408

J Physiol Sci (2010) 60:407-413

flow capacity due to the loss of sympathetic nerve-medi-
ated graft vasoconstriction.

Materials and methods
Animal preparation

Animal care was provided in accordance with the Guiding
Principles for the Care and Use of Animals in the Field of
Physiological Sciences approved by the Physiological
Society of Japan. All protocols were approved by the
Animal Subject Committee of the National Cerebral and
Cardiovascular Center. Five adult mongrel dogs (weighing
24-35 kg) were anesthetized with intravenous pentobarbi-
tal sodium (25 mg/kg) and intubated endotracheally for
artificial ventilation with isoflurane and 100% O,. After a
median sternotomy, the heart was suspended in a pericar-
dial cradle. To measure systemic arterial pressure, we
placed a fluid-filled catheter in the left subclavian artery via
the left brachial artery and connected it to a pressure
transducer (DX-200; Nihon Kohden, Tokyo, Japan). The
junction of the inferior vena cava and the right atrium was
taken as the reference point for zero pressure. An ultrasonic
flowmeter (20A594; Transonic Systems, Itaca, NY) was
placed around the ascending aorta to measure cardiac
output. Electrocardiography leads were also placed for the
monitoring electrocardiogram. A catheter was inserted into
the femoral vein for fluid replacement (1 ml/kg/h of
Ringer’s solution). All protocols were performed under
open chest conditions.

Pedicled ITA grafting

The left internal thoracic artery (LITA), together with the
surrounding veins, muscle, and fascia, was harvested as a
pedicled graft using electrocautery. The LITA was har-
vested from the bifurcation of the musculo-phrenic and
superior epigastric arteries up to the upper margin of the
first rib or higher. All intercostal branches of the LITA
were ligated. After systemic heparinization, the LITA was
clamped, and the distal end of the LITA was cut and
anastomosed to the left anterior descending artery (LAD).
The same surgeon (D.U.) performed the LITA-LAD
anastomosis without cardiopulmonary bypass. The heart
and the LAD were stabilized using a compression-type
mechanical stabilizer (Mini-CABG system; United States
Surgical Corporation, Norwalk, CT). A shunt tube was
inserted into the LAD to prevent myocardial ischemia
during anastomosis. The anastomosis was placed in the
mid-LAD [8]. The anastomosis was created using a con-
tinuous 7-0 polypropylene suture. The proximal LAD was
first ligated after the LITA-LLAD anastomosis, and then the
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LITA was declamped. An angiography was performed
after the anastomosis to confirm the absence of stenosis or
spasm in the LITA-LAD anastomosis. The LITA graft was
sprayed with dilute papaverine (4 mg/ml) to prevent
spasm. An ultrasonic flowmeter (2.55261; Transonic Sys-
tems) was placed around the LITA just proximal to the
anastomosis. The left stellate ganglion was carefully
exposed through a median sternotomy, and a pair of plati-
num electrodes was attached to it without decentralization.
The nerve and electrodes were covered with a mixture of
silicone gel (Kwik-Sil; World Precision Instrument, Sara-
sota, FL). Protocol 1, described below, was carried out
following the pedicled LITA grafting.

Skeletonized ITA grafting

Following the completion of protocol 1, the tissue sur-
rounding the graft (including fascia and lymphatics) was
stripped up to the most proximal part of the LITA graft in
order to skeletonize the LITA graft. The side branches of
the LITA were ligated. Fat tissue around the graft was
removed as completely as possible based on macroscopic
inspection. The adventitia was left as the outermost layer
of the graft. The graft was not touched directly with
forceps. The graft was sprayed with dilute papaverine
(4 mg/ml). After skeletonizing the LITA graft, protocol 2
followed.

Experimental protocols

Since skeletonization always followed pedicled harvesting,
protocol 1 (pedicled LITA graft flow measurement) was
performed before protocol 2 (skeletonized LITA graft flow
measurement) in all dogs. The stimulation of the left
sympathetic stellate ganglion for adjusting the voltage
amplitude was performed at least 30 min before protocol 1
was initiated.

Protocol 1

The left sympathetic stellate ganglion was electrically
stimulated at least 30 min after the completion of the
experimental preparation of the pedicled LITA grafts. The
frequency of stimulation was increased stepwise from 0 to
10 Hz with increments of 2 Hz. Each step was maintained
for 60 s. The pulse duration of the stimulus was set at 5 ms.
The voltage amplitude of stimulation (2-5 V) was adjusted
in each animal to yield an increase in arterial pressure of
approximately 30 mmHg with 10 Hz stimulation. Graft
flow, arterial pressure, and cardiac output were recorded
for 7 min, which included a 2-min baseline and 5 min of
stimulation. These data were sampled at 200 Hz using a
12-bit analog-to-digital converter [AD12-16U(PCI)E;
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CONTEC, Osaka, Japan] and stored on the hard disk of a
dedicated laboratory computer system.

Protocol 2

At Jeast 30 min after the completion of the experimental
preparation of the skeletonized LITA grafts, the left sym-
pathetic stellate ganglion was electrically stimulated in a
similar fashion to protocol 1, while all variables were
recorded and stored.

Data analysis

Heart rate was calculated from the arterial pressure wave-
form. Myocardial oxygen demand was estimated as double
product (pressure-rate product) and calculated as the
product of systolic arterial pressure and heart rate [9]. All
variables were averaged during the last 20 s of each elec-
trical stimulation level.

Statistical analysis

All data are presented as the mean = standard error (SE).
In each protocol, one-way repeated measures analysis of
variance (ANOVA) followed by Dunnett’s test was used to
compare variables at each stimulation against the baseline
value. The paired ¢ test was used to compare variables
between pedicled and skeletonized LITA grafts at each
stimulation level. Linear regression analysis was used to
examine the relationship between the double product and
graft flow. Differences were considered to be significant at
a threshold of P < 0.05.

Results

Prior to sympathetic stimulation, baseline graft flow
(under spontaneous sympathetic outflow) was greater in
skeletonized ITA than pedicled ITA (Table 1). Other

Table 1 Hemodynamic parameters and graft flow before stimulation

Hemodynamic parameters Pedicled Skeletonized P value

Heart rate (beats/min) 104 & 8 106 8 NS

Mean arterial pressure 94 £7 93+£7 NS
(mmHg)

Cardiac output (ml/min/kg) 83 + 17 74+£9 NS

Double product 11368 £ 834 11346 £ 621 NS

(mmHg beats/min)

Graft flow before stimulation  22.6 &+ 2.7 278 £19 <0.05

(ml/min)

Values are given as the mean =+ standard error (SE)
NS Not significant

hemodynamic parameters, including heart rate, cardiac
output, mean arterial pressure, and double product, did not
differ significantly regardless of harvesting technique.

Graft flow patterns at baseline and under sympathetic
stimulation are shown in Fig. la. Sympathetic stimulation
increased graft flow (P < 0.05) similarly in skeletonized
and pedicled ITA grafts, and maximal flow was compara-
ble to each other at 10-Hz stimulation [nonsignificant (NS)
difference] (Fig. 1b). Increases in systemic arterial pressure
and heart rate did not differ significantly between the two
techniques (Fig. 2), and increases in myocardial oxygen
demand in response to sympathetic stimulation, as esti-
mated by double product, were likewise similar.

Graft flow (y) correlated well with the double product
(x) in both pedicled (y = 2.6 x 1073x — 8.4, R* = 0.73)
and skeletonized ITA (y = 2.3 x 107x — 0.7, R? = 0.69).
The slope and y-intercept did not differ statistically
between the two techniques (Fig. 3).

Discussion

The choice of either skeletonized or pedicled ITA grafts for
CABG may be an important decision from both the tech-
nical and clinical viewpoints; however, clear evidence
demonstrating the advantage of either method over the
other is not yet available. In this study, we have shown that
graft flow increased to a similar level during maximal
sympathetic stimulation in both pedicled and skeletonized
ITA grafts. These results do not support our hypothesis that
the skeletonized ITA would provide larger flow capacity
and indicate that coronary vasodilatation in response to
increased myocardial oxygen demand is a stronger deter-
minant of graft flow than any possible increase in the
vascular resistance of ITA itself. Our study also demon-
strates that both skeletonized and pedicled ITAs were able
to supply adequate graft flow after CABG even during
intense sympathoexcitation.

There are several possible explanations for the differ-
ence in graft flow under baseline conditions. First, a loss of
sympathetic innervation in the skeletonized graft may have
dilated the ITA relative to the pedicled graft under baseline
conditions. In support of this explanation, Takami et al. [7]
reported that the diameter of the ITA just proximal to the
anastomosis is significantly larger in the skeletonized ITA
than that in the pedicled ITA. Dénmez et al. [10] reported
that the diameter of ITA becomes statically larger by the
stellate ganglion blockade. In a preliminary study, we
observed that electrical stimulation of the stellate ganglion
decreased ITA flow before harvest. Therefore, vasocon-
striction may occur in the pedicled ITA during sympathetic
stimulation. However, in this study we did not perform
simultaneous measurements of the graft flow and diameter
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Fig. 1 a Typical representative
recording of graft flow with
pedicled and skeletonized
internal thoracic arteries (/TAs)
during sympathetic nerve
stimulation. b Mean graft flow
with pedicled (closed circle)
and skeletonized (open circle)
ITAs during sympathetic nerve
stimulation. Data are shown as
the mean =+ standard error (SE).
TP < 0.05 vs. baseline,

P < 0.01 vs. baseline,

*P < 0.05 pedicled vs.
skeletonized

Fig. 2 Changes in mean arterial
pressure, cardiac output, heart
rate, and double product with
pedicled (closed circle) and
skeletonized (open circle) ITAs
during sympathetic nerve
stimulation. Data are shown as
the mean + SE. TP < 0.05 vs.
baseline, *P < 0.01 vs. baseline
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Fig. 3 Scatter plots and regressions between the double product and
graft flow with pedicled (closed circle, solid line) and skeletonized
(open circle, dashed line) ITAs. Regression lines did not differ
between the two groups. y Graft flow, x double product

because the use of contrast medium in angiography may
have affected the graft flow through its vasodilatative effect
on the coronary artery [11].

Another explanation may be the difference in back-
ground sympathetic tone. As the skeletonized graft flow
was always studied in the later phase of the experiment,
when background sympathetic tone and myocardial meta-
bolic demand may be higher, skeletonized graft flow may
have been higher for this reason. The presence of similar
hemodynamics during the two protocols, however, does not
directly support this explanation. The hemodilution seen
predominantly in the later phase of the experiment may
also have contributed to higher flow through the skele-
tonized graft under baseline conditions.

The fact that graft flows were similar between the
skeletonized and pedicled ITAs during maximal sympa-
thetic excitation indicates that the resistance of the ITA
graft was much smaller than that of the native coronary
bed, even when the coronary bed was maximally dilated to
meet the oxygen demand present with maximal sympa-
thetic stimulation. In other words, both the skeletonized
and pedicled ITAs would appear to provide sufficient flow
reserve to the LAD area. In contrast, it has been reported
that free flow, which may represent the maximal flow
capacity of the ITA itself, is greater in the skeletonized ITA
than in the pedicled ITA [2, 3]. Despite these previous
findings, because the maximally dilated native coronary
bed would be the most practical downstream conduit to test
the difference between the skeletonized and pedicled ITAs,
we believe that the difference in sympathetic innervation
does not affect the maximal flow significantly under
anastomosed conditions.

In addition to the effects of downstream resistance,
local mechanisms would also contribute to the observed
difference in flow between the pedicled and skeletonized
ITA grafts. Complete sympathetic denervation with the
local application of phenol to the skeletonized ITA further
increased graft flow (unpublished observation), suggesting
that there remains a certain sympathetic innervation in the
skeletonized ITA. Even though sympathetic denervation
may not be complete after skeletonization, we believe that
our skeletonization did not differ greatly from those
clinically performed by surgeons. Deja et al. [4] reported
that skeletonization increases the reactivity of ITA to
norepinephrine in vitro. Their study may support our
results. Prior to sympathetic stimulation but under spon-
taneous sympathetic outflow, the amount of endogenous
norepinephrine release to the skeletonized ITA may be
relatively smaller than that to the pedicled ITA; as such,
the sympathetic vasoconstriction would be negligible in
the skeletonized ITA. This may explain the larger graft
flow in the skeletonized ITA prior to sympathetic stimu-
lation. Under maximal sympathetic stimulation, however,
hyperreactivity to endogenous norepinephrine in the
skeletonized ITA may cause the sympathetic vasocon-
striction similar to that occurring in the pedicled ITA.
This local mechanism may also partly account for why
graft flow was comparable between the pedicled and
skeletonized ITAs during maximal sympathetic stimula-
tion. Although the results from several pharmacological
studies suggest that norepinephrine-induced vasoconstric-
tion does occur in the ITA [12, 13], there have been no
reports assessing the tissue norepinephrine concentration
of ITA during sympathetic stimulation. Further investi-
gations are necessary to gain an understanding of the
difference in norepinephrine reactivity between the pedi-
cled and skeletonized ITAs.

Some publications have reported several advantages of
the skeletonized ITA grafts other than the potential
increase in graft flow at rest [1, 14]. Firstly, skeletonization
lengthens the ITA, thereby providing access to more distal
targets in the coronary artery [15]. Second, skeletonization
improves blood supply to the sternum (measured by single
photon emission computed tomography) [16] compared
with pedicled harvesting. Third, skeletonization decreases
the incidence of postoperative respiratory dysfunction
because of less invasive harvesting (i.e., preserved pleural
integrity in skeletonized ITA vs. pleurotomy in pedicled
ITA) [17, 18]. Lastly, skeletonization markedly reduces
anterior chest pain and dysesthesia 3 months after surgery
[19]. In contrast to these advantages, skeletonization has
the minor disadvantages of greater technical difficulty,
longer harvesting duration, and potential damage to the
graft.
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Limitations

This study has several limitations. First, because skele-
tonized graft flow measurements always follow pedicled
graft flow measurements in the same dog, the effect of time
sequence on graft flows cannot be ruled out. Nevertheless,
the similar hemodynamic response to sympathetic stimu-
lation between protocol 1 and 2 (Fig. 2) suggests that the
animal conditions did not deteriorate considerably. Second,
the perfusion area of LITA was limited to the LAD region.
If we had used a much larger perfusion area of LITA, the
possible small difference between the pedicled and skele-
tonized ITAs may have been revealed. Third, a histological
comparison between the pedicled and skeletonized ITA
was not performed because the pedicled ITA was always
skeletonized after the protocol 1, and the tissue samples
from the pedicled ITA could not be obtained. Further
investigations that include histological comparison are
necessary for examining the effect of skeletonization on
sympathetic innervations.

Conclusion

Both the pedicled and skeletonized ITA techniques sup-
plied similar, adequate blood flow to the LAD, meeting
myocardial oxygen demand during sympathetic excitation.
Metabolic demand can override the possible difference in
sympathetic vasoconstriction, increasing the flow in both
pedicled and skeletonized ITA grafts to a similar extent
when they are anastomosed to LAD. The results of this
study have an important implication in terms of clinical
application. Following anastomosis, graft flow is highly
variable and is dependent on myocardial oxygen demand.
Because the quality of CABG may be judged based on flow
through anastomosed grafts, one has to take into consid-
eration the potential change in flow in response to myo-
cardial oxygen demand.
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Heart Rhythm Disorders

Augmented ST-Segment Elevation
During Recovery From Exercise Predicts
Cardiac Events in Patients With Brugada Syndrome
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The goal of this study was to evaluate the prevalence and the clinical significance of ST-segment elevation

During recovery from exercise testing, ST-segment elevation Is reported in some patients with Brugada

Treadmill exercise testing was conducted for 93 patients (91 men), 46 = 14 years of age, with BrS (22 docu-

mented ventricular fibrillation, 35 syncope alene, and 36 asymptomatic); and for 102 healthy control subjects
(97 men), 46 = 17 years of age. Patients were routinely followed up. The clinical end point was defined as the
occurrence of sudden cardiac death, ventricular fibrillation, or sustained ventricular tachyarrhythmia.

Augmentation of ST-segment elevation =0.05 mV in V, to V; leads compared with baseline was observed at

early recovery (1 to 4 min at recovery) in 34 BrS patients (37% [group 1]}, but was not observed in the remain-
ing 59 BrS patients (63% [group 2]) or in the 102 control subjects. During 76 = 38 months of follow-up, ventric-
ular fibrillation occurred more frequently in group 1 (15 of 34, 44%) than in group 2 (10 of 59, 17%; p = 0.004).
Multivariate Cox regression analysis showed that in addition to previous episodes of ventricular fibrillation (p =
0.005), augmentation of ST-segment elevation at early recovery was a significant and independent predictor for
cardiac events (p = 0.007), especially amang patients with history of syncope alone (6 of 12 [50%)] in group 1
vs. 3 of 23 [13%] in group 2) and among asymptomatic patients (3 of 15 [20%] in group 1 vs. O of 21 [0%] in

Objectives
during recovery from exercise testing.
Background
syndrome (BrS).
Methods
Results
group 2).
Conclusions

Augmentation of ST-segment elevation during recovery from exercise testing was specific in patients with BrS,

and can be a predictor of poor prognosis, especially for patients with syncope alone and for asymptomatic

patients,

Brugada syndrome (BrS) is recognized as a clinical syn-
drome that leads to sudden cardiac death (SCD) in middle-
aged persons due to ventricular fibrillation (VE) (1).
Brugada syndrome is defined by a distinct 12-lead electro-
cardiogram (ECG) pattern in precordial leads (V, to V)
presenting coved-type ST-segment elevation. Both depolar-
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ization and repolarization hypotheses have been reported for
the pathogenesis of phenotype in BrS (2-5). Although
several indexes have been reported as predictive factors of
VF occurrence (6), the recent largest series of BrS patients
suggested that there were no reliable predictors of cardiac

. events except for prior symptoms and spontaneous type 1

ECG (7). However, risk stratification remains disputable,
especially for BrS patients without documented VF
episodes.

See page 1585

Autonomic function has been suggested to relate to the
occurrence of VF in BrS. [t has also been shown that
ST-segment elevation in patients with BrS was augmented
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by sclective stimulation of muscarinic receptors bur miti

gated by beta-adrenergic stimulation (8). Heart rate during
exercise testing is considered as 1 parameter to evaluate
cardiac autonomic function (9). Sympathetic withdrawal
and parasympathetic activation occur at early recovery after
exercise (10), which are expected to augment ST-segment
elevation directly by inhibition of calcium-channel current
or by decreasing heart rate (5,11). Two cases of BrS were
reported in which ST-segment was augmented during and
after exercise (12). Amin et al. (13) recently assessed the
ECG responses to exercise in BrS patients with and without
SCN5A mutations and control subjects. They reported that
exercise resulted in an increase of peak J-point amplitude in
all groups, including control subjects, and more QRS
widening in BrS patients with SCN54 mutation. The peak
J-point amplitude measured by Amin et al. (13) is thought
to represent the depolarization parameter as QRS duration,
or at least the combined parameter of both depolarization
and repolarization. Therefore, in the present study, we
measured several points of ST-segment as a repolarization
parameter rather than a depolarization parameter, and tried
to investigate the relationship between augmented ST-
segment clevation during recovery from exercise testing and
prognosis of BrS patients. We also evaluated parasympa-
thetic reactivation by using heart rate recovery (HRR),
which is defined as heart rate decay in the first minute after
exercise cessation, and its relation with ST-segment change.

Methods

Study population. The study population consisted of 93
consecutive Japanese patients with BrS (91 males; mean age
46 = 14 vears) admitted to the National Cerebral and
Cardiovascular Center in Suita, Japan, between 1994 and
2006. Ventricular fibrillation was documented in 22 BrS
patients, syncope alone in 35 patients, and the remaining 36
patients were asymptomatic. As control subjects, 102 age-,
sex-, and QRS duration-matched healthy subjects were
randomly selected from persons who underwent treadmill
exercise testing between 2002 and 2007 (97 males; mean age
46 = 17 years). They included 55 normal subjects with
normal QRS duration (<100 ms), 21 with incomplete right
bundle branch block (RBBB) (100 ms =QRS duration
<120 ms), and 26 with complete RBBB (120 ms =QRS
duration) but without structural heart disease or any ven-
tricular arrhythmias.

Brugada syndrome was diagnosed when a coved ST
segment elevation (=0.2 mV at J-point) was observed in >1 of
the right precordial leads (V| to V) in the presence or absence
of a sodium-channel-blocking agent, and in conjugation with
1 of the following: documented VF, polymorphic ventricular
tachycardia, family history of SCID <45 years of age, family
history of BrS, inducibility of VF with programmed electrical
stimulation, syncope, or an nocturnal agonal respiration (6).
Structural heart diseases were carefully excluded by history
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Abbreviations
and Acronyms

AF = atrial fibrillation

taking, physical examinations,
chest roentgenogram, ECG, and
echocardiogram.

Clinical, laboratory, electrocar-
diographic, and electrophysi-
ologic study. The following clin-
ical data were collected: family
history of SCD (<45 years of age) ~ *"%

or BrS, documented atrial fibrilla- ~ HRR = heart rate recovery
tion (AF), documented VF, syn-
cope, age at the first cardiac event,
and implantation of implantable
cardioverter-defibrillator (ICD).

A 12-lead ECG was recorded
in all 93 BrS patients, and RR
interval, PR interval (lead II),
QRS duration (lead V), cor-
rected QT interval (lead V,),
QRS axis, J-point amplitude
(leads V), and amplitude of several points of ST-segment
(leads V,, V,, V;) were measured.

Signal-averaged ECG was recorded and analyzed in
91 patients by using a signal-averaged ECG system
(1200EPX, Arrhythmia Research Technology, Milwaukee,
Wisconsin). Three parameters were assessed using a com-
puter algorithm: 1) total filtered QRS duration; 2) root
mean square voltage of the terminal 40 ms of the filtered
QRS complexes (V,); and 3) duration of low-amplitude
signals <40 uV of the filtered QRS complexes (T ). Late
potential was considered present when the 2 criteria (Vi
<18 wV and T, >38 ms) were fulfilled.

Electrophysiologic study (EPS) was performed in 79 BrS
patients (21 documented VF patients, 30 syncope alone
patients, and 28 asymptomatic patients). A maximum of 3
programmed ventricular extrastimuli were delivered from
the right ventricular apex and RVOT, unless VF was
induced. No patients received antiarrhythmic drugs before
EPS. The atrio-His and His-ventricular intervals were
measured during sinus rhythm. The EPS was conducted
after all subjects gave written informed consent.

Genetic testing for the presence of an SCN54 mutation
was also conducted.

Exercise testing. Treadmill exercise testing was conducted
in all 93 patients with BrS and 102 control subjects. Neither
BrS patients nor control subjects used antiarrhythmic
agents. A symptom-limited or submaximal (up to 90% of
the age-predicted maximum heart rate) graded treadmill
exercise testing similar to medified Bruce protocol was used.
All 93 BrS patients and 102 control subjects were in normal
sinus rhythm, and none had atrioventricular block at the
exercise testing. The standard 12-lead ECGs were recorded
at rest, at the end of each exercise stage, at peak exercise, and
at every minute during recovery. The amplitude of ST-
segment from the isoelectric line at the right precordial leads
(V; to V; leads) and QRS width at Vs lead were manually
measured. The ST-segment point was defined as the point

BrS = Brugada syndrome
ECG = electrocardlogram

EPS = electrophysiologic

ICD = implantable
cardioverter-defibrillator

RBBB = right bundle
branch block

RVOT = right ventricular
outflow tract

S$CD = sudden cardiac
death

VF = ventricular fibrillation
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where the vertical line from the end point of QRS ar V5 lead
intersected the precordial leads. We also measured peak
J-point amplitude in lead V, as a depolarization parameter,
and amplitude of the point, which was 40 and 80 ms later
than the peak J-points (ST40, ST80) in lead V, us a
repolarization parameter. Measurements of ECG parame-
ters were performed as the mean of 3 beats by single
electrocardiologist who knew nothing about the patients.
Significant augmentation of ST-segment elevation was
defined as ST-segment amplitude increase 20.05 mV in at
least 1 of V, to V; leads at carly recovery (1 to 4 min at
recovery) compared with the ST-segment amplitude at
baseline (pre-exercise). We also recorded heart rate and
blood pressure during exercise testing,

The HRR was defined as decay of heart rate from peak

exercise to 1 min at recovery.
Follow-up. Follow-up was started after undergoing tread-
mill exercise testing. All patients with BrS were routinely
followed up at the outpatient clinic of our hospital. The
ICD implantation was performed in 63 BrS patients (20
documented VF patients, 25 syncope alone patients, and 18
asymptomatic patients). Antiarrhythmic drugs were pre-
scribed for 7 patients; 2 patients who had episodes of VI but
refused implantation of ICD) (disopyramide 300 mg daily
for 1 patient, and amiodarone 200 mg daily for another
patient), 2 patients who had AF (quinidine 300 mg daily),
and 3 patients who had previous history of both VF and AF
and implanted ICD (quinidine 300 mg daily for 1 patient,
amiodarone 200 mg daily for 2 patients).

Cardiac events were defined as SCD or aborted cardiac

arrest, and VF or sustained ventricular tachyarrhythmia
documented by ICD or ECG recordings.
Statistical analysis. Data were analyzed with Dr. SPSS 11
for Windows software package (SPSS Inec., Chicago, Illi-
nois). Numeric values are expressed as mean = SD. The
chi-square test, Student ¢ test, or 1-way analysis of variance
was performed when appropriate to test for statistical
differences. All p values <0.05 were considered statistically
significant. Event rate curves were plotted according to the
Kaplan-Meier method, and were analyzed with the log-rank
test. Univariate and multivariate Cox regression were per-
formed to assess whether 7 indexes can be significant and
independent predictors of subsequent cardiac events. We
used the forward step-wise approach with p to enter a value
of 0.05 for multivariate analysis. Augmentation of ST-
segment elevation at early recovery, family history of SCD
or BrS, spontancous coved-type ST-segment elevation,
presence of SCN5A mutation, late potential, VF inducibility
during EPS, and previous episodes of VF were included as
indexes.

Results

There were no significant differences between 93 BrS
patients and 102 control subjects with respect to age at
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Initial Characteristics of

Table Patients and Control Subjects
Brugada Patients  Control Subjects
{n = 93) {n = 102) p Value
Age at exercise testing, yrs 48 14 46 ' 17 NS R
Sex, male 91 (98%) 97 (95%) NS
Electrocardiographic
characteristics, ms

RR 952 = 151 903 = 140 0.020

PR 178 = 30 165 ¢ 24 0.001

QRS duration 98 - 16 98 - 20 NS

QTe 416 = 44 406 = 30 NS

Values are mean * SD er n (%)
QTe  corrected QT interval.

exercise testing, sex, QRS duration (lead V), and QT¢
interval (lead V,), as summarized in Table 1. The RR
interval and PR interval (lead IT) were significantly longer in
BrS patients than in control subjects.

Response of ST-segment elevation during treadmill exercise
testing, Among 93 BrS patients, significant augmentation
of ST-segment elevation mostly associated with coved
pattern at early recovery phase was observed in 34 BrS
patients (37% [group 1]), but not in the remaining 59 BrS
patients (63% [group 2]). Conversely, ST-segment augmen-
tation was never observed in any of the 102 control subjects
(34 of 93 [37%] vs. 0 of 102 [0%], p < 0.0001). Typical
responses of ST-segment amplitudes of 3 groups are shown
in Figure 1. Composite data of serial changes of ST-
segment amplitude in V; and V, leads during exercise
testing are illustrated in Figure 2A. The serial changes of
ST-segment amplitude in V, lead showed the same trend
(not shown). In group 1, ST-segment amplitude decreased
at peak exercise and started to reascend at early recovery,
and culminated at 3 min of recovery (Figs. 1A and 2A). In
contrast, ST-segment amplitude of group 2 patients and
control subjects decreased at peak exercise, and gradually
returned to the baseline amplitude rather than showing
augmentation (Figs. 1B to 1D and 2A). Significant differ-
ences were identified between group 1 and group 2 patients
in the ST-segment amplitude in leads V, and V, from peak
exercise to 6 min of recovery, whereas no major differences
were observed between group 2 patients and control subjects
(Iig. 2A). Composite data of serial changes of peak J-point
amplitude, ST40, and ST80 amplitudes are presented in
Figure 2B. The peak J-point amplitude and ST40 amplitude
during recovery showed the same trend as the ST-segment
amplitude in Figure 2A. Significant differences were iden-
tified between group 1 and group 2 patients in the peak
J-point and ST40 amplitudes from peak exercise to 6 min of
recovery. The ST80 amplitude showed significant differ-
ences between group 1 and group 2 patients at 2, 3, and 4
min of recovery. At peak exercise, the peak J-point ampli-
tude increased in 34 (37%) of 93 Brugada patients and in 26
(26%) of 102 control subjects, although the ST-segment
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Typical Responses of $T-Segment Amplitude in Leads V,, V,, V5, and V,
During Exercise Testing in Brugada Syndrome Patients

(A} In the group 1 Brugaaa patient showing saddie-back type ST-segment (lead V) al baseline, ST-segment amplitude slightly decreased at peak exercise, but rea-
scended at early recovery (3 min), resulling in typical coved-type ST segment elevauon, (B, C) In the group 2 Brugada patient and (D) in the control subject, ST-segment
amplitude decreased at peak exercise and gradually recovered 1o the baseline at recovery. It is noteworthy that the peak Jpoint amplitude in lead V. was augmented
despite not showing ST-segment augmentation in A and C. The ST-segment amplitudes are shown as numeric values expressed in millivolts (mv). The red vertlcal line
indicates the line from the end point of the QRS interval at electrocardiography lead Vs,

Makimoto et al. 1579

Exercise Test in Brugada Syndrome

amplitude and ST40 amplitude decreased in most patients
of both groups.

Comparison of HRR is shown in Figure 3. The HRR of
group 1 patients was significantly larger than that of group
2 patients (32 % 15 vs. 23 % 10, p = 0.0007) and control
subjects (32 = 15 vs. 26 = 10, p = 0.021). The differences
of HRR between group 2 patients and control subjects were
also statistically significant (23 = 10 vs. 26 = 10, p =
0.026).

Although there were no sustained or nonsustained ven-
tricular arrhythmias throughout exercise testing, single pre-
mature ventricular complexes were observed during exercise
in 8 of the group 1 patients and in 11 of the group 2
patients, and at recovery in 10 of the group 1 patients and in
9 of the group 2 patients. There were no significant
differences between groups 1 and 2 in incidences of prema-
ture ventricular complexes.

Clinical, laboratory, electrocardiographic, and electro-
physiologic characteristics. Comparison of the clinical,
laboratory, electrocardiographic, and electrophysiologic
characteristics between groups 1 and 2 patients are shown in
Table 2. There were no significant differences in these
characteristics between groups 1 and 2 except for the
presence of SCN54 mutation and late potential (SCN54
mutation, 17% vs. 5%, p = 0.048; late potential, 82% vs.
53%, p = 0.004).

Follow-up. The mean follow-up period for the 93 BrS
patients was 75.7 = 38.4 months. During follow-up, 25 of
all 93 BrS patients (27%) had cardiac events, and the
incidence of cardiac events was significantly higher in group
1 than in group 2 patients (44% vs. 17%, p = 0.004). The
period from exercise testing to cardiac events ranged from 1
to 78 months (median 12 months). One patient in group 2,
who refused implantation of ICD and was taking disopyr-
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(A) Composite data of serial changes of ST-segment amplitude in lead V, (left) and lead V; (right) during exercise (Ex.} testing in group 1 Brugada syndrome patients
(squares) and group 2 Brugada syndrome patients (triangles), and in control subjects (eircles). (B) Peak J-point amplitude (left), ST40 amplitude (middle), and ST20
amplitude (right) in lead V.. The ST-segment amplitude decreased at peak exercise and started to reascend at early recovery. and culminated at 3 min of recovery in
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baseline level during recovery. The peak J-point amplitude and ST40 amplitude during recovery showed the same trend as the ST-segment amplitude, Since ST80 ampli-
tude was influenced by T wave, especially at rapid heart rate, the trends of the 3 groups were somewhat different from ST-segment amplitude o STA0 amplitude. The
ST-segment amplitudes are shown as values compared to pre-exercise ST-segment amplitudes. p < 0.05.

amide 300 mg daily, died of VF. Three of 7 patients with a significantly higher cardiac event rate than group 2 patients

medication had cardiac events, including 1 death. (log-rank, p = 0.0029). Previous history of VF (Fig. 4B) and
Predictors of outcome. Kaplan-Meier analysis demon- positive SCN54 mutation (Fig. 4C) also had significant values

strated significant differences in the time to the fivst cardiac  for occurrence of subsequent cardiac events (p = 0.0013 and
event depending on the presence of ST-segment augmentation p = 0.028, respectively); however, spontaneous coved-type
during recovery from exercise (Fig. 4A). Group 1 patients had ST-segment elevation did not predict cardiac events (p =
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0.068) (Fig. 4D). The results of Cox regression analysis are
shown in Table 3. In univariate analysis, indexes predictive of
cardiac events were previous episodes of VF (p = 0.003),
ST-segment augmentation at early recovery (group 1; p =
0.005), and presence of SCN5A mutation (p = 0.037). In
multivariate Cox regression analysis, previous episodes of VF
and ST-segment augmentation at early recovery were signifi-
cant and independent predictors of subsequent cardiac events
(p = 0.005 and p = 0.007, respectively).

The incidence of cardiac events during follow-up in the
subgroups according to symptoms before exercise testing is
shown in Table 4. In the subgroup of 35 BrS patients with
syncope alone, group 1 had a significantly higher cardiac
event rate than group 2 (log-rank, 6 of 12 [50%] vs. 3 of 23
(13%], p = 0.016). Of note, among 36 asymptomatic
patients, only 3 patients (9%) in group 1 experienced cardiac
events. The log-rank test also demonstrated higher cardiac
event risk in group 1 compared with group 2 (3 of 15 [20%)]
vs. 0 of 21 [0%], p = 0.039).

Discussion

The major findings of the present study were the following:
1) 37% of BrS patients showed ST-scgment augmentation
at carly rccovery during exercise testing; 2) ST-segment
augmentation at carly recovery was specific in BrS patients,
and was significantly associated with a higher cardiac event
rate, notably for patients with previous episode of syncope or
for asymptomatic patients; and 3) BrS patients with ST-
scgment augmentation at carly recovery showed signifi-
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cantly larger [TIRR. This is the first systematic report on the
relationship berween ST-segment augmentation during re-
covery from exercise and prognosis for BrS patients.
Augmentation of ST-segment eclevation and possible
mechanism. It is well known that autonomic function infu-
ences an extent of ST-segment clevation in BiS (8). The
ST-segment elevation is mitigated by administration of
B-adrenergic agonists and is enhanced by parasympathetic
agonists such as acetylcholine in experimental and clinical
investigations (5,14-16). Parasympathetic reactivation is
thought to occur at early recovery after treadmill exercise
testing, especially in the first minute after cessation of exercise
(10,17). In the present study, we measured the ST-segment
amplitude as a repolarization parameter rather than a depolar-
ization parameter, and evaluated HRR to investigate the
correlation between ST-segment augmentation and parasym-
pathetic activity (9,18). The BrS patients who had ST-segment
augmentation had significantly larger HRR compared with
patients who did not, suggesting that the ST-segment aug-
mentation was closely related to higher parasympathetic activ-
ity. However, it is still unclear whether ST-segment augmen-
tation observed in the 34 BrS patients was simply due to more
increased parasympathetic activity or to more increased suscep-
tibility (hypersensitivity) to the parasympathetic reactivation.
Conversely, the SCN54 mutation was more frequently
identified in group 1. Scornik et al. (19) reported that SCN54
mutation can accentuate parasympathetic activity toward the
heart directly. It was also reported that specific mutations in the
SCN5A gene may lead to augmentation of J-point amplitude
or ST-segment amplitude during beta-adrenergic stimulation
(20,21). Veldkamp et al. (20) demonstrated that a specific
SCN5A mutation, 1795insD), augments slow inactivation, and
delays recovery of sodium channel availability, thus reducing
the sodium current and resulting in augmented peak J-point
amplitude at rapid heart rate. Increased body temperature
induced by exercise can be a risk of life-threatening arrhyth-
mias in patients with BrS (22). A specific SCN5A missense
mutation, T1620M, was reported to cause a faster decay of the
sodium channel but slower recovery from inactivation, result-
ing in increased ST-segment elevation in precordial leads at
higher temperatures during exercise. Although Amin et al. (13)
reported that exercise induced augmentation of peak J-point
amplitude, a depolarization parameter or at least combined
parameter of both depolarization and repolarization, in all
subjects tested, the incidence of increase in the peak J-point
amplitude at peak exercise was lower (37%) in our Brugada
patients. This is probably in part because only 9 (10%) of our
93 BrS patients had the SCN54 mutation. We could not
identify significant differences in HRR, QRS duration, peak
J-point amplitude (lead V,), and ST-segment amplitude (leads
V., V3, V) at peak exercise between patients with and without
SCN5A mutation (not shown), and that may be also due to the
small number of BrS patients with SCN54 mutation.
Risk stratification in BrS. Implantation of an ICD is a first
line of therapy for secondary prevention in patients with BrS
who exhibited previous history of VF. The American College
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Table 2 Clinical, Laboratory, Electrocardiographic, and Electrophysiologic Characteristics
and Long-Term Follow-Up of Groups 1 and 2 Brugada Syndrome Patients

Characteristic Group 1 (n = 34) Group 2 (n = 59) p Value
Clinical characteristics
Age at exercise testing, yrs 42 = 11 48 = 16 NS
Men 34 (100%) 57 (97%) NS
Family history of SCD at age <45 yrs or Brugada syndrome 7 (21%) 16 (27%) NS
Documented AF T(21%) 12 {20%) NS
Decumented VF before exercise testing 7(21%) 15 (25%) NS
Syncope alone before exercise testing 12 (35%) 23 (39%) NS
Asymptomatic before exercise testing 15 (44%) 21 (36%) NS
Age at first cardiac event, yrs 42 © 13 45 + 15 NS
ICD implantation 25 (T4%) 38 (B64%) NS
Laboratory characteristics
SCN5A mutation 6(17%) 3(5%) 0.048
Electrocardiographic characteristics
RR, ms 951 - 170 953 * 140 NS
PR, ms 184 = 28 175 = 31 NS
QRS, ms 98 - 14 a8 + 17 NS
QTe, ms 418 = 48 415 = 43 NS
ST-segment amplitude (mV) at baseline
Vs 0.14 ' 0.09 0.46 © 012 NS
Vs 0.41 ~ 0.22 0.38 = 0.26 NS
Vi 0.22 - 013 019 = 0.14 NS
Spontaneous coved-type ST-segment elevation in right precordial leads 30 (88%) 43 (73%) NS
Signal-averaged electrocardiogram
TfQRS, ms 122 = 15 118 = 17 NS
Late potential 28/34 (82%) 30/587 (53%) 0.004
Premature ventricuiar complexes during exercise 8(24%) 11 (19%) NS
Premature ventricular complexes at recovery 10 {29%) 9 (15%) NS
Electrophysiologic characteristics
AH Interval, ms 107 = 24 98 = 27 NS
HV interval, ms 45 = 8 44 = 11 NS
Induction of VF 26,31 (84%) 33,47 (T0%) NS
Foliow-up
Cardiac events 15 (44%) 10 (17%) 0.004
Follow-up period, manths 741 = 42.2 76.5 * 36.4 NS

AF = atrial fibrillation; ICD = i i d

of Cardiology/American Heart Association/Heart Rhythm
Society guidelines refer to BrS patients who have had syncope
as having Class 1la indication for ICD therapy (23). However,
there is still much room for argument with respect to treat-
ments for patients who have had only syncope, and for
asymptomatic patients (24-28). Although inducibility of VF
during EPS (25,26), family history of SCD (24), spontaneous
type 1 ECG (25,27), and late potential (28) have been
proposed as predictors of cardiac events, the availability of these
indexes remains controversial (7,29).

In the present study, a previous episode of VF (or aborted
cardiac arrest) was the strongest predictor of subsequent cardiac
events, as in previous studies (7,30,31). Moreover, ST-segment
augmentation at early recovery during exercise testing was a
significant and independent predictor of subsequent cardiac events
in the present study. The results suggested that parasympathetic
activity plays an important role in both ST-segment augmentation
and subsequent cardiac events. As previously noted, it remains
unclear that the cause of ST-segment augmentation in our 34

fibrillator; SCD = sudden cardiac death; TIQRS = total filtered QRS duration; VF = ventricular fibrillation; other abbreviations as in Table 1,

patients was a result of more increased parasympathetic activity or
of more increased susceptibility of the patients to the increased
parasympathetic reactivation.

Study limitations. First, BrS patients were confined to those
who were hospitalized in our hospital for close investigation.
That indicates these patients can be biased toward relatively
high risk. Second, the present study is based on data from a
small population of 93 patients; hence, it was not sufficient to
evaluate the prognosis, and there also was a small number of
events. Although we adopted a step-wise approach, the limited
number of events can lessen the precision of the consequences
for multivariate Cox regression analysis.

Conclusions

The presence of SCN5A mutation was a significant predic-
tor of subscquent cardiac events by univariate Cox regres-
sion analysis. However, multivariate Cox regression analysis
showed it was not a significant predictor of prognosis.
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m Kaplan-Meier Analysis of Cardiac Events During Follow-Up

Kaplan-Meier analysis of (A) cardiac events during follow-up, depending on patterns in response to ST-segment elevation during exercise test (groups 1 and 2), (B) inci-
dence of previous episode of ventricular fibrillation (VF). (€) SCN5A mutation, and (D) spontaneous covedtype ST-segment elevation. Group 1 Brugada patients had a
significantly higher cardiac event rate than did group 2 Brugada patients (logrank, p = 0.0029), Brugada patients with previous episodes of VF or with SCNSA mutation
had sigmficantly greater values for accurrence of subsequent cardiac events than did patients without VF episodes or SCNSA mutation (p = 0.0013, p = 0.028, respec-
tively), whereas spontaneous coved-type ST-segment elevation in Brugada patients did not predict cardiac events compared with patients nol having such ST-segment

elevation (p — 0.068).

Further study with a larger number of BrS patients will be As for BrS patients with only syncope, subsequent cardiac
required to cvaluate the significance of the index as a  events occurred in 50% (6 of 12) patients who exhibited
predictor of subsequent cardiac events. ST-segment augmentation at early recovery, Asymptomatic

Predictive Capabilities of Cardiac Events

Univarlate Analysis Multivariate Analysls

Positive, n (%) HR (95% CI) p Value HR {95% Cl} p Value
Previous eplsodes of VF 22 (24%) 3.40(1.54-7.53) D.OO.;S_ 3.25(1.43-7.3T) 0.005
Augmentation of ST-segment elevation at early recovery phase 34 (37%) 347 (1.42-7.09) 0.005 3.17(1.37-7.33) Q.007
SCNSA mutation 9 (10%) 2.86 (1.07-7.66) 0.037
Spontaneous coved-type ST-segment 72 (77%) 3.51 (0.83-14.9) 0.089
Late potential 58/91 (64%) 2,25 (0.84-5.99) 0.11
VF inducible in EPS 59/78 (76%) 0.73 (0.30-1.75) 0.48
Family history of SCD or BrS 23 (25%) 1,19 (0.47-3.02) 0.72

BrS = Brugada syndrome; Cl = confidence interval; EPS = electrophysiologic sludy; HR = hazard ralio; other abbreviations as in Table 2,
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Incidence of Cardiac Events
According to Symptoms Before Exercise Testing

Treadmill VF p Value
Type n Exercise Test n Occurrence  (vs. Group 1)

Documented VF 22 Group1 7 6(86%)

Group 2 15 T(47%) 0.14
Syncope alone 35 Group 1 12 6 (50%)

Group 2 23 3(13%) 0.016
Asymplomatic 36 Group 1 15 3(20%)

Group 2 21 0(0%) 0.039

The p value was calculated according ta the log-rank test.
VF = ventricular tbrillation,

patients who had ST-segment augmentation at early recov-
ery had a higher incidence of cardiac events than patients
who did not. These data suggested the potential utility of
exercise testing to predict cardiac events for patients with
BrS who have had previous episodes of only syncope but not
VF or who have had no symptoms.
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Background: A large-scale magnetocardiogram (MCG) database was produced, and standard MCG
waveforms of healthy patients were calculated by using this database. It was clarified that the standard
MCG waveforms are formed with the same shape and current distribution in healthy patients. A new
subtraction method for detecting abnormal ST-T waveforms in coronary heart disease (CHD) patients
by using the standard MCG waveform was developed.

Methods: We used MCGs of 56 CHD patients (63 =+ 3 years old) and 101 age-matched normal
control patients (65 & 5 years old). To construct a subtracted ST-T waveform, we used standard
MCG waveforms produced from 464 normal MCGs (male: 268, female: 196). The standard MCG
waveforms were subtracted from each subject's measured MCGs, which were shortened or length-
ened and normalized to adjust to the data length and magnitude of the standard waveform. We
evaluated the maximum amplitude and maximum current-arrow magnitude of the subtracted ST-T
waveform,

Results: The maximum magnetic field, maximum magnitude of current arrows, and maximum
magnitude of total current vector increased according to the number of coronary artery lesions. The
sensitivity and specificity of detecting CHD and normal control patients were 74.6% and 84.1%,
respectively.

Conclusions: The subtraction MCG method can be used to detect CHD with high accuracy, namely,
sensitivity of 74.6% and specificity of 84.1% (in the case of maximum amplitude of total current
vector). Furthermore, the subtraction MCG magnitude and its current distribution can reflect the

expanse of the ischemic lesion area and the progress from ischemia to myocardial infarction.
Ann Noninvasive Electrocardiol 2010;15(4):360-368

magnetocardiogram; subtraction; current-arrow map; Coronary Heart Disease

INTRODUCTION

Coronary heart disease (CHD} is the most com-
mon cause of death in the world. Advances in
noninvasive coronary-artery imaging, such as x-
ray coronary angiography’ and multidetector com-
puted tomography (CT},*? has enabled early and
precise detection of CHD. These tools are needed
to treat artery constriction and improve the symp-
toms of angina. On the other hand, as functional
tests of myocardial activity, exercise electrocardio-
gram (ECG]} and single-photon-emission computed

tomography [SPECT} are widely used for detecting
signs of cardiac sudden death in CHD patients.®>*
However, the distribution of myocardial electrical
currents, which include information on damaged
tissues, cannot be detected with these cardiac tests.

Noncontact magnetocardiograms [MCGs) can
produce a myocardial-current-distribution map by
detecting weak magnetic fields generated by my-
ocardial electrical currents. The morphology of
MCG waveforms produced from electrical currents
is similar for each person because the MCG signals
are less affected by organ conductivity, and the
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two-dimensional currents in the heart only produce
a magnetic field. Given those facts, we constructed
a database of 464 adult healthy patients® and a tem-
plate MCG waveform.® In particular, the database
and template enable the normal activity in the ST-T
wave to be subtracted because of calm repolariza-
tion. Furthermore, some researchers have reported
high CHD detection sensitivity”*5 when MCGs are
used because the ST-T MCG waves of CHD pa-
tients have an abnormal pattern. And MCGs are
useful in detecting myocardial infarction (MI] in
non-ST-segment elevation.!*15

To detect ST-T abnormality in CHD patients, we
used our MCG-waveform template to construct a
subtraction ST-T waveform. Subtraction of ST-T
waveforms of CHD patients and control patients
is used to evaluate the efficacy of detecting CHD,
the difference between electrical current abnormal-
ities in lesion areas, and the difference between
ischemia and MI.

METHODS
Participants

Fifty-six Japanese CHD patients (10 females and
46 males) and 101 Japanese normal control patients
(31 females and 70 males) participated, as listed in
Table 1. This population is the same as that of our
previous study,'® which clarified CHD patients’
spatial current abnormalities defined as a vessel-
lesion diameter of >75%. The CHD patientswith
two or three coronary-vessel lesions were defined
as those with two lesions or three vessel lesions
with diameters of >=75%. We obtained informed
consent from all participants and received approval
from relevant ethical committees. Moreover, the
CHD patients were classified into two groups,
namely, ischemic (n = 12) or MI [n = 12}, to
evaluate the detection performance for ischemia,
and patients with both ischemic and infarct ar-
eas were excluded. The ischemia and MI patients
could be categorized as a minor part of the CHD
patients because these patients were examined by
SPECT.

MCG Recordings and Setup

MCG recording was performed above the chest
of each participant for 30 seconds. The MCG sig-
nals were detected with a 64-channel MCG system
(Hitachi High-Technologies Ltd., Tokyo, Japan)’
in a magnetically shielded room. The detected

Kandori, et al. * Subtraction Magnetocardiogram Method = 361

Table 1. Numbers of CHD and Control Patients

N (n=101) CHD (n = 56)
Age (years) 63+3 65+6
Gender
Female/Male 31/70 10/ 46
BMI 237 24,0
HR 63 63
SVD 25
LAD 16 (P:6, M: 5, D: 0, U: 5)
LCX 3(P:1.M:0,D:1,U: 1)
RCA 6(P:1,M:2,D:2,U: 1]
DVD 12
LAD + LCX: 6
LAD + RCA: 4
LCX 4+ RCA: 2
VD 19

CHD = coronary heart disease, coronary artery lesion (>
75%); D = distal coronary artery; DVD = double vessel
disease; LAD = left anterior descending coronary artery;
LCX = left circumflex coronary artery; M = middle coronary
artery; N = age-matched normal controls with no history of
cardiovascular disease and normal electrocardiogram (ECG)
at rest; P = proximal coronary artery; RCA = right coronary
artery; SVD = single vessel disease; TVD = triple vessel
disease; U = unknown precise location.

MCG signals were passed through an analog band-
pass filter (0.1-100 Hz) and an analog notch filter
(50 Hz). The signals were then digitized at a sam-
pling rate of 1 kHz by using an analog-digital con-
verter. To remove the noise in the signals, the
MCG data were averaged 20-30 times by using an
ECG signal trigger. The MCG data were measured
at three hospitals (Hitachi General Hospital, the
National Cardiovascular Center, and University of
Tsukuba Hospital) by using the same MCG system
with the same sensitivity.

Production of Subtracted MCG
Waveforms

We focused on the ST-T segment in the MCG
waveforms because previous studies reported
that electrical current abnormality in CHD pa-
tients appears during ventricular repolarization
in MCGs.””" The T end of each patient was
manually defined by using overlapped MCG
waveforms.®

A subtracted ST-T waveform was calculated by
subtracting the standard MCG waveform, which
was produced by averaging the 464 normal control
patients’ MCGs,® from the measured MCG wave-
forms on each channel. Figure 1 shows the proce-
dure for subtracting the ST-T waveforms. The time
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A Separation of ST-Tpeak and Tpeak-Tend in ST-T waveform
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Figure 1. Procedure of subtracting ST-T waveform.

at which the amplitude of the ST-T waveform is
a maximum varied among participants. The ST-T
waveforms are, therefore, first separated into two
parts, namely, an ST-Tpeak and a Tpeak-Tend, as
shown in Figure 1A. Second, the ST-Tpeak wave-
forms are extended to 1001 milliseconds (Fig. 1B)
by using the ratio of the duration of the ST-Tpeak
waveform to the extended waveform. Third, the
Tpeak-Tend waveforms are extended to 1001 mil-
liseconds by using the same ratio for each partici-
pant (Fig. 1C}.

In the next step, the ST-Tpeak and Tpeak-Tend
waveforms are combined (Fig. 1D). The time in-
terval of the data is lengthened by adding data
points with zero amplitude after the Tend, and
the amplitude of the magnetic field of both the
Tpeak and Tpeak-Tend waveforms is normalized
(Fig. 1E). The standard template waveform is then
subtracted from the normalized ST-T waveforms

(Fig. 1F). Finally, the time interval of the subtracted
ST-T-waveforms is shortened to fit the original time
interval (Fig. 1G|. The subtracted ST-T MCG wave-
forms for each participant were obtained by this
procedure.

Evaluation Method for Subtracting
Waveforms

MCG parameters, which can be produced from
the amplitude of the magnetic field and current
distribution, are used to quantitatively evaluate
the residual MCG signals in the subtracted ST-T
waveforms. To investigate the current distribution,
a current-arrow map (CAM) is used to indicate
current vectors in the heart. The CAM indicates
pseudo currents (Ix and Iy} defined by the deriva-
tives of the normal component (Bz) of the MCG
signals as

dB, »
Ix,n = dy {l:l
and
dBZ.H
La=-—=. (2)

The magnitude of the current arrows (I, =
VIxn? + (I,n}?) is plotted as a contour map, where
n indicates channel number. The CAM helps in in-
terpreting spatial heart electrical activity, and it can
visualize the residual current component.

The above-mentioned CAM and the amplitude of
the magnetic field at the Tpeak are used to calcu-
late the following five parameters (three magnitude
parameters and two two-dimensional distribution
parameters).

1. Absolute value of the maximum amplitude of
all MCG signals.

2. Absolute value of the maximum vector ampli-
tude of all current vectors.

3. Maximum amplitude of total current vector
(TCV).

The TCV®18 is obtained by summing all current
arrows. The TCV (I) of all current arrows can be
calculated as a vector value by using the current
arrow (I} at each sensor,

64
n=1
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Figure 2. Subtracted ST-T waveform and current-arrow map (CAM] of typical
normal control. (A} Original ST-T waveform. {B) Subtracted ST-T waveform. (C)

CAM of (B).

where T is the calculated time. The TCV amplitude
of the subtracted waveform is used because TCV
has high sensitivity for detecting CHD.

4. Area ratio of abnormal current vector appear-
ance.

Average (A} and standard deviation (o} of the
maximum current vector derived from step 2 in all
healthy control patients were calculated in order
to evaluate the abnormal current area. The num-
ber of current vectors with abnormal values above
A + o is counted, and the number of abnormal cur-
rent vectors is divided by total channel number, 64.
The result of this division (given as a percentage}
is used as the ratio of the areas where abnormal
current vectors appear in the participant and con-
trol patients, hereafter referred to as the "area ratio
of abnormal-current-vector appearance.” For exam-
ple, 100% indicates that all channels have abnor-
mal values (> A + o), and 25% indicates that 16
channels have abnormal values (> A + o).

5. Two-dimensional frequency distribution of
abnormal-current appearance

In the same manner as step 4, the number of ap-
pearances of abnormal-current vectors above A +
o on each channel for each lesion group of CHD
patients count is counted. The number (given as a
percentage] is divided by the total number of partic-
ipants in each lesion group. The number of appear-
ances is plotted as a two-dimensional contour map
of cumulative frequency. For instance, the 100%
position in the two-dimensional contour map of
three-vessel stenosis indicates that the 100% po-
sition always has an abnormal value (> A + o). In
this study, a two-dimensional contour map of each
lesion group of the coronary artery was drawn.

RESULTS
Typical Subtracted ST-T waveform

A typical subtracted ST-T waveform and CAM
of a healthy control is shown in Figure 2. While
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Figure 3. Subtracted ST-T waveform and current-arrow map (CAM) of typical
CHD patient with triple vessel lesion. [A) Original ST-T waveform. (B) Subtracted

ST-T waveform, (C) CAM of (B).

the amplitude of the ST-T waveform ranges from
about —10 to 5 pT (Fig. 2A) before subtraction,
the residual amplitude is very small (Fig. 2B| af-
ter subtraction, ranging from about —0.02 to 0.01
pT. In this case, up to 99.8% of the ST-T wave-
form can be removed. In the CAM in Figure 2C,
the current vectors have small amplitude, and the
residual currents are weaker than those before
subtraction.

Figure 3 shows a typical subtracted ST-T wave-
form and the CAM of triple vessel disease (TVD] in
CHD patients. The amplitude of the ST-T wave-
form ranges from about —1 to 2.5 pT (Fig. 3A]
before the subtraction procedure, and the am-
plitude after the procedure is still high, ranging
from about —0.9 to 1.8 pT. The reduction rate
is about 23%. In the CAM in Figure 3C, a right
upward current with high amplitude (about 24
pT/m) appears. This pattern, with large residual
ST-T components, is found in almost all CHD
patients.

Relationship between Parameters and
Coronary-Artery Lesions

Figure 4 shows the maximum amplitude of the
magnetic field, maximum current vector, maxi-
mum amplitude of the TCV, and area ratio of ab-
normal current vector appearance, which were cal-
culated from the subtracted ST-T waveform and its
CAM of the control and CHD patients. In the case
of all parameters, the mean values increase with
increasing number of coronary artery lesions. The
difference between control and lesion parameters
is significant (P < 0.01).

The sensitivity and specificity of the MCG for
detecting CHD by using these four MCG parame-
ters, listed in Table 2, were calculated. Criteria for
each parameter are defined as the mean value plus
the standard deviation for healthy control patients.
In Table 2, the maximum amplitude of the TCV
is highly sensitive (i.e., 74%) and has specificity of
84%, and the area ratio of abnormal current vector
appearance has the highest specificity of 92.2%.



