NYHA (171411 19/28/3
LVEF (%) 31(12)
VT rate {/min) 188 (29)
Medication [n (%)]

ACE-| 23 (46%)

B-blocker 17 (34%)

digitalis 14 (28%)
ICD (%) 15 {30%)

The data of Age, LVEF, and VT rate are presented as the mean
value {SD).

ACE-l = angiotensin converting enzyme inhibitor; ARVC =
arrhythmegenic right ventricutar cardiomyopathy; DCM = dilated
cardiomyopathy; LVEF = left veniricular ejection fraction; Ml =
myocardial infarction; NYHA = New York Heart Association
functional class; VT = ventricular tachycardia.
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tional class (NYHA) I or Il. All patients were in
sinus rhythm, and had no complete right or left
bundle branch block. They received oral amio-
darone with loading dose of 300 or 400 mg/day
for two weeks followed by maintenance dose of
150 or 200 mg/day. Dose or type of 8-blockers, an-
giotensin converting enzyme iuhibitor, and other
cardiac active drugs were not changed in all pa-
tients during the follow-up periods. The other an-
tiarrhythmic medications were discontinued for at
least five drug half-lives before administration of
oral amiodarone. The median follow-up periods
before amiodarone treatment were 5 months (1-156
months) and the incidence of pretreatment VT was
0.50 times (0.086-2.0)/month. The protocol of this
study was explained to all patients, and informed
consent was obtained from all patients.

Measurements of the 87-Lead Body Surface ECG

Eighty-seven-lead body surface ECG and stan-
dard 12-lead ECG were simultaneously recorded
with a VCM-3000 (Fukuda Denshi Co., Tokyo,
Japan) before (pre) and 1 month after (post) start-
ing oral amiodarone in all patients. The method
for recording have been detailed in previous stud-
ies.8.1415 These ECG data were simultaneously dig-
itized at 1.0 kHz in each channel, stored on afloppy
disk, and transferred to a personal computer with
the analysis program developed by our institution.
The 87-lead and 12-lead ECGs were analyzed using
an automatic digitized program. The Q-Tend inter-
val (QTe) was defined as the time interval between
the QRS onset and the point at which the isoelec-
tric line intersected a tangential line drawn at the
minimum first derivative (dV/dt) point of the pos-
itive T wave or at the maximum dV/dt point of the
negative T wave. When a bifurcated or secondary
T wave (pathological U wave) appeared, it was in-
cluded as part of the measurement of the QT inter-
val, but a normal U wave, which was apparently
separated from T wave, was not included. The
Q-Tpeak interval (QTp) was defined as the time
interval between the QRS onset and the point at
the peak of positive T wave or the nadir of the neg-
ative T wave. When a T wave had a biphasic or a
notched configuration, peak of the T wave was de-
fined as that of the dominant T wave deflection. If
the end and peak of the T wave was unidentifiable
because of the flat or low amplitude T wave (ampli-
tude < 0.05 mV), the lead was excluded. The QTe,
the QTp, as well as the Tp-e (QTe minus QTp) asan
index of TDR were measured automatically from
all 87-lead ECGs, corrected to heart rate by Bazett’s
method (QTce, QTcp, Top-e: QTe//RR, QTp//RR,
Tp-e//RR), and averaged among 87 leads. Each
point determined by the computer was checked
visually for each lead. As an index of spatial
dispersion of repolarization (SDR), the maximum
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minus minimum of the QTce {max-min QTce} and
standard deviation of the QTce (SD-QTce) among
all 87 leads was also measured.

Follow-Up

Patients were prospectively followed for a
maximum of 24 months after the second ECG
recording during oral amiodarone. The endpoint
was recurrence of sustained VT, ventricular fibril-
lation {VF), or sudden cardiac death. Sustained VT
was defined as a tachycardia of ventricular origin
at a rate of >100 beats/min and lasting for >30
seconds or resulting in hemodynamic collapse. No
patients received any antiarrhythmic drugs other
than oral amiodarone during the follow-up peri-
ods. The relationship between the repolarization
parameters obtained from 12- and 87-lead and sub-
sequent arrhythmic events was investigated.

Statistical Analysis

Data are expressed as mean * SD for con-
tinuous variables and percentage for categorical
variables, and compared by the paired ¢ test. Uni-
variate predictors of arrhythmic events were eval-
nated using the Cox proportional hazard model.
Multivariate Cox models were used to test the
independence of significant factors by univariate
Cox regression analysis, including clinical vari-
ables. The receiver operating characteristics (ROC)
curves, which analyze the sensitivity as the func-
tion of the complement of specificity, were used
to evaluate the accuracy of the repolarization pa-
rameters. Event-free curves were generated using
the Kaplan-Meier method, and compared by the
log-rank test. A value of P < 0.05 was considered
statistically significant.

Results

Change of Repolarization Parameters
with Chronic Amiodarone

Figure 1 illustrates superimposed 87-lead
ECGs before and after amiodarone in two cases.
In the first case (panel A), the max and min
QTce interval after amiodarone were similar to
those before amiodarone, thus the max-min QTce,
SD-QTce, and mean Tcp-e were not increased af-
ter amiodarone. On the other hand, in another case
(panel B), the max QTce was remarkably prolonged
after amiodarone compared to the min QTce, re-
sulting in increasing the max-min QTce, SD-QTce,
and rmean Tcp-e.

Table 2 summarized the change of repolariza-
tion parameters with amiodarone in all patients.
The RR interval was significantly prolonged af-
ter amiodarone, whereas QRS duration was not
changed. Among 12-lead ECG, although both the

PACE, Vol. 27

A Max-min QTe: 90 (90)

mv

|

before
RR=1003
Min QTe: 384 (383)
Max QTe: 474 (473)
Mean QTp: 351 {350)

Mean QTe: 435 (434)
Mean Tp-e: 84 (84)

SD-QTe: 21 (21)

Max-min QTe: 106 (102)
imyv
p—

|

RR=1068

after

Min QTe: 366 {354}
Max QTe: 472 (456)

Mean QTp: 366 (354) .

Mean QTe: 443 {429) SD-QTe: 19 (18)
Mean Tp-e: 78 (75) 200 ms
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200 ms
——

Figure 1. The superimposed 87-lead ECGs before and
after amiodarone in two cases {A and B). All data are
presented in ms. Max = maximum value among 87
leads; Min = minimum value among 87 leads; QTe =
Q-Tend interval; QTp = Q-Tpeak interval; Tp-e = Tpeak- .
Tend interval; Max-min QTe = difference between max
QTe and min QTe; SD-QTe = standard deviation of QTe
among 87 leads; Mean = average value among 87 leads.
{ ] = corrected to heart rate by Bazett’s method.
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Table Il
Change of Parameters with Chronic Amiodarone

Before After P
RR 836 + 137 1017 £ 130 <0.01.
QRS 111 £ 27 120 + 31 0.14
12-lead Max QTce 457+ 41 511168 <0.01
Min QTce 394445 4314+49 <0.01
Max-Min QTce 64+ 37 80+ 43 0.053
SD-GTce 20+ 13 24 +13 0.11%
V5 Tep-e 90+ 27 108+45 <0.01
87-lead Max QTce 47040 522460 <0.01
Min QTce 374 £30 400439 <0.01
Max-MinQTce 96+30 122143 <0.01
SD-QTce 197 26 12 <0.01
Mean QTce 425+ 37 463146 <0.01
Mean QTep 3414+ 31 363+£35 <001
Mean Tcp-e 85+13 101326 <0.01

Ali data are presented as the mean £ SD in ms. Max =
maximum value among 12 or 87 lead; Min = minimum value
among 12 or 87 leads; QTce = corrected Q-Tend interval;
Max-Min QTce = maximum minus minimum QTce; SD-QTce =
standard deviation of QTce among 12 or 87 leads; QTcp =
corrected Q-Tpeak interval; Tep-e = corrected Tpeak-Tend
interval,

max and min QTce were significantly prolonged
after amiodarone, the max-min QTce and SD-QTce
were not significantly changed (P = 0.053 and
P = 0.11, respectively). Among 87-lead ECG, both
the max and min (QTce were also significantly pro-
longed after amiodarone; the max QTce was more
prolonged compared to the min QTce, thus signifi-
cantly increasing the max-min QTce and SD-QTce.
Moreover, both the mean QTce and mean QTcp
were significantly prolonged after amiodarone; the
mean (JTce was more prolonged compared to the
mean QTcp, thus significantly increasing the mean
Tcp-e.

Clinical Outcome

Mean follow-up period was 15 &= 10 months
after the second recording of body surface ECG dur-
ing oral amiodarone. The arrhythmic events oc-
curred in 20 of 50 (40%) patients, however no pa-
tients had proarrhythmia. Three patients suddenly
died, probably due to VT, and the other 17 patients
developed recurrence of sustained monomorphic
VT. The recurrent VT had the same QRS mor-
phology as those documented before administrat-
ing amiodarone in 15 of the 17 patients. We dis-
continued treating with amiodarone in 11 of the
17 patients as a result of recurrent VT. There
was no difference in the amiodarone loading and
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maintenance doses between patients with (353 +
78 mg/day and 197 + 32 mg/day, respectively) and
without (374 £ 81 mg/day and 194 + 34 mg/day,
respectively) recurrence of VT/VF. We implanted
an implantable cardioverter defibrillator {ICD) in
15 (30%]) of the 50 patients, and VT was detected
by ICD in 6 (40%) of the 15 patients. In the remain-
ing 35 patients without ICD, 14 (40%) patients had
recurrence of VT or died suddenly. Thus, there -
is no detection bias for the arrhythmic events be-
tween patients with and without ICD. Moreover,
there was no significant difference in the clinical
outcome between patients with prier myocardial
infarction, dilated cardiomyopathy, and arrhyth-
mogenic right ventricular cardiomyopathy.

Predictors of Arrhythmic Events

Univariate predictors of arrhythmic events are
shown in Table IIl. Age, gender, basal heart dis-
ease, LVEF, NYHA functional class, previous VT
rate, and medical treatments were not related to
further arrhythmic events. No parameters from the
12-lead ECGs were significantly correlated to fur-
ther arrhythmic events. However, repolarization
parameters from the 87-lead ECG, such as post max
QTce, post max-min QTce, post SD-QTce, and post
mean Tcp-e, were significantly correlated to fur-
ther arrhythmic events. The ROC analysis showed
that these repolarization parameters from the
87-lead ECG were superior to those from the 12-
lead ECG, and the post max-min QTce from 87-lead
was the strongest parameter to predict further ar-
rhythmic events {Fig. 2). Moreover, the ROC curves
indicated the post max QTce of 510 ms, post max-
min QTce of 106 ms, post SD-QTce of 22.4 ms, and
post mean Tcp-e of 100 ms as the best cutoff point
of each parameters.

For the multivariate Cox analysis, clinical
variables (age, gender, basal heart disease, LVEF)
and the post max-min QTce from the 87-lead ECG,
which was the strongest predictor for arrhythmic
events, were entered as independent categorical
variables. As a result, post max-min QTce >106 ms
was a significant predictor of further arrhythmic
events after amiodarone treatment (hazard ratio
= 10.4, 95%CI: 2.7 to 40.5, P = 0.0008). Kaplan-
Meier event-free probability curves showed that
patients with post max QTce >510 ms had
higher archythmic events after amiodarone than
those < 510 ms (P = 0.0003, Fig. 3A). Simi-
larly, patients with post max-min QTce =106 ms,
post 5D-QTce >22.4 ms or post mean Tcp-e
>100 ms had highly arrhythmic events than those
<106 ms, <22.4 ms, or <100 ms (P < 0.0001,
P = 0.0007, and P = 0.002, respectively. Fig. 3B,
3C, 3D). The sensitivity, specificity, positive and
negative predictive values, and accuracy in these
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Table NI\,
Univariate Analysis of Arrhythmic Events after Chronic Amiodarone

Parameter Hazard

Variables Estimate Ratio 95% ClI P value
Age 0.015 1.02 0.97-1.06 0.50
Gender (M) 0.010 1.01 0.34-3.02 0.98
Prior Mi 0.085 1.08 0.45-2.63 0.85
LVEF < 30% 0.175 1.19 0.49-2.92 0.70
NHYA > 2 0.356 1.43 0.585-3.73 0.47
VT rate -0.011 0.99 0.97-1.01 0.20
ACE-! —-0.454 0.64 0.25-1.861 0.34
B-blocker —-0.459 0.63 0.23-1.78 0.38

. digitalis 0.326 1.49 0.58-3.84 0.41
pre-Max QTce (/ms) 0.005 1.005 0.99-1.02 0.39
post-Max QTce (/ms) 0.007 1.007 1.00-1.01 0.008
pre-Min QTce (/ms) 0.005 1.005 0.99-1.02 0.49
post-Min QTee (/ms) 0.002 1.002 0.99-1.01 0.72
pre-Max-Min QTce (/ms} 0.003 1.003 0.89-1.02 0.63
post-Max-Min QTce (/ms) 0.015 1.015 1.01-1.02 . 0.0005
pre-SD-QTce (fms) 0.008 1.008 0.95-1.07 0.79
post-SD-QTce (/ms} 0.04 1.04 1.01-1.07 0.007
pre-Mean QTce {(/ms) 0.004 1.004 0.99-1.02 0.52
post-Mean QTce (/ms) 0.007 1.007 0.99-1.02 0.07
pre-Mean QTcp {/ms) £.003 1.00 0.99-1.02 0.68
post-Mean QTcp (/ms) 0.004 1.00 0.99-1.02 0.56
pre-Mean Tcp-e {fms) 0.016 1.02 0.98-1.05 0.37
post-Mean Tep-2 (/ms) 0.018 1.018 1.01-1.03 0.004

pre = before amiodarone; post = after amiodarone. Abbreviations as in Table | and Table |l

parameters for further arrhythmic events were
shown in Table IV,

Change of Dispersions and VT/VF Recurrence

Figure 4 illustrates a scatter plot of the data
about changes of max-min QTce (ASDR} and mean
Tcp-e (ATDR) with amiodarone in patients with
and without recurrence of VT/VF. The ASDR and
ATDR were significantly larger in patients with
VT/VF recurrence after amiodarone than those
with no recurrence of VI/VF (49 + 34 ms vs 8 +
33 ms; P < 0.001, and 27 & 34 ms vs 8 &+ 15 ms;
P < 0.05, respectively).

Discussion

Effect of Amiocdarone on Spatial and Transmural
Dispersion of Repolarization

Amiodarone is one of the most potent an-
tiarrhythmic drugs in preventing life-threatening
arrhythmias.’” Several clinical studies demon-
strated that amiodarone prolonged the QT (QTc)
interval but did not increase QT (QTc) disper-
sion,”®~2? contributing to a very low incidence of

PACE, Vol. 27

TdP arrhythmias.!®1® Experimental studies in dog
model by van Opstal et al.’ and in isolated rab-
bit heart by Zabel et al.2® suggested that the low
incidence of TdP with amiodarone was due to
the homogenous local ventricular repolarization.
However, the standard 12-lead ECG had too small
number of leads to cover the whole area of body
surface, therefore QT (QTc) dispersion from the
12-lead ECG could not always reflect spatial dis-
persion of local ventricular repolarization from the
whole heart. Our results showed that the base-
line max-min QTce obtained from the §7-lead ECG
was larger than that from the 12-lead ECG. There-
fore, the 87-lead body surface ECGs might reflect
in more detail the spatial heterogeneity of ventric-
ular repolarization. Moreover, our results showed
that the max-min QTce and SD-QTce was increased
after amiodarone in patients with VI/VF recur-
rence but not in patients without VT/VF recur-
rence, which may represent the arrhythmogeneity
of the increase in SDR.

Recent experimental studies under long QT
conditions suggested that increasing TDR across
the ventricular wall was linked to ventricular
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arrhythmias,'®~1? and that the Tp-e interval in the
transmural ECG reflected TDR.Y* Previous experi-
mental studies reported that chronic amiodarone
reduced TDR in canine and human hearts.?32¢
These findings suggested that the decrease in TDR
with chronic amiodarone, may in part contribute
to its antiarrhythmic effect as well as low inci-
dence of proarrhythmias. This study is the first one
to demonstrate the change of Tcp-e interval with
chronic oral amiodarone, showing that chronic
amiodarone slightly but significantly increased the
mean Tcp-e, which may relate to the arrhythmoge-
nesis. However, our data also suggested that the
mean Tcp-e was not so much increased in pa-
tients without VT/VF recurrence after amiodarone
compared to those with VT/VF recurrence (Fig.
4). These results are consistent with the report by
Merot et al.?® that chronic amiodarone induced a
moderate QT prolongation without affecting TDR.

Prognostic Value of QT Intei'val, and Spatial
and Transmural Dispersions

Amiodarone has differential effects of the two
component delayed rectifier K* currents: rapidly
component (fy;) and slowly component (Ixs).
Kamiya et al. reported that short-term treatment of
amiodarone inhibited primarily Ik, whereas long-
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04 06 08 1 ing arrhythmic events after amio-

darone. ( } = area of under curve.

term treatment reduced Ik in the rabbit ventricu-
lar myocardium.'® Lynch et al. suggested that se-
lective blockade of Ix; was useful to prevent ven-
tricular arrhythmias even though the QTc inter-
val was modestly (+7%) increased.?” Recent stud-
ies suggested the excessive prolonged QTc inter-
val was associated with the increase in mortal-
ity in patients with dofetilide treatment,?® and
advanced heart failure.?® These previous studies
have supported our data that patients without pro-
longed max QTce (< 510 ms) after chronic amio-
darone had less recurrence of VI/VF compared
to those with the excessive prolonged max QTce
(>510 ms).

On the other hand, several studies have in-
vestigated the value of QT dispersion in the
12-lead ECG for prediciing ventricular arrhyth-
mias or other adverse events in various cardiac
diseases,>® but the results are controversial.39.21
Previous retrospective studies suggested no sig-
nificant relationship between QT dispersion in
the 12-lead ECG and further arrthythmic events af-
ter amiodarone.?®2! Qur results also showed no
significant correlation between the repolarization
parameters from the 12-lead ECG and further ar-
rhythmic events after amiodarone. Although the
variability of data in max QTce from the 12-lead
ECG were not so different from that of the
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