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ORIGINAL ARTICLE

Circulation Journal
Ofﬁcialtjournal of the Japanese Circulation Society
7 http://www.j-circ.or.jp Ischemic Heart Disease
Matrix Metalloproteinase-9 for the Earliest Stage
Acute Coronary Syndrome
— Comparison With High-Sensitivity Troponin T —

Nobuaki Kobayashi, MD; Noritake Hata, MD; Noriaki Kume, MD; Shinya Yokoyama, MD;
Takuro Shinada, MD; Kazunori Tomita, MD; Mitsunobu Kitamura, MD;
Akihiro Shirakabe, MD; Toru Inami, MD; Masanori Yamamoto, MD:
Yoshihiko Seino, MD; Kyoichi Mizuno, MD

Background: Matrix metalloproteinase-9 (MMP-9) is regarded as a biomarker of plaque rupture or vulnerability
and is elevated in patients with acute coronary syndrome (ACS). The aim of the present study was to evaluate the
diagnostic value of MMP-9 for early ACS (<4h of onset) and late ACS (>4 h afier onset), compared with high-sensi-
tivity troponin T (hs-TnT).

Methods and Results: MMP-9 and hs-TnT were measured in 200 patients with ST elevation ACS (STEACS; 115
early STEACS and 85 late STEACS patients), and 66 patients with non-ST elevation ACS (NSTEACS; 25 early
NSTEACS and 41 late NSTEACS patients). Forty patients with stable angina pectoris (SAP) were enrolled as
a control group. MMP-9 levels were significantly higher in patients with early STEACS (P<0.001), early NSTEACS
(P<0.001), late STEACS (P<0.001) and late NSTEACS (P=0.025) than SAP. MMP-9 levels were significantly higher
in patients with early STEACS (P=0.017) and early NSTEACS (P=0.034) than late STEACS and late NSTEACS,
respectively. Levels of hs-TnT were significantly lower in patients with early STEACS (P<0.001) and early NSTEACS
(P=0.007) than late STEACS and late NSTEACS, respectively. On receiver operating characteristic curve analysis,
area under the curve of early STEACS, early NSTEACS, late STEACS and late NSTEACS was 0.880, 0.782, 0.790
and 0.648 for MMP-9, and 0.707, 0.725, 0.993 and 0.920 for hs-TnT, respectively.

Conclusions: MMP-9 levels were elevated earlier than hs-TnT and had a higher diagnostic value for early ACS,
but not for late ACS, reflecting plaque rupture or vulnerability. (Circ J 2011; 75: 2853-2861)

Key Words: Acute coronary syndrome; High-sensitivity troponin T; Mairix metalloproteinase-9; Plaque rupture;
Plaque vulnerability

erosion of vulnerable atherosclerotic plaques, which

contain large lipid cores underneath thin and colla-
gen-poor fibrous caps, followed by thrombus formation. The
consequent luminal occlusion or critical narrowing of a coro-
nary artery causes myocardial necrosis or ischemic damage.'
Thus, the identification of biomarkers that can detect plaque
rupture or vulnerability might allow earlier diagnosis of ACS,
although acute myocardial infarction (AMI) is currently diag-
nosed using biomarkers of myocardial necrosis or damage, such
as creatine kinase-MB (CK-MB)? and cardiac troponins.*” In

!- cute coronary syndrome (ACS) is evoked by rupture or

recent years, highly sensitive assays for cardiac troponins have
been developed.®’ These high-sensitivity troponins, however,
may be insufficient for diagnosing the earliest stages of ACS.!
Matrix metalloproteinases (MMPs), which are expressed in
atherosclerotic plaques, induce degradation of extracellular
matrix proteins, including collagens and elastins, in athero-
sclerotic fibrous caps.'''> ACS is evoked by expression and
activation of MMPs through disruption of the atherosclerotic
fibrous caps and subsequent thrombus formation.'>'* Among
MMPs, MMP-9, known as gelatinase B or 92-kDa type IV
collagenase, is expressed in atherosclerotic plaques, especially
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at the shoulder regions of those with thin fibrous caps, and
plays a pathogenic role in the rupture or plaque vulnerability
of atherosclerotic plaques.'’'*!* Levels of MMP-9 especially
those in coronary circulation, are significantly higher in ACS
than in control subjects.'>-'® Previous studies, which evaluated
plaque rupture using intravascular ultrasound and virtual his-
tology intravascular ultrasound, indicated that MMP-9 levels
were significantly higher in ACS patients with plaque rupture
than those without.'*" Thus, previous studies have provided
evidence that MMP-9 reflects atherosclerotic plaque rupture
or vulnerability, but the diagnostic value or time-dependent
changes of MMP-9 at the earliest stage of ACS have not been
compared with other biomarkers. Depending on the molec-
ular mechanisms of the pathogenesis, it is reasonable to
hypothesize that elevation of MMP-9 may precede that of
biomarkers for cardiac damage, including high-sensitivity
troponin T (hs-TnT). The aims of the present study were (1) to
compare MMP-9 levels in ST elevation ACS (STEACS) and
non-ST elevation ACS (NSTEACS) patients at the earliest and
the later stages, and in stable angina pectoris (SAP) patients;
(2) to evaluate the diagnostic sensitivity and specificity of
MMP-9 for ACS at the earliest and the later stages, compared
with those of hs-TnT; and (3) to examine time-dependent
changes in MMP-9, compared with those in hs-TnT for
STEACS patients at the earliest stage.

Editorial p2757

Methods

Definition of ACS

ACS was defined as prolonged chest pain (220min) with
coronary artery lesions on coronary angiography (CAG), and
STEACS and NSTEACS as ACS with and without ST seg-
ment elevation (20.1 mV), respectively, in 2 or more contigu-
ous leads on electrocardiography. In addition, we defined ACS
in the patients who arrived at the emergency room (ER) <4 h
and at >4 h after the chest symptom onset as early ACS and
late ACS, respectively. Although, in many of the NSTEACS
cases, the exact time of onset was unclear because of the re-
current or ambiguous chest symptoms, we divided NSTEACS
between early and late categories based on the strongest chest
symptom onset. Patients undergoing renal replacement ther-
apy for acute or chronic kidney disease and those on a per-
cutaneous cardiopulmonary support system for cardiogenic
shock or fatal arrhythmia were excluded. The hospital Ethics
Committee approved the study protocols, and written informed
consent was obtained from all of the patients to participate in
the study.

Subjects

We enrolled 266 consecutive patients (215 male, 51 female;
mean age, 65+11 years) with ACS, who underwent emer-
gency CAG <48h after ACS onset between October 2007 and
November 2010 (200 STEACS and 66 NSTEACS patients)
at Nippon Medical School Chiba Hokusoh Hospital. The
STEACS and NSTEACS group consisted of 115 patients
with early STEACS, 85 with late STEACS, 25 with early
NSTEACS and 41 with late NSTEACS. We also enrolled 40
SAP patients (22 male, 18 female; mean age, 708 years) who
underwent CAG between October and December in 2007 as
a control group. In addition, 22 consecutive patients out of
115 patients with early STEACS between October 2008 and
February 2009 were enrolled in the time-course study. We

excluded early NSTEACS patients from the time-course study,
because there were many cases in which the exact time of
onset was unclear because of recurrent or ambiguous chest
symptoms in the early NSTEACS group.

Blood Sampling

Peripheral blood samples to measure the plasma MMP-9 and
serum hs-TnT levels were obtained in the ER in the ACS
group and before starting CAG in the SAP group. In addi-
tion, serial blood sampling to measure the plasma MMP-9 and
serum hs-TnT levels was performed for the 22 consecutive
patients with early STEACS enrolled in the time-course study.
Serial blood samples were obtained at the ER on arrival (point
1), just before starting CAG (point 2), immediately after ter-
minating percutaneous coronary intervention (PCI; point 3),
at 6h (point 4), 12h (point 5) and 24 h (point 6) after arrival
at the ER, and at discharge from the hospital (point 7). Plasma
samples separated by centrifugation were stored at —-80°C.

Measurement of MMP-9 and hs-TnT

Plasma MMP-9 levels were measured using the 1-step sand-
wich enzyme immunoassay (EIA) with 2 anti-human MMP-9
monoclonal antibodies (MMP-9 kit; Daiichi Fine Chemical,
Toyama, Japan). Intra- and interassay coefficients of variation
were reported to be 1.8-3.9% and 1.8-6.2%, respectively.?!
The lower limit of detection for MMP-9 was 3.1 ng/ml. Serum
hs-TnT levels were measured using an electrochemilumines-
cence immunoassay (ECLusys Troponin hs; Roche Diagnostics,
Tokyo, Japan). Intra- and interassay coefficients of variation
have been reported at 0.5-5.7% and 1.4-3.0% ng/ml, re-
spectively.?” The lower limit of detection for hs-TnT was
0.003 ng/ml.

Statistical Analysis

Continuous variables are presented as mean=SD and were
compared using student’s t-test and 1-way-ANOVA test be-
tween 2 groups and among 3 groups, respectively. Dichotomous
variables were compared using chi-square statistics. Because
MMP-9, hs-TnT levels and time intervals were not normally
distributed, the data are given as median and 25" and 75" per-
centiles, and were compared with the Mann—Whitney U-test
between 2 groups. To identify factors independently associ-
ated with plasma MMP-9 levels, a multiple linear regression
analysis was carried out, including factors that were signifi-
cantly associated (P<0.05) with MMP-9 levels on univariate
analysis. Multivariate regression analysis was used to identify
factors independently associated with ACS, and included
the analyzed factors predicting STEACS with P<0.05 on uni-
variate analysis. The diagnostic sensitivity, specificity and opti-
mal cut-offs for plasma MMP-9 and serum hs-TnT to diagnose
early STEACS, early NSTEACS, STEACS and NSTEACS
were calculated from receiver operating characteristic (ROC)
curves, using SAP subjects as negative controls. Correlations
among plasma MMP-9 and serum hs-TnT levels at the ER,
and time intervals from chest symptom onset to ER arrival
were analyzed using Spearman’s rank correlation test. Data
were statistically analyzed using SPSS version 16.0. P<0.05
was considered statistically significant.

Results

Comparison of MMP-9 Levels Among Early STEACS, Early
NSTEACS, Late STEACS, Late NSTEACS and SAP

Table 1 lists the characteristics of all enrolled patients. The
prevalence of risk factors, such as diabetes, hypertension, and
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Table 1. Patient Characteristics
ACS SAP (n=40) P value
STEACS (n=200) NSTEACS (n=66)
Male, n (%) 169 (85)*t 44 (64)* 22 (55)t <0.001
Age (years); mean+SD 65x121 66+10% 70+81+% 0.025
Risk factors; n (%)
Diabetes (+) 68 (34) 16 (24) 13 (33) 0.333
Hypertension (+) 129 (65) 49 (74) 32 (80) 0.084
Dyslipidemia (+) 123 (62) 47 (71) 29 (73) 0.203
Smoking (+) 133 (67)5# 32 (48)8 16 (40)* 0.001
MMP-9 (ng/ml); median (25%—75t percentiles) 96 (53-216)** 64 (35-93)** 41 (30-49)** <0.001
hs-TnT (ng/ml); median (25%"-75% percentiles) 0.103 0.112 0.009 <0.001
(0.023-0.785)tt (0.035-0.383) 1+ (0.008-0.015)*
Creatinine (mg/dl); mean+SD 0.95+0.35 0.90+0.42 0.87+0.31 0.667
Peak creatine kinase-MB (IU/L); mean+SD 166+173 47+90 <0.001
Interval from symptom onset to ER arrival (min); 193 373 0.004
median (25"-75" percentiles) (101-541) (132—1,504)

Continuous variables were compared using Student's t-test or Mann-Whitney U-test between 2 groups, and 1-way ANOVA among 3 groups,
respectively. Dichotomous variables were compared among 3 groups using chi-square test.
*P=0.002 between STEACS and NSTEACS (chi-square test); TP<0.001 between STEACS and SAP (chi-square test); 1P<0.001 between
STEACS and SAP (Student's t-test); +P=0.009 between NSTEACS and SAP (Student's t-test); $P=0.009 between STEACS and NSTEACS
(chi-square test); *P=0.002 between STEACS and SAP (chi-square test); **P<0.001 between STEACS and NSTEACS, STEACS and SAP,
and NSTEACS and SAP (Mann-Whitney U-test); 11P<0.001 between STEACS and SAP (Mann-Whitney U-test); #P<0.001 between NSTEACS

and SAP (Mann-Whitney U-test).

ACS, acute coronary syndrome; STEACS, ST elevation ACS; NSTEACS, non-STEACS; SAP, stable angina pectoris; MMP-9, matrix metallo-
proteinase-9; hs-TnT, high-sensitivity troponin T; ER, emergency room.
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Figure 1. (A) Matrix metalloproteinase-9 (MMP-9) and (B) high-sensitivity troponin T (hs-TnT) levels in ST elevation acute coronary
syndrome (STEACS) <4h from the chest symptom onset (early STEACS; n=115), non-ST elevation acute coronary syndrome
(NSTEACS) <4h from the onset (early NSTEACS; n=25), STEACS at >4h after onset (late STEACS; n=85), NSTEACS at >4h after onset
(late NSTEACS; n=41) and stable angina pectoris (SAP; n=40). Center horizontal lines indicate median values. Lower and upper edges
of boxes indicate 25" and 75" percentiles, respectively, and lower and upper bars indicate 10" and 90" percentiles, respectively.
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Table 2. MMP-9 and hs-TnT Levels vs. Presence of Risk Factors
ot pateontiey PV "o 1o pereantiey P value

Male (n=235) 80 (45-184) 0.080 (0.017-0.466)

0.002 0.805
Female (n=71) 51 (32-119) 0.079 (0.011-0.792)
Age <65 years (n=159) 85 (49-190) - 0.058 (0.012-0.448) —_—
Age 266 years (n=147) 65 (35-144) 0.087 (0.021-0.556)
Diabetes, (+) (n=97) 93 (50-182) - 0.090 (0.021-0.394) o84
Diabetes, (0) (n=205) 65 (38—145) 0.059 (0.013-0.544)
Hypertension, (+) (n=210) 65 (40—145) 5,485 0.056 (0.014-0.410) 0.102
Hypertension, (0) (n=96) 83 (40-189) 0.096 (0.023-0.715)
Dyslipidemia, (+) (n=199) 74 (40-159) — 0.080 (0.014-0.471) .
Dyslipidemia, (0) (n=107) 71 (39-163) 0.059 (0.016-0.545)
Smoking, (+) (n=181) 85 (49-190) 0.060 (0.015-0.426)
Smoking, (0) (n=125) 54 (33-120) <0.001 0.094 (0.015-0.571) Gk
Creatinine <0.83 (n=155) 73 (41-148) 0.875 0.051 (0.010-0.371) 0.029
Creatinine 20.84 (n=151) 76 (42-170) 0.097 (0.019-0.583)

Abbreviations see in Table 1.

dyslipidemia were comparable among the STEACS, NSTEACS
and SAP groups. Age was higher in the SAP than in the
STEACS and NSTEACS groups, and male gender and smok-
ing were significantly more prevalent in the STEACS group
than in the NSTEACS and SAP groups. Plasma MMP-9 levels
(median, 25" and 75" percentiles) were significantly higher
(P<0.001) in the STEACS group (96ng/ml, 53ng/ml and
216ng/ml) and the NSTEACS group (64 ng/ml, 35ng/ml and
93ng/ml), than in the SAP group (41ng/ml, 30ng/ml and
49ng/ml). Plasma MMP-9 levels were also significantly higher
(P<0.001) in the STEACS group than in the NSTEACS group.
Serum hs-TnT levels (median, 25" and 75" percentiles) were
significantly higher (P<0.001) in the STEACS group
(0.103 ng/ml, 0.023 ng/ml and 0.785 ng/ml) and the NSTEACS
group (0.112ng/ml, 0.035ng/ml and 0.383 ng/ml) than in the
SAP group (0.010ng/ml, 0.007 ng/ml and 0.021 ng/ml). Serum
hs-TnT levels did not significantly differ between the STEACS
and NSTEACS groups (P=0.636). Serum creatinine levels
were comparable in each group. Peak serum CK-MB levels
were significantly higher in the STEACS group than in the
NSTEACS group (P<0.001). The median interval from symp-
tom onset to collecting blood samples in the STEACS group
was 193 min (25, 75" percentiles, 101 min and 541 min). In
contrast, although the exact time of onset of NSTEACS was
unclear because of recurrent or ambiguous chest symptoms
in the NSTEACS patients, the estimated median interval was
approximately 373 min (25", 75" percentiles, 132min and
1,504 min). This interval was significantly shorter in the
STEACS group than in the NSTEACS group (P=0.004).
Figure 1A compares plasma MMP-9 levels (median, 25" and
75" percentiles) among the early STEACS (115ng/ml, 65ng/ml
and 234ng/ml), early NSTEACS (80ng/ml, 44ng/ml and
159 ng/ml), late STEACS (77 ng/ml, 47 ng/ml and 180 ng/ml)
and late NSTEACS (50ng/ml, 33ng/ml and 75ng/ml) and
SAP (41 ng/ml, 30 ng/ml and 49 ng/ml) groups. Plasma MMP-9
levels were significantly higher in the early STEACS (P<
0.001), early NSTEACS (P<0.001), late STEACS (P<0.001)
and late NSTEACS (P=0.026) groups than in the SAP group.
In addition, plasma MMP-9 levels were significantly higher
(P=0.017) in early STEACS than in late STEACS, and were
significantly higher (P=0.034) in early NSTEACS than in
late NSTEACS. Figure 1B compares serum hs-TnT levels
(median, 25" and 75™ percentiles) among the early STEACS

(0.030ng/ml, 0.009 ng/ml and 0.085 ng/ml), early NSTEACS
(0.040ng/ml, 0.009ng/ml and 0.214ng/ml), late STEACS
(0.970ng/ml, 0.342ng/ml and 2.155ng/ml), late NSTEACS
(0.178ng/ml, 0.079ng/ml and 0.416ng/ml) and SAP
(0.009 ng/ml, 0.008ng/m!l and 0.015ng/ml) groups. Serum
hs-TnT levels were significantly higher in the early STEACS
(P<0.001), early NSTEACS (P=0.003), late STEACS (P<
0.001), and late NSTEACS (P<0.001) groups than the SAP
group. Serum hs-TnT levels were significantly lower (P<0.001)
in early STEACS than in late STEACS, and were significantly
lower (P=0.007) in early NSTEACS than in late NSTEACS.
Plasma MMP-9 levels did not significantly differ between
those with and without risk factors, such as hypertension and
dyslipidemia, except that plasma MMP-9 levels were sig-
nificantly higher in male than in female patients, in the older
age population (266 years old, median) than in the younger
age population (<65 years old), in diabetic patients than in
non-diabetic patients, and in smokers than in non-smokers;
whereas serum hs-TnT levels did not significantly differ
between male and female patients or between those with and
without the aforementioned risk factors (Table 2). And accord-
ing to Table 2 there were no significant differences in MMP-9
levels between the patients with higher creatinine levels (cre-
atinine =0.84, above the median creatinine level) and lower
creatinine levels (creatinine <0.83, less than the median creati-
nine level); hs-TnT levels however, were significantly higher
in the patients with higher creatinine levels than with lower
creatinine levels. Multiple linear regression analysis to identify
factors independently associated with plasma MMP-9 levels
showed that ACS alone was independently and significantly
associated with plasma MMP-9 level (P<0.001, 0=0.264), but
neither gender (P=0.114), age (P=0.649), diabetes (P=0.928)
nor smoking habit (P=0.753) were independently associated
with plasma MMP-9 level. Multivariate logistic regression
analysis, including MMP-9, hs-TnT, gender, age and smok-
ing, which predicted ACS with P<0.05 in univariate analysis,
showed that male gender (P=0.028), MMP-9 (P<0.001) and
hs-TnT (P<0.001) were independently associated with ACS.

Defining the Diagnostic Value of MMP-9 and hs-TnT for ACS
To compare the diagnostic sensitivity and specificity for ACS
between MMP-9 and hs-TnT, ROC curve analysis was carried
out using SAP as a negative reference. Figure 2A shows ROC
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Figure 2. Receiver operating characteristic (ROC) curves of matrix metalloproteinase-9 (MMP-9; red line) and high-sensitivity
troponin T (hs-TnT; blue line) for diagnosis of (A) ST elevation acute coronary syndrome <4 h from chest pain onset (early STEACS;
(B) non-ST elevation acute coronary syndrome <4 h from onset (early NSTEACS); (C) STEACS at >4h after onset (late STEACS);
and (D) NSTEACS at >4h after onset (late NSTEACS. Area under the curve (AUC) for MMP-9 and hs-TnT to diagnose early
STEACS was 0.880 and 0.707; that to diagnose early NSTEACS was 0.782 and 0.725; to diagnose late STEACS, 0.790 and 0.993;

B Early-NSTEACS

1.0 r—' T
-
r—J
0.8 =
A=
Z 06+
>
S oal } | L
(%]
0.2
0.0
00 02 04 06 08 10
1-Specificity
D Late-NSTEACS
1.0 o =
=
4

-

2 06

z |

§ 0.4 l_r‘ﬁ,*
0.2
0.0

00 02 04 0.6 0.8 1.0
1-Specificity

hs-TnT

curves of MMP-9 and hs-TnT for detecting early STEACS.
The area under the curve (AUC) for MMP-9 and hs-TnT was
0.880 and 0.707, respectively. The sensitivity and specificity
of MMP-9 to diagnose early STEACS were 85.2% and 75.0%,
respectively, at an optimal cut-off of 46 ng/ml, and those for
hs-TnT were 62.6% and 82.5%, respectively, at an optimal
cut-off of 0.0191 ng/ml. The ROC curves for MMP-9 and
hs-TnT for detecting early NSTEACS are given in Figure 2B.
These ROC curves indicated that the AUC for MMP-9 and
hs-TnT was 0.782 and 0.725, respectively. The sensitivity and
specificity of MMP-9 to diagnose early NSTEACS were 68.0%
and 85.0%, respectively, at an optimal cut-off of 60 ng/ml, and
those of hs-TnT were 64.0% and 85.0%, respectively, at an
optimal cut-off of 0.0211ng/ml. In contrast, the ROC curves
for MMP-9 and hs-TnT for detecting late STEACS (Figure 2C)

indicated that the AUC for MMP-9 and hs-TnT was 0.790
and 0.993, respectively. MMP-9 detected late STEACS with
75.3% sensitivity and 72.5% specificity at an optimal cut-off
of 46ng/ml, and hs-TnT detected late STEACS with 98.8%
sensitivity and 92.5% specificity at an optimal cut-off of
0.0367ng/ml. The ROC curves for MMP-9 and hs-TnT for
detecting late NSTEACS (Figure 2D) indicated that the AUC
for MMP-9 and hs-TnT was 0.648 and 0.920, respectively.
MMP-9 detected late NSTEACS with 58.5% sensitivity and
72.5% specificity at an optimal cut-off of 46 ng/ml, and hs-TnT
detected late NSTEACS with 95.1% sensitivity and 82.5%
specificity at an optimal cut-off of 0.0192 ng/ml.

Plasma MMP-9 level was significantly and inversely cor-
related with the time interval from chest symptom onset to ER
arrival (Figure 3A; Spearman p=-0.252, P<0.001). In contrast,
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Figure 3. Correlation among plasma matrix metalloproteinase-9 (MMP-9), serum high-sensitivity troponin T (hs-TnT) level, time
interval from chest symptom onset to emergency room (ER) arrival, and serum peak creatine kinase MB level (CK-MB). (A)
Plasma MMP-9 level was inversely correlated with this interval (Spearman p=-0.252, P<0.001). (B) Serum hs-TnT level was
positively correlated with this interval (Spearman p=0.640, P<0.001). (C) Plasma MMP-9 level was inversely correlated with serum
hs-TnT level (Spearman p=-0.142, P=0.021). (D) Plasma MMP-9 (Spearman p=0.246, P<0.001) and (E) serum hs-TnT (Spearman
p=0.1525, P=0.013) levels at the ER were significantly correlated with peak CK-MB level.

serum hs-TnT level was significantly and positively correlated
with this interval (Figure 3B; Spearman p=0.640, P<0.001).
Consequently, plasma MMP-9 level was weakly and inversely

Table 3. Patient Characteristics in Time-Course Study
Characteristics

Male 20 (91) correlated with serum hs-TnT level at the ER (Figure 3C;
Age (years) 62+13 Spearman p=-0.142, P=0.021). Taken together, MMP-9
Risk factor appeared to be superior to hs-TnT in detecting early ACS, but
Diabetes (+) 9 (41) hs-TnT is superior to MMP-9 in detecting late ACS. Plasma
Hypertension (+) 13 (59) MMP-9 (Figure 3D; Spearman p=0.246, P<0.001) and serum
Dyslipidemia (+) 18 (82) hs-TnT (Figure 3E; Spearman p=0.1525, P=0.013) levels at
Smoking (+) 19 (86) the ER were significantly correlated with peak CK-MB level.

Time interval

Comparison of Time-Dependent Changes in MMP-9 With

Time from onset to ER (min) ® 48_21 65) hs-TnT
. ' 124 In the time-course study, 22 consecutive patients out of the
Time from onset to start CAG (min) (100-187) 115 patients with early STEACS were enrolled. The char-
N e ) 203 acteristics of the patients enrolled in the time-course study
Time from onset to termination of PCI (min) (167-247) are listed in Table 3. The time interval (median, 25" and 75®

percentiles) from symptom onset to arrival at the ER (point 1),

; . . 15
Time from onset to discharge from hospital (days) (12-19) the start of CAG (point 2), the termination of PCI (point 3), and

Data given as n (%), mean+SD or median (25"—75% percentile). hospi[f'i] dischar.ge (point 7) was 82 rqin, 64mip, and 165 mip,
ER, emergency room; CAG, coronary angiography; PCI, percuta- 124 min, 100min and 187 min, 203 min, 167 min, and 247 min
neous coronary intervention. and 15 days, 12 days and 19 days, respectively. Figure 4 shows

the time-dependent changes in plasma MMP-9 and serum
hs-TnT levels. Plasma MMP-9 level remained high from the
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Figure 4. Time-dependent changes in (A) matrix metalloproteinase-9 (MMP-9) and (B) high-sensitivity troponin T (hs-TnT). Cen-
ter horizontal lines indicate median values. Lower and upper edges of boxes indicate 25t and 75 percentiles, and lower and
upper bars indicate 10" and 90" percentiles. Sampling points 1 (upon emergency room [ER] arrival), 2 (before starting coronary
angiography) and 3 (after termination of percutaneous coronary intervention) were at a median of 82min, 123min and 203 min
after ST elevation acute coronary syndrome onset, respectively. Sampling points 4, 5 and 6 were 6h, 12h and 24 h after arrival at
the ER, respectively. Sampling point 7 was at discharge from hospital, a median of 15 days after ER arrival.

time of arrival at the ER (point 1) to 24 h after arrival at the
ER (point 6), whereas serum hs-TnT level started to rise at
the termination of PCI (point 3; median of 203 min after ACS
onset), peaked at 6 h after ER arrival (point 4) or 12h after ER
arrival (point 5), and then gradually decreased. Figure 5 shows
the time-dependent changes in the sensitivity of MMP-9 and
hs-TnT to diagnose STEACS. Cut-offs for MMP-9 and hs-TnT
of 46 ng/ml and 0.0191 ng/ml, respectively, were determined
from the ROC curve to diagnose early STEACS. The sensi-
tivity of MMP-9 to diagnose STEACS upon arrival at the ER
(point 1) was 95%, compared with 55% for hs-TnT, indicating
a higher diagnostic sensitivity of MMP-9 at that time point. The
diagnostic sensitivity of MMP-9 at sampling points 2-7 was
100%, 95%, 95%, 100%, 91% and 36%; whereas, for hs-TnT
it was 81%, 100%, 100%, 100%, 100% and 68%, respectively

Discussion

The present study confirms that the plasma level of MMP-9
was significantly higher in patients with STEACS and with
NSTEACS than in SAP patients, in agreement with previous
reports. We have newly found that plasma MMP-9 level was
significantly more elevated in STEACS and NSTEACS at the
earliest stage than in STEACS and NSTEACS at the later stage,
although previous reports did not mention the time course of
the MMP-9 level in the ACS patients. We also found that diag-
nostic accuracy for ACS was higher in MMP-9 than in hs-TnT
at the earliest stage, but not in the later stage; and this is the first
study to compare the diagnostic value of MMP-9 with hs-TnT
for ACS. These results may reflect the fact that elevation of
MMP-9, which reflects plaque rupture or vulnerability, precedes
that of biomarkers for myocardial damage, because plaque
rupture or vulnerability precedes myocardial damage in ACS.
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Figure 5. Diagnostic sensitivity of (A) matrix metalloprotein-
ase-9 (MMP-9) and (B) high-sensitivity troponin T (hs-TnT)
at different time points. Cut-offs for MMP-9 and hs-TnT were
46ng/ml and 0.0191ng/ml, respectively. Sampling points (1-
3, from onset of ST elevation acute coronary syndrome): 1, on
emergency room (ER) arrival (median, 82min); 2, before start-
ing coronary angiography (median, 123min); 3, after termina-
tion of percutaneous coronary intervention (median, 203 min);
4-6, 6h, 12h and 24 h after arrival at the ER, respectively; 7,
discharge from hospital (median of 15 days after ER arrival).
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Although CK-MB is a previous gold standard for diagnosis
of AMI, it is not a sensitive marker of increased myocardial
necrosis.> Many clinical studies after the 1990s clarified the
value of troponins I and T for the diagnosis and risk stratifica-
tion of AMI.3-° Consequently, the European Society of Car-
diology and the American College of Cardiology Committee
jointly revised the definition of AMI* and cardiac troponins
are listed as the biomarkers of preference in the latest defini-
tion.* This definition states that AMI is diagnosed when blood
levels of myocardial damage markers, preferably troponins I
or T, are increased in the clinical setting of acute myocardial
ischemia. The diagnostic sensitivity of troponin T, however,
is not high enough around 1-3h from symptom onset® be-
cause levels of troponin T do not begin to rise until 3—4 h after
symptom onset. Thus, the identification of biomarkers that can
detect plaque rupture or vulnerability might allow earlier diag-
nosis of ACS, although ACS is currently diagnosed using
biomarkers of myocardial damage. The previous studies indi-
cated that one of the biomarkers of plaque rupture or vulner-
ability, soluble lectin-like oxidized low-density lipoprotein
receptor-1 (sLOX-1), is more valuable to detect ACS at the
early stage than the current biomarkers of myocardial dam-
age. 520

Although hs-TnT is a newly developed gold standard to
diagnose AML®’ the diagnostic sensitivity and specificity may
not always be sufficient in the earliest stage of ACS."” To com-
pare the diagnostic value for the earliest stage of ACS between
MMP-9 and hs-TnT, ROC curve analysis was carried out using
SAP subjects as a negative reference. Diagnostic accuracy for
early STEACS and early NSTEACS was higher for MMP-9
than for hs-TnT, although hs-TnT was more accurate than
MMP-9 to diagnose late STEACS and late NSTEACS. Be-
cause early diagnosis is necessary for early revascularization,
which improves prognosis, MMP-9 appears to be a more
useful biomarker for early diagnosis of ACS. The advantage
of MMP-9 to diagnose ACS at the earliest stage was further
demonstrated by the different kinetics between MMP-9 and
hs-TnT at the earliest stage. Levels of MMP-9 at ER arrival
were inversely correlated with the time interval from chest pain
onset to ER arrival, whereas that of hs-TnT was positively cor-
related with this time interval. Therefore, MMP-9 and hs-TnT
levels were, in fact, inversely correlated with each other,
depending upon the time interval from ACS onset to blood
sampling. Time-course study, in addition, indicated that the
plasma level of MMP-9 was elevated at ER arrival (median,
82 min after the ACS onset) and sustained for 24 h there-
after, whereas the serum level of hs-TnT peaked at 12-24h
after ER arrival. These results thus indicate that MMP-9 level
begins to rise before the hs-TnT level does, which is the most
important point in the superiority of MMP-9 to hs-TnT for
early diagnosis of ACS, reflecting that MMP-9 is a marker of
plaque rupture or vulnerability and that hs-TnT is a marker
of myocardial damage. Although MMP-9 level in the ER was
inversely correlated with the time interval from chest pain
onset to ER arrival, in the time-course study, MMP-9 level
remained high for 24 h after ER arrival. This might result from
PCI procedures, which were balloon dilatation and stent im-
plantation for culprit lesions followed by recanalization. These
procedures may probably have raised MMP-9 levels in ACS
patients, although there have been few reports to clarify the
influence of PCI on MMP-9 release.?” Probably, MMP-9 level
peaked before or just after ACS onset and gradually reduced
in the natural course of ACS. MMP-9 level was significantly
higher in STEACS than in NSTEACS, probably because the
time interval from chest pain onset to ER arrival was signifi-

cantly shorter in the STEACS patients than in the NSTEACS
in the present study. A previous study indicated that levels of
MMP-9 were higher in ACS patients with plaque rupture than
in those without.!*2* Therefore, differences in plaque characters,
such as rupture or erosion, may also possibly affect the differ-
ence in MMP-9 level between STEACS and NSTEACS. Opti-
cal coherence tomography, an intravascular imaging modality,
showed that plaque rupture and thin-cap fibroatheroma were
more prevalent in the patients with STEACS than in those
with NSTEACS in a recent study.”® MMP-9 level at the ER
was significantly correlated with serum peak CK-MB, indicat-
ing that MMP-9 level reflects the severity of ACS. It can also
be speculated that higher MMP-9 level at the acute stage of
ACS may reflect a greater burden of vulnerable atherosclerotic
plaques. A recent pilot study has shown that sSLOX-1 predicted
prognosis, such as future ACS recurrence or death, in ACS
patients.”’ Some imaging modalities, such as multidetector row
computed tomography and intravascular ultrasound, are used
to identify patients with vulnerable plaque.***" MMP-9 mea-
surement may be a less invasive tool to identify vulnerable
patients before the development of ACS. For early diagnosis
of ACS in the ER, rapid MMP-9 measurement Kits need to
become commercially available.

In conclusion, MMP-9, a biomarker for plaque rupture or
vulnerability, but not for myocardial damage, is more useful
for diagnosing earliest stage ACS than biomarkers of myocar-
dial damage. Due to the limitation of the present study, that is,
the relatively small sample size, the present findings thus need
to be confirmed by multi-center studies with larger cohorts. In
addition, the present study compared MMP-9 levels between
patients with ACS and SAP. Further studies are required to
compare MMP-9 levels among patients with acute chest pain
including that due to other acute diseases. Furthermore, the
effects of PCI procedures on MMP-9 level during the acute
stage of ACS need to be further clarified.
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Respiratory cycle-dependent atrial tachycardia: Prevalence,
electrocardiographic and electrophysiologic characteristics, and

outcome after catheter ablation

Teppei Yamamoto, MD, Meiso Hayashi, MD, Yasushi Miyauchi, MD, Hiroshige Murata, MD,
Tsutomu Horie, MD, Osamu Igawa, MD, Takao Kato, MD, Kyoichi Mizuno, MD

From the Department of Cardiology, Nippon Medical School, Tokyo, Japan.

BACKGROUND Little is known about the tachyarrhythmias relat-
ing to respiration. Case reports presented patients with respiratory
cycle-dependent atrial tachycardias (RCATs), which cyclically
emerge after starting inspiration and cease during expiration.

OBJECTIVE The aim of the present study was to elucidate the
prevalence, characteristics, and long-term outcome after radiofre-
quency catheter ablation (RFCA) of RCATs.

METHODS The electrocardiographic and electrophysiologic prop-
erties and results of RFCA were analyzed in 60 patients with a total
of 71 focal atrial tachycardias (ATs).

RESULTS Nine RCATs (13%) were observed in 7 patients (12%).
RCATs were irregular, with a mean cycle length ranging from 220
to 650 ms, and developed incessantly accounting for 32% =+ 14%
of the 24-hour heartbeats. The P-wave morphology was positive or
biphasic (positive to negative) in V1, and positive in I and II. The
electroanatomical mapping demonstrated a centrifugal activation
pattern, with the earliest site located at the antrum of the right
superior pulmonary vein (RSPV), inside the RSPV, and inside the
superior vena cava (SVC) in 4, 2, and 3 RCATs, respectively.

Radiofrequency energy delivery at the earliest site or the electrical
isolation of the RSPV and SVC suppressed all RCATs. During a
follow-up of 25 = 15 months, 1 RCAT recurred and was eliminated
in a second procedure.

CONCLUSION RCATs were observed in 13% of the focal ATs. As
presumed from the P-wave morphologies, their foci converged
around the RSPV or inside the SVC. RFCA was effective to eliminate
RCATs.

KEYWORDS Respiration; Atrial tachycardia; Catheter ablation; Au-
tonomic nervous system; Pulmonary vein; Superior vena cava

ABBREVIATIONS AF = atrial fibrillation; AT = atrial tachycardia;
ECG = electrocardiogram; EP = electrophysiologic; GP = gangli-
onated plexi; PV = pulmonary vein; RCAT = respiratory cycle-
dependent atrial tachycardia; RFCA = radiofrequency catheter ab-
lation; RSPV = right superior pulmonary vein; SVC = superior
vena cava

(Heart Rhythm 2011;8:1615-1621) © 2011 Heart Rhythm Society.
All rights reserved.

Introduction

The sinus heart rate varies in synchrony with respiration,
by which the R-R interval is shortened during inspiration
and prolonged during expiration.' The mechanism of this
variability has not been fully clarified and is considered
multifactorial. Earlier studies reported the participation
of the pulmonary reflexes,' baroreflex,” diastolic filling
of the heart during inspiration,> and a central nervous
system mechanism.* In either mechanism, the neural net-
work, mainly the autonomic nervous system, is thought
to play a major role in the interaction between respiration
and the heart thythm. On the other hand, an interaction
between respiration and supraventricular arrhythmias is
also seen in rare cases, demonstrating that a burst of atrial
ectopic beats emerges after the start of inspiration and

Address reprint requests and correspondence: Dr. Meiso Hayashi, De-
partment of Cardiology, Nippon Medical School, 1-1-5, Sendagi, Bunkyo-
ku, Tokyo, Japan. E-mail address: m-h4510@nms.ac.jp. (Received March
23, 2011; accepted April 27, 2011).

1547-5271/% -see front matter © 2011 Heart Rhythm Society. All rights reserved.

ceases during expiration. To date, a few case reports
dealing with such respiratory cycle—dependent tachyar-
rhythmias have been published. Takatsuki et al® reported
respiratory cycle—dependent atrial tachycardia (RCAT)
in a patient with Wolff-Parkinson-White syndrome in
whom the atrial tachycardia (AT) was successfully
treated by means of radiofrequency catheter ablation
(RFCA). Another report® demonstrated respiratory cy-
cle—dependent atrial fibrillation (AF) in which temporal
vagal activation or pulmonary vein (PV) stretch by an
increased venous return was assumed as the cause of the
arrhythmia. At present, little is known about the clinical
and electrophysiologic (EP) characteristics of RCATs.
This report demonstrated the frequency and EP properties
of RCATS, their origins in the atrium, influence of drugs
modulating the autonomic nervous activity on the ar-
rhythmia occurrence, efficacy of RFCA, and background
of the patients with RCATs. The characteristics of
RCATs and their outcomes after catheter ablation were
also compared with other focal non-RCATs.

doi:10.1016/j.hrthm.2011.04.031
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Methods

Study population

From January 2007 to February 2011, 60 consecutive pa-
tients with a total of 71 nonreentrant focal ATs were re-
ferred to Nippon Medical School Teaching Hospital and
underwent an EP study and RFCA. We analyzed the clinical
characteristics of the patients, electrocardiographic and EP
properties of the ATs, and results of RFCA. In each patient,
the data were obtained from the patient chart; body surface
electrocardiograms (ECGs) before, during, and after the EP
study; 24-hour Holter monitoring; echocardiography; and
intracardiac electrograms during the EP study. Electroana-
tomical mapping data were also analyzed. An RCAT was
defined as an AT that occurred after starting inspiration and
ceased during the following expiration in at least 1 minute
of consecutive respiration cycles. The P-wave morphologies
in the body surface ECGs during the RCAT were analyzed
using standard hard-copy printouts recorded before the EP
study and electronically recorded ECGs during the EP study
by 2 electrophysiologists, 1 of whom was not informed of
any of the patients’ clinical data. In this analysis, the P-wave
deflection was classified into 5 categories: positive, nega-
tive, biphasic (positive to negative and negative to positive),
and flat.

EP study and mapping of tachycardias

Written informed consent for the EP study was obtained
from all patients. The study was performed in the fasting
state, with conscious sedation using propofol. All antiar-
rhythmic drugs were ceased for a minimum of 5 half-lives
before the procedure. An electroanatomical mapping system
was used in all patients: a CARTO system (Biosense Web-
ster Inc., Diamond Bar, California) or EnSite system (St.
Jude Medical, St Paul, Minnesota). A quadripolar catheter
and 5-pole catheter were introduced via the femoral vein
and placed in the right atrial appendage and His-bundle
region, respectively. A decapolar catheter with 2-8-2 mm
interelectrode spacing (St. Jude Medical, Daig Division,
Inc., Minnetonka, Minnesota) or a 20—p01ar catheter with
2-2-2 mm interelectrode spacing (St. Jude Medical, Daig
Division) was introduced from the right internal jugular
vein and advanced into the coronary sinus. When using the
EnSite system, the multielectrode balloon array was intro-
duced and positioned in the right or left atrium according to
the fastest activation during the tachvcardia. A 4-mm-tip or
8-mm-tip radiofrequency ablation catheter (Navistar, Bio-
sense Webster Inc. and Ablaze Fantasista, Japan Lifeline
Co., Ltd, Tokyo, Japan),which was also used as a mapping
catheter with the electroanatomical mapping system, was
introduced into the atrium. In patients who required isola-
tion of the PVs or superior vena cava (SVC), a 20-pole
ring-like catheter (Lasso, Biosense Webster Inc.) was lo-
cated at the ostium of the target vein. Body surface ECGs
and bipolar endocardial electrograms were monitored con-
tinuously and recorded with an EP-WorkMate (St. Jude
Medical) recording system at a filter setting of 30 to 500 Hz.
Bipolar pacing was performed using an EP MedSystems
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programmable stimulator. In patients in whom spontaneous
AT did not emerge, programmed atrial stimulation was
delivered using burst pacing or an 8-stimulus drive train
followed by single or double extrastimuli from the right
atrial appendage or the intracoronary sinus with and without
an isoproterenol infusion. The anatomical localization of
the atrial focus was accomplished during the tachycardia by
the analysis of the atrial activation using the electroanat-
omical mapping system.”® When the tachycardia was con-
sidered to be a left-sided origin, a transseptal puncture using
conventional techniques with the aid of a long vascular
sheath was performed.

Radiofrequency ablation

Radiofrequency energy was delivered between the distal
electrode of the ablation catheter and a cutaneous adhesive
electrode (ERBE USA, Inc., Marietta, Georgia) on the
lower trunk using a radiofrequency generator (Atakr RF
Power Generator [Medtronic Inc., Minneapolis, Minnesota]
or Stockert J70 RF Generator [Stockert GmbH, Freiburg,
Germany]). Radiofrequency energy was delivered for 30 to
60 seconds. The temperature control mode was limited to
50°C and a maximum power of 50 W. Acute success of the
ablation procedure was defined as the absence of any spon-
taneous or induced AT with and without an isoproterenol
infusion (0.005 to 0.01 mg/kg~" per hour™) for at least 30
minutes after the ablation.

Statistical analysis

The data were expressed as the mean * SD for continuous
variables and as the frequency (number [%]) for categorical
variables. For the continuous variables, differences between
groups were compared using the Mann-Whitney U test and
the Student ¢ test. Because the results were similar, only the
latter are presented. For categorical variables, differences
between groups were compared using the x* test with a
Fisher exact test. The time to the first AT recurrence after
the initial ablation procedure in the patients with RCATSs
and in those with non-RCATSs were calculated and assessed
with the log-rank test. All tests were 2-sided, and P <.05
was considered significant. The agreement of P-wave mor-
phology analysis between the 2 electrophysiologists was
evaluated with the kappa statistic. All statistical analyses
were conducted using SPSS for Windows 11.0 T software
(SPSS Inc., Chicago, Ilinois).

Results

Prevalence and clinical characteristics of

the RCATs

Among the 60 patients with a total of 71 nonreentrant focal
ATs, 9 distinct RCATSs (13%) were seen in 7 patients (12%)
(patients 1 to 7: 5 male and 2 female patients) with an age
of 58 = 11 years (range 38 to 72 years old). The clinical
characteristics of the 7 patients and 9 RCATs are presented
in Table 1. There was no detectable structural heart disease
in any of the patients except for 1 (patient 4), in whom an
uncontrollable RCAT and concomitant paroxysmal AF pro-
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Table 1  Clinical characteristics and electrophysiologic properties in the seven patients with RCAT
Mean Earliest
tachycardia Number of activation Structural
Age, cycle length RF energy to P wave heart
Patient years Sex RCAT focus (range), ms Ablation site applications onset, ms disease
1 54 M RSPV 530 (500-600) RSPV isolation - 25
SvC 220 (210-230) SVC isolation - 20
2 54 F RSPV antrum 520 (280-650) AT focus 7 40 -
3 59 M RSPV antrum 330 (300-350) AT focus - 40 -
4 58 F RSPV 300 (280-320) 4 PV isolation - 30 TICM
SvC 350 (300-420) SVC isolation 5 35
5 72 M RSPV antrum 340 (320-360) AT focus 29 35 -
6 38 M svC 650 (600-680) AT focus 3 53 -
7 70 M RSPV antrum 330 (320-350) AT focus 1 70 -

RCAT = respiratory cycle-dependent atrial tachycardia; RF = radiofrequency; RSPV = right superior pulmonary vein; SVC = superior vena cava; TICM =

tachycardia induced cardiomyopathy.

voked tachycardia-induced cardiomyopathy with a left ven-
tricular ejection fraction of 46%. In all patients, RCATs
were recognized before the EP study with simultaneous
recordings from the ECG and respiratory monitor (Fig. 1).
The average coupling interval of 180 RCAT events (anal-
ysis of 20 events in each RCAT) was 397 £ 138 ms. All
RCATSs were irregular, and the mean AT cycle length varied
among the tachycardias, ranging from 220 to 650 ms (Table
1). The body surface ECGs during the RCATs were ana-
lyzed by the 2 electrophysiologists, and the kappa value for
the agreement of the P-wave morphology was 0.70 with a
perfect match in leads I, II, and all of the chest leads. The
morphology of the P wave was positive in leads I and II, and
that in V1 was positive in 6 RCATs and biphasic (positive
to negative) in the other 3 RCATs. In the 24-hour Holter
monitor recordings, frequent attacks of the RCAT were
recorded in all patients, which accounted for 32% = 14% of
the total heartbeats. The RCAT emerged during exercise in
patients 2 and 3; during sleep in patient 1, a complicated

Patient 1

case with untreated severe sleep apnea syndrome with an
apnea-hypopnea index of 43; and in no particular condition
in the other 4 patients. No non-RCATs were observed in any
of the 7 patients. The RCATSs were refractory to 2.7 = 0.7
drugs, including class I antiarrhythmic agents and -block-
ers. The mean duration from the initial AT symptom to the
date of the EP study was 23 * 43 months.

Pharmacologic properties

During the EP study, the clinically demonstrated RCATs
developed spontaneously in patients 2, 4, 6, and 7, and
were reproducibly induced by burst right atrial stimula-
tion without any drug administration in patient 1 and with
an isoproterenol infusion in patients 3 and 5. Three pa-
tients agreed to receive several drug administrations to
investigate the etiology of the RCAT. In patients 2 and 7,
0.1 mg/kg of landiolol, a selective short-acting B-1-
blocker, prolonged the mean AT cycle length by 40 and
20 ms, respectively, without suppressing the RCATs, and
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Figure 1  Simultaneous recordings of
the body surface electrocardiogram and
respiration monitor in patients 1, 2, and
3. Respiratory cycle—dependent atrial
tachycardia was characterized by atrial
ectopic bursts that emerged after starting
inspiration and ceased during expiration.
Asterisks in the electrocardiograms indi-
cate sinus beats.
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Figure 2  Simultaneous recordings of
the body surface electrocardiogram and
respiration monitor in patients 6 and 7.
Respiratory cycle—dependent atrial tachy-
cardia was reproducibly suppressed by a
bolus administration of low dose (5 mg)
adenosine triphosphate (ATP). Asterisks
in the electrocardiograms indicate sinus
beats.
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0.25 mg of atropine had no effect on the RCAT. In
patients 6 and 7, a bolus infusion of low-dose (5 mg)
adenosine triphosphate reproducibly suppressed the oc-
currence of the RCAT (Fig. 2).

Sites and outcomes of catheter ablation

Acute success in the first ablation procedure was
achieved in all patients. In all RCATS, the electroanat-
omical map showed a centrifugal activation pattern. At
the earliest activation site of the RCATSs, the bipolar
electrogram preceded the onset of the P wave by 39 = 15
ms (range 20 to 70 ms) (Table 1), and the unipolar

electrogram demonstrated a pure negative deflection (QS
pattern) with a rapid initial slope. In 4 patients, fraction-
ated bipolar electrograms were recorded at these sites
during the AT burst (Fig. 3). Figure 4 shows the locations
of the earliest activation sites. The sites were seen at the
antrum of the right superior PV (RSPV) in 4 (inferior side
from the RSPV ostium in 3 and at the roof in the other),
inside the RSPV in 2, and inside the SVC in the other 3
RCATSs. The P-wave morphology in V1 was biphasic
(positive to negative) in 3 RCATs arising from inside the
SVC, and was positive in the other 6 RCATs with their

Figure 3  Body surface electrocardio-

grams and intracardiac electrograms in ~ RA

patient 2. The tip of the ablation catheter

(ABL) was located at the antrum of the ~ d
d

\

right superior pulmonary vein that was
the successful ablation site. The bipolar

electrogram at the catheter tip exhibited cs
fractionated potentials during the atrial A

tachycardia (AT) preceding the onset of

the ectopic P wave by 40 seconds. The
unipolar electrogram of the catheter tip

- p 'nv—ﬁ/\f

790 650 o320 ., 280 ,

demonstrated a pure negative deflection
with a rapid initial slope. CS = coronary
sinus; d = distal electrode pair; p =

ABLd “

proximal electrode pair; RA = right atri-
um; SR = sinus rhythm; Uni = unipolar
electrogram.
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Figure 4  The earliest activation sites
of the all respiratory cycle—dependent
atrial tachycardias. A: Right posterior
oblique view of the right and left atrium.
B: Left to right endoscopic view of the
left atrium looking into the orifice of the
right superior pulmonary vein (RSPV).
The number in the panels corresponds to
the patient number in Table 1. The sites
converge around the antrum of the
RSPV, inside the RSPV, and inside the
superior vena cava (SVC). RIPV = right
inferior pulmonary vein.

origin around the RSPV. Stimulation with an output of 20
mA was performed at these sites, which did not capture the
phrenic nerve in any of the patients. Two patients (patients 1
and 4) suffered from 2 distinct RCATSs arising from inside the
RSPV and inside the SVC (Fig. 4). Electrical isolation of the
RSPV and SVC was performed in these 2 patients, which
resulted in the complete suppression of all RCATs with no
ectopic beats inside these vessels. In the other 5 patients, a
focal radiofrequency energy delivery at the earliest activation
site successfully eliminated the RCATSs, and the mean sinus
cycle length during the energy delivery prolonged by 15% =+
13% (range 0% to 31%) compared with that just before the
radiofrequency energy application. The median number of
energy applications to achieve acute success in these patients
was 5 (range 1 to 29), including a second procedure in patient
2 (Table 1). Patient 4 further underwent isolation of the
other 3 PVs due to concomitant paroxysmal AF fre-
quently provoked by short coupled ectopic beats origi-
nating from inside the left superior PV. There were no
major cardiovascular complications during or after the
ablation procedures. All patients were followed up with-
out any antiarrhythmic agents or 3-blockers. During the
follow-up period of 25 *= 15 months (range 2 to 43
months), no AT was observed in any of the patients
except for patient 2, in whom an RCAT recurred 2 days
after the first procedure. In this patient, the second pro-
cedure was performed 3 days after the recurrence, which
successfully eliminated the tachycardia. In patient 4, who
suffered from tachycardia-induced cardiomyopathy, the
left ventricular wall motion in the echocardiogram per-
formed 3 weeks after the RFCA was ameliorated, show-
ing an ejection fraction of 58%.

In 53 patients with non-RCATs who underwent catheter
ablation during the same study period, 5 patients experi-
enced an AT recurrence after the initial ablation procedure
during the follow-up period of 28 * 15 months. The esti-
mated 2-year recurrence rate in the patients with RCATs
and those with non-RCATSs was 14% and 11%, respectively,

with no statistical difference between the 2 groups (log-rank
P = .62).

Comparison of the successful ablation site
between RCAT and non-RCAT

The successful ablation sites of the 9 RCATs were com-
pared with 62 focal non-RCATs to which RFCA was ap-
plied during the same study period. The site of the success-
ful ablation was at the antrum of the RSPV or inside the
RSPV in 6 RCATSs and 7 non-RCATSs (67% vs. 11%, P <
.001), or inside the SVC in 3 RCATSs and 3 non-RCATS
(33% vs. 5%, P = .02). The successful sites in the other
non-RCATs were located around the crista terminalis, 0s-
tium of the coronary sinus, septum, perinodal region, or
others in 14, 10, 7, 8, and 13, respectively. No significant
difference was seen in the clinical characteristics of the
patients between the 2 groups (Table 2).

Discussion

The present study reported that, among 71 nonreentrant
focal ATs in 60 patients, 9 RCATs (13%) were seen in 7
patients (12%). These arrhythmias developed in an inces-
sant manner and were refractory to antiarrhythmic drugs
and B-blockers. The tachycardia cycle length was irregular
and varied among the RCATs, and the ECG morphology
showed a positive P wave in leads I and II in all RCATs.
The morphology in V1 was positive in 6 RCATs and had a
positive-to-negative biphasic pattern in the other 3 RCATs,
which coincided with their foci: around the RSPV and
inside the SVC in 6 and 3 RCATS, respectively.”!* All
RCATSs were successfully eliminated by RFCA, although 1
RCAT recurred and required a second procedure.

To date, only 2 case reports of respiratory cycle—depen-
dent supraventricular tachyarrhythmia have been published.
Takatsuki et al®> demonstrated a case with an RCAT in
which the tachycardia was successfully treated by RFCA
targeting the left atrial posterior wall. Further information
regarding the successful ablation site or 12-lead ECG mor-
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Table 2 Comparison of the clinical characteristics between the patients with an RCAT and those with a non-RCAT
RCAT group (7 Non-RCAT group (53
patients, 9 ATs) patients, 62 ATs) P value
Age, y 58 + 11 59 + 16 .83
Male, N (%) 4 (57%) 29 (55%) 1.00
Duration of the atrial tachycardia, mo 23 £ 43 46 * 64 .36
Structural heart disease, N (%) 1 (14%) 20 (38%) .40
Ischemic heart disease 0 2 (4%)
Valvular heart disease 0 8 (15%)
Hypertensive heart disease 0 7 (13%)
Atrial septal defect 0 2 (4%)
Tachycardia induced cardiomyopathy 1 (14%) 4 (8%)
Other cardiomyopathy 0 2 (4%)
Follow-up period, mo 25 £ 15 28 £15 0.67
Patients with AT recurrence, N (%) 1 (14%) 5 (9%) 0.54
Echocardiography parameters
Left ventricular ejection fraction, % 69 *+ 11 66 = 12 0.58
Left atrial dimension, mm 37+ 8 36 + 8 0.91

AT = atrial tachycardia; RCAT = respiratory cycle-dependent atrial tachycardia.

phology that indicated the tachycardia origin was not shown
in their report. Another case report® exhibiting respiratory
cycle-dependent AF triggered by monomorphic atrial pre-
mature contractions also did not show the morphology nor
the tachycardia origin. To the best of our knowledge, the
present study is the first report demonstrating the character-
istics of the 12-lead ECG morphology and sites of the
tachycardia focus in RCATs. The convergence of RCAT
foci around the RSPV and SVC may help us consider its
etiology. These foci pinpointed in the EP study corre-
sponded to the location of the anterior right ganglionated
plexi (GP), which contains clusters of sympathetic and
parasympathetic ganglia.'! Prolongation of the sinus cycle
length during the radiofrequency energy application when
directly targeting RCAT foci also suggests the involvement
of GP.'? Clinical and experimental studies'®~'® showed that
atrial premature beats and AF were induced by stimulation
or activation of efferent sympathetic and parasympathetic
neurons in the GP, which was located in close proximity to
each PV.' Especially, the anterior right GP was shown to
be related to AF associated with sleep apnea syndrome.'®
We consider it conceivable that the autonomic nervous
system modulated by the respiration might involve the an-
terior right GP and the following neuronal axon ramifica-
tions as an efferent traffic to provoke RCATS.

Several observations in the present study suggested trig-
gered activity as a mechanism of the RCAT. First, in 2
patients with 2 distinct RCATSs originating from inside the
RSPV and SVC, electrical isolation of these vessels com-
pletely suppressed the RCATs with no ectopic beats inside
these vessels, indicating that the tachycardia required pre-
ceding action potentials to develop. Second, the RCATs
ceased after a bolus infusion of adenosine triphosphate.
Third, in 3 patients without spontaneous RCATs during the
EP study, burst right atrial stimulation with or without an
isoproterenol infusion reproducibly induced the RCATs.
These are findings characteristic of triggered activity.'” In-
duction of ATs with exercise or by the administration of a
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B-adrenergic agonist is consistent with triggered activity
and abnormal automaticity, and adenosine was shown to
affect both mechanisms. AT due to abnormal automaticity,
however, cannot be initiated by programmed stimulation
and does not require preceding action potentials to occur.'”

We consider that, in the occurrence of the RCAT, respi-
ration acts as a strong modulating factor through the auto-
nomic nervous system. Interaction between respiration and
the autonomic nervous activation is well demonstrated in
the sinus heart rate, increasing cyclically during inspiration
and decreasing during expiration. Although the mechanisms
responsible for such respiratory modulation by the auto-
nomic activity remain incompletely understood, an efferent
vagal effect was suggested as being responsible for this
phenomenon with an inhibition of the parasympathetic
nerve activity during inspiration.' ~* Such respiratory cycle—
dependent parasympathetic attenuation, however, was un-
likely to induce the RCAT because augmentation (not in-
hibition) of the parasympathetic nerve activity was shown to
enhance triggered firing in the PVs.'® Further, in the present
study, intravenous atropine administered in 2 patients had
no influence on the occurrence of the RCAT. Although it
was not clearly demonstrated in the variability of the sinus
P-P interval, sympathetic efferent activity was also shown to
occur in synchronization with the respiratory cycle, show-
ing sympathetic nerve discharges during the inspiratory
phase with its peak during late inspiration or the initial part
of postinspiration.'® The modulate effect of the respiratory
activity on the sympathetic efferent discharges was
thought to be determined primarily by the coupling be-
tween the brainstem respiratory and sympathetic neuro-
nal networks.?>?! We consider that respiratory cycle—
dependent sympathetic nerve activation is a reasonable
modulating factor for enhancing triggered activity result-
ing in the RCAT, based on the facts that the RCATs were
recorded during exercise in 2 patients and during sleep in
1 patient with severe sleep apnea syndrome, and that
atrial pacing under an isoproterenol infusion was re-
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quired to induce the RCAT in 2 patients and landiolol
prolonged the tachycardia cycle length.

Another possibility for the RCAT mechanism is physical
irritation caused by respiration. In the present study, the
RCAT foci were located in the area where the heart is
anchored to the mediastinum by the pericardial reflection at
the postcaval recess, right pulmonary venous recess, and
oblique sinus.”? With these anatomical structures, respira-
tory movement could result in local atrial or venous wall
stretch, which could induce triggered activity.?>** Stretch of
the venous or atrial wall by inspiratory augmentation of the
venous return would be considered as another possible
RCAT etiology, but a clinical study®® measuring the intra-
cavity pressure during left atrial catheterization did not
show an increased left atrial pressure during inspiration.

Study limitations

This study has several limitations. First, a pharmacologic
assessment to investigate the RCAT etiology was not per-
formed in 4 of the 7 patients due to matters concerning the
patient’s agreement to receiving drugs not directly related to
the ablation procedure itself. Further study evaluating the
response of the RCAT to various drugs, especially those
modulating the autonomic activity, is warranted to confirm
the results demonstrated in the present study. Second, the
ablation strategy differed among the patients; RSPV and
SVC isolations were performed to treat RCATSs in 2 patients
instead of the radiofrequency energy applications to the
RCAT focus carried out in the other 5. As RCAT foci were
located inside the RSPV and SVC (Figure 4) in the 2 patients,
we chose an electrical isolation of these vessels to avoid any
venous injury or stenosis. Further, focal ablation inside these
thoracic veins was shown to be safe and associated with a high
long-term success.”*?” We also considered that a focal radio-
frequency energy delivery inside the PV or SVC could be
recommended as the first-line ablation strategy for RCATs, as
was performed in patient 6 in the present study.

Conclusion

Nine drug-resistant ATs incessantly emerging in synchrony
with the respiratory cycles were observed out of 71 focal
nonreentrant ATs (13%). Their foci converged around the
RSPV and inside the SVC, and triggered activity was sug-
gested as the mechanism. These ATs were successfully
treated by RFCA targeting the AT foci in 5 and isolating the
SVC or RSPV electrically in the other 4.
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