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s the elderly population continues to expand, atrial fi-
brillation (AF) is becoming an increasingly common 
medical condition.1–4 Amiodarone is the most fre-

quently used agent for maintaining sinus rhythm in patients 
with AF, but it impairs sinoatrial node (SAN) function in a 
significant number of patients.5 SAN automaticity is main-
tained by synergistic actions of a “voltage clock” mediated by 
voltage-sensitive membrane ionic currents such as the hy-
perpolarization-activated pacemaker current (If)6 and a “Ca2+ 
clock” mediated by rhythmic spontaneous sarcoplasmic reticu-
lar (SR) Ca2+ release.7 The Ca2+ clock of the superior SAN is 
primarily responsible for rate acceleration during sympathetic 
stimulation8,9 and its unresponsiveness to sympathetic stimula-
tion is a characteristic finding in dogs with AF and heart fail-
ure.10,11 Because amiodarone has inhibitory effects on multiple 
channels (Ito, IKr, IKs, ICa, INa) because of its β-adrenergic block-
ing effect,12 it might impair SAN function by suppressing the 

voltage and Ca2+ clocks. Using the 3-dimensional (3D) endo-
cardial electroanatomical mapping techniques, we found that 
unresponsiveness of the superior SAN to sympathetic stimula-
tion is a characteristic finding in patients with AF and symp-
tomatic bradycardia.13
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The purpose of the present study was to study the mecha-
nisms of SAN dysfunction caused by amiodarone using the 
3D mapping techniques. The results are used to test the hy-
pothesis that unresponsiveness of the superior SAN to sym-
pathetic stimulation (superior SAN dysfunction) underlies the 
mechanisms of SAN dysfunction in AF patients taking ami-
odarone.
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Background: The mechanisms underlying amiodarone-induced sinoatrial node (SAN) dysfunction remain unclear, 
so we used 3-dimensional endocardial mapping of the right atrium (RA) to investigate.

Methods and Results: In a matched-cohort design, 18 patients taking amiodarone before atrial fibrillation (AF) abla-
tion (amiodarone group) were matched for age, sex and type of AF with 18 patients who had undergone AF ablation 
without taking amiodarone (no-amiodarone group). The amiodarone group had a slower heart rate than the no-
amiodarone group at baseline and during isoproterenol infusion. Only the amiodarone group had sick sinus syndrome 
(n=4, 22%, P=0.03) and abnormal (>550 ms) corrected SAN recovery time (n=5, 29%; P=0.02). The median distance 
from the junction of the superior vena cava (SVC) and RA to the most cranial earliest activation site (EAS) was longer 
in the amiodarone group than in the no-amiodarone group at baseline (20.5 vs. 10.6 mm, P=0.04) and during isopro-
terenol infusion (12.8 vs. 6.3 mm, P=0.03). The distance from the SVC-RA junction to the EAS negatively correlated 
with the P-wave amplitudes of leads II (r=–0.47), III (r=–0.60) and aVF (r=–0.56) (P<0.001 for all).

Conclusions: In a quarter of the AF patients, amiodarone causes superior SAN dysfunction, which results in a 
downward shift of the EAS and reduced P-wave amplitude in leads II, III and aVF at baseline and during isoproter-
enol infusion.  (Circ J 2013; 77: 2255 – 2263)
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cycles; (2) SAN conduction time was determined after an 
8-beat pacing train using the following formula: SAN conduc-
tion time=[return-basic cycle length]/2; the SAN conduction 
time was measured 3 times and the averaged value was used for 
data analyses; and (3) corrected SAN recovery time (CSNRT) 
was determined after a 30-s drive train at CL of 600 ms, correct-
ing for the baseline CL. SAN conduction time and CSNRT was 
determined 3 times and the average value was used for analy-
ses. CSNRT ≤550 ms was considered normal.15

Atrial effective refractory periods (ERPs) were evaluated 
with S2 strength at twice the diastolic threshold current (for a 
pacing threshold <2 mA) after 8 S1 paced beats at CLs of 600, 
500, and 400 ms. An incremental technique was used, starting 
with an S1–S2 coupling interval of 150 ms. The coupling inter-
val was then increased in 5-ms increments until S2 captured the 
atria. The ERP was defined as the longest coupling interval that 
failed to capture the atria. ERP was measured 3 times each from 
the distal and proximal coronary sinus and from the low and 
high lateral RA. The averaged values were used for analyses.

Conduction velocity was assessed along the coronary sinus 
by pacing from the distal bipole (1–2) of the coronary sinus 
catheter and measuring the activation time at the proximal bi-
pole (9–10), and along the lateral RA by pacing from the distal 
bipole (1–2) of the lateral RA catheter and measuring time to 
activate the proximal bipoles (9–10). At both sites, conduction 
was measured at pacing CLs of 600, 500, and 400 ms during 
stable capture. Conduction time was determined 10 times at 
each CL and the average value was used for analyses.

Surface 12-lead ECG P-wave morphology was assessed as 
previously described.16 P waves were included for analysis 
only if an isoelectric interval was present and there was no fu-
sion with the preceding QRS or T wave. P waves were de-
scribed on the basis of the deviation from baseline during the 
TP interval as being: (1) positive (+); (2) negative (-); (3) iso-
electric: arbitrarily defined when there was no P-wave devia-
tion from a baseline of ≥0.05 mV; and (4) biphasic (+/- or -/+). 
The height or depth of the P wave was measured from the 
wave’s peak or nadir to the isoelectric line (TP interval) using 
the electronic caliper of Pruka system (GE Healthcare, Mil-
waukee, WI, USA) (Figure 1).

Electroanatomic Mapping
The 3D mapping was recorded after circumferential pulmonary 
vein isolation and/or linear ablation in the left atrium (LA). 

Methods
Study Population
This prospective research study was approved by the Clinical 
Research and Ethics Committee of the Yonsei University 
Hospital, Seoul, South Korea, where all mapping studies were 
performed. Written informed consent was given by each pa-
tient. We excluded patients from the study if they had a recent 
(≤3 months) myocardial infarction, ongoing myocardial isch-
emia, heart failure, valvular heart diseases or sick sinus syn-
drome (SSS) prior to amiodarone treatment.

In a matched-cohort design, 18 patients (amiodarone group) 
who had undergone AF ablation while taking amiodarone 
were matched for age, sex and type of AF with 18 patients who 
had undergone AF ablation without taking amiodarone (no-
amiodarone group). The patients in the no-amiodarone group 
were selected from 171 patients who were referred for electro-
physiological study for ablation of symptomatic AF without 
taking amiodarone. We also excluded patients with SSS before 
the use of antiarrhythmic medication from both groups. SSS 
was defined as a syndrome encompassing a number of sinus 
nodal abnormalities, including sinus bradycardia, sinus arrest 
or block, SA conduction disturbance, and bradycardia-tachy-
cardia syndrome.14 We performed 3D endocardial mapping of 
the right atrium (RA) at baseline and during isoproterenol infu-
sion in all patients. All antiarrhythmic medications (including 
β-blockers and calcium blockers) were suspended for > 5 half-
lives before the study, excepting amiodarone.

Electrophysiological Study
Electrophysiological studies were performed in the postab-
sorptive state. The patients were sedated with midazolam and 
fentanyl. Multipolar catheters were positioned as follows: (1) 
20-pole catheter with 2–5–2-mm interelectrode spacing in the 
coronary sinus with the proximal 10 electrodes positioned at 
the lateral RA; (2) 10-pole catheter with 2–7–2-mm interelec-
trode spacing along the lateral RA. Surface ECG and bipolar 
endocardial electrograms were monitored continuously and 
stored on a computer-based digital amplifier/recorder system 
with optical disk storage for offline analysis. Intracardiac elec-
trograms were filtered from 30 to 500 Hz and measured with 
computer-assisted calipers at a sweep speed of 400 mm/s.

SAN function was evaluated as follows: (1) baseline sinus 
cycle length (CL) was determined over 10 consecutive sinus 

Figure 1.  The height or depth of the P wave 
was measured from the peak or nadir, respec-
tively, to the isoelectric line (TP interval).
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Table 1. Clinical Characteristics of the AF Patients With and Without Amiodarone Therapy

No-amiodarone  
(n=18)

Amiodarone  
(n=18) P value

Male 14 (78) 14 (78) 1.0　　　　
Age, years 62 (58–66)　　　　　 61 (57–65)　　　　　 0.89　　
  Age >75 years 0 0 –

Type of AF, n (%) 1.0　　　　
  PAF   8 (44)   8 (44)

  PeAF 10 (66) 10 (66)

LA dimension, mm 41.4 (39.3–43.6)　　 43.7 (41.1–46.0)　　 0.19　　
LVEF, % 65.2 (63.1–67.2)　　 62.7 (59.2–66.2)　　 0.25　　
Underlying diseases

  Heart failure 0 0 –

  Hypertension   8 (33)   9 (48) 1.0　　　　
  Diabetes 0   3 (17) 0.23　　
  Stroke   3 (18) 1 (6) 0.29　　
CHADS2 score 0.8 (0.4–1.4)　　　　 0.8 (0.4–1.2)　　　　 0.87　　
P-wave duration, ms 96 (85–106)　　　 111 (103–119)　　　 0.03　　
P-wave amplitude, mV 0.12 (0.10–0.13)　　 0.13 (0.11–0.15)　　 0.35　　
Average 24-h heart rate, beats/min 63 (61–67)　　　　　 77 (74–84)　　　　　 0.004

Maximum RR interval, s 2,540 (1,755–3,270) 1,280 (1,080–1,945) 0.009

ERP, ms

  High RA 217 (205–231)　　　 246 (235–258)　　　 0.006

  Low RA 212 (200–225)　　　 245 (231–261)　　　 0.004

  Proximal CS 239 (226–252)　　　 248 (237–259)　　　 0.31　　
  Distal CS 232 (213–254)　　　 252 (238–269)　　　 0.16　　
RA CV, m/s 0.60 (0.52–0.67)　　 0.53 (0.46–0.61)　　 0.23　　
LA CV, m/s 1.05 (0.96–1.14)　　 0.93 (0.80–1.06)　　 0.16　　

Data are n (%) or mean (95% CI). AF, atrial fibrillation; CHADS2, congestive heart failure, hypertension, age ≥75 
years, diabetes mellitus, and prior stroke or transient ischemic attack; CI, confidence interval; CS, coronary sinus; 
CV, conduction velocity; ERP, effective refractory period; LA, left atrium; LVEF, left ventricular ejection fraction; PAF, 
paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation.

Table 2. CSNRT and EAS at Baseline and During Isoproterenol Infusion in AF Patients With and Without 
Amiodarone Therapy

No-amiodarone  
(n=18)

Amiodarone  
(n=18) P value

SAN dysfunction, n (%) 0   4 (22) 0.03

No. patients with CSNRT >550 ms 0   5 (29) 0.02

CSNRT, ms 365 (232–449) 439 (391–693)　 0.04

SANCT, ms 135 (114–156) 185 (152–219)　 0.02

Baseline

  Heart rate, beats/min 80 (72–88)　　 66 (59–73)　　　 0.01

EAS 0.37

  Unicentric 14 (78) 16 (89)

  Multicentric   4 (22)   2 (11)

  EAS location, mm* 10.6 (3.4–15.1)　 20.5 (10.8–25.5) 0.04

Isoproterenol

  Heart rate, beats/min 125 (118–131) 114 (108–120)　 0.03

EAS, n (%) 0.55

  Unicentric 16 (89) 17 (94)

  Multicentric   2 (11) 1 (6)

EAS location, mm* 4.9 (1.6–8.4)　 17.6 (7.7–29.0)　　 0.03

Data are n (%) or mean (95% CI), unless otherwise indicated. *EAS location is expressed by distance (mean and 
25–75% range) from SVC-RA junction to the most cranial EAS. AF, atrial fibrillation; CI, confidence interval; CSNRT, 
corrected sinoatrial node recovery time; EAS, earliest activation site; RA, right atrium; SAN, sinoatrial node; SANCT, 
sinoatrial node conduction time; SVC, superior vena cava.
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and (2) multicentric: ≥2 origins of impulses around the SAN 
with activation time difference ≤5 ms separated by a distance 
≥10 mm.19 The mapping was performed both at baseline and 
during isoproterenol infusion. The mapping during isoproter-
enol infusion of 10 μg/min was performed at the stable heart 
rate, approximately 5 min after the commencement of isopro-
terenol infusion.

Statistical Analysis
Continuous variables that are normally distributed are reported 
as mean ± SD or 95% confidence interval (CI). Student’s t-test 
was used to compare the means of continuous variables that are 
approximately normally distributed between the 2 groups. Con-
tinuous variables that were not normally distributed (the dis-
tance from the SVC-RA junction to the most cranial EAS, 
CSNRT and SAN conduction time) are reported as median 
(25–75 percentile range) and compared using Kruskal-Wallis 
test. Normality was determined using the Kolmogorov-Smirnov 
goodness-of-fit test. Categorical variables are reported as count 
(percentage) and compared using Fisher’s exact test. An exact 
95% CI was calculated for percentage estimates discussed in 
the text. The correlation between the distance from the SVC-
RA junction to the most cranial EAS and P-wave amplitude 
was evaluated with Pearson correlation. The means of paired 
P-wave amplitudes (baseline and isoproterenol infusion) were 
evaluated with the paired t-test. The SPSS statistical package 
(SPSS Inc, Chicago, IL, USA) was used to perform all statisti-
cal evaluations. A P value of ≤0.05 was considered statistically 

Autonomic denervation was not performed. No ablation was 
performed in the RA or near the SAN. Electroanatomic maps 
of the RA were created before and during isoproterenol infu-
sion using either the Ensite NavX (n=33 patients) or CARTO 
mapping system (n=3 patients). These systems record the 12-
lead ECG and bipolar electrograms filtered at 30–200 Hz from 
the mapping catheter and the reference electrogram. Fluoros-
copy, RA angiography and computerized tomography, and the 
Ensite NavX or CARTO merging were used to facilitate map-
ping of anatomic structures, particularly the crista terminalis 
and the junction of the superior vena cava (SVC) and the RA 
(SVC-RA), and for ensuring endocardial contact when indi-
vidual points were acquired. High-density mapping was per-
formed along the crista terminalis, septal RA, and areas of low 
voltage. Points were acquired if the stability criteria in space 
(≤6 mm) and local activation time (≤5 ms) were met.17,18 Editing 
of points was performed offline. Local activation was manually 
annotated to the beginning of the first rapid deflection from the 
isoelectric line on bipolar electrograms. Points were excluded 
if they did not conform to the 12-lead ECG P-wave morphol-
ogy or if they were <75% of the maximum voltage of the pre-
ceding electrogram. Bipolar voltage amplitudes were measure 
at high and low sites of the lateral, septal and posterior RA.

The linear distance from the SVC-RA junction to the most 
cranial EAS (earliest activation site) was used as a quantitative 
measure of EAS location.13 To evaluate the SAN activation 
patterns, the following definitions were assigned: (1) unicen-
tric: a single EAS that spread centrifugally to activate the atria, 

Figure 2.  Effects of isoproterenol infusion on the earliest activation site (EAS) in a patient not taking amiodarone. (A) The right 
atrium (RA) activation maps (Upper panels) and electrograms (Lower panels). (a) The EAS at baseline, located at the junction 
between the superior vena cava (SVC) and RA (arrow). (b) The EAS during isoproterenol infusion, located at the SVC (arrow). *EAS 
of the crista terminalis. The dashed line in each panel marks the crista terminalis. (B) ECGs at baseline (a) and during isoproter-
enol infusion (b). There are tall positive P waves in leads II, III and aVF (arrows) at baseline and during isoproterenol infusion.
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than the no-amiodarone group (96, 85–106 ms, P=0.03). P-
wave amplitude did not differ between groups.

SAN Dysfunction and Amiodarone
No patient in either group showed clinical evidence of SAN 
dysfunction before antiarrhythmic medications. However, after 
antiarrhythmic treatment, Holter monitoring showed a lower 
average 24-h heart rate and longer maximum RR interval in 
the amiodarone group compared with the no-amiodarone 
group (Table 1). After amiodarone medication, 4 (22%) pa-
tients (Table 2) developed SSS that warranted pacemaker im-
plantation; 1 of the 4 patients had inappropriate sinus brady-
cardia and 3 had pauses at the termination of AF, causing 
dizziness or syncope. Abnormal CSNRT (>550 ms) was found 
in 3 of these 4 patients and another 2 patients without symp-
tomatic bradycardia. No patients in the control group showed 
SSS or abnormal CSNRT. The median value of CSNRT and 
SAN conduction time were significantly longer in the amioda-
rone group than in the controls at a pacing CL of 500 ms.

SAN Response to Sympathetic Stimulation
Baseline heart rate was 80 (72–88) beats/min in the no-amiod-
arone group, and 66 (59–73) beats/min in the amiodarone group. 
The mean maximum heart rate during isoproterenol infusion 
was 125 (118–131) beats/min and 114 (108–120) beats/min, 
respectively. The amiodarone group had a significantly lower 

significant.

Results
Patients’ Characteristics
The comparison of the baseline characteristics of the 2 groups 
is presented in Table 1. The amiodarone group included 14 
(78%) males with a mean age of 61 (57–65) years. The no-
amiodarone group included 14 (78%) males with a mean age 
of 62 (58–66) years. There were no differences between the 2 
groups in LA dimensions, underlying diseases and CHADS2 
score. At the discretion of the patients’ doctors, the antiarrhyth-
mic medications were prescribed, and the mean number was 
1.5 (1.2–1.7) and 1.2 (1.1–1.4), respectively, in the amiodarone 
and no-amiodarone groups (P=0.17). Class Ic drugs (flecainide, 
n=17; pilsicainide, n=1) and a class III drug (sotalol, n=4) were 
used as the first and second antiarrhythmic drugs, respectively, 
in the no-amiodarone group. In the amiodarone group, amio-
darone (n=8), flecainide (n=5), pilsicainide (n=2) and sotalol 
(n=1) were used as the first-choice antiarrhythmic drug. The 
mean duration and cumulative dosage of amiodarone were 145 
(89–221) days and 28,989 (17,667–43,739) mg, respectively. 
Daily maintenance dosage of amiodarone was 200 mg in the 
amiodarone group. Thyroid function was within normal range 
in all 4 patients with sinus node disease. The amiodarone group 
(111, 103–119 ms) had significantly longer P-wave duration 

Figure 3.  Superior shift of the earliest activation site (EAS) during isoproterenol infusion in a patient taking amiodarone. (A) The 
right atrium (RA) activation maps (Upper panels) and electrograms (Lower panels). (a) The EAS at baseline, located in the infe-
rior part of crista terminalis (arrow). (b) The EAS during isoproterenol infusion, having shifted to the junction of the superior vena 
cava and RA (arrow). *EAS of the crista terminalis. The dashed line in each panel marks the crista terminalis. (B) ECGs at baseline 
(a) and during isoproterenol infusion (b). Note the increased amplitude of the P waves in leads II, III and aVF after superior shift of 
the EAS during isoproterenol infusion (arrows).
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(Figure 4B-b). The superior part of the SAN in this patient 
was always activated passively with and without isoproterenol 
infusion. For all patients studied, the downward shift of the 
EAS during isoproterenol infusion was observed in 2 (11%) of 
18 patients in the no-amiodarone group and in 6 (33%) of 18 
patients in the amiodarone group (P=0.11).

Figure 5 summarizes the unicentric EAS in the no-amioda-
rone and amiodarone patients at baseline (Figure 5A) and dur-
ing isoproterenol infusion (Figure 5B). The median distance 
from the SVC-RA junction to the most cranial EAS was 10.6 
(3.4–15.1) mm for the no-amiodarone and 20.5 (10.8–25.5) mm 
for the amiodarone group at baseline (Table 2, Figure 5C). 
The EAS was located significantly more superior (cranial) in 
the no-amiodarone than in the amiodarone group (P=0.04). 
During isoproterenol infusion, the distance from the SVC-RA 
junction to the most cranial EAS significantly shortened to 5.6 
(0.4–10.8) mm in the no-amiodarone group (P=0.04), but in-
significantly to 4.0 (-4.3–12.0) mm in the amiodarone group 
(P=0.37). The median distance from the SVC–RA junction to 
the most cranial EAS was 4.9 (1.6–8.4) mm in the no-amiod-
arone group and 17.6 (7.7–29.0) mm in the amiodarone group 
during isoproterenol infusion (Figure 5C). The distance from 
the SVC to the most cranial EAS was longer in the amiodarone 
than in the no-amiodarone group during isoproterenol infusion 
(P=0.03). Multicentric activation patterns did not differ be-
tween the 2 groups at baseline (P=0.37) or during isoprotere-
nol infusion (Table 2, P=0.55).

heart rate than the no-amiodarone group at baseline (P=0.01) 
and during isoproterenol infusion (P=0.03, Table 2).

Using 3D mapping, we analyzed a mean of 237±30 and 
210±25 points per patient during sinus rhythm and isoproter-
enol infusion, respectively. There were no significant differ-
ences between groups in the number of points analyzed at 
baseline (P=0.29) and during isoproterenol infusion (P=0.14). 
Figure 2A-a shows a unicentric EAS (arrow) at baseline with-
in the SVC-RA junction. The EAS moved to the SVC during 
isoproterenol infusion (arrow in Figure 2A-b). The P-wave 
morphology at baseline and during isoproterenol infusion did 
not differ (Figure 2B).

Figure 3 shows superior shift of EAS during isoproterenol 
infusion in a patient taking amiodarone. The EAS was located 
at the inferior part of crista terminalis (Figure 3A-a) and as-
sociated with an isoelectric or inverted (negative) P-wave in 
the inferior leads (II, III and aVF) (Figure 3B-a). Isoproterenol 
administration shifted the EAS to the SVC-RA junction 
(Figure 3A-b), together with a normalization of P-wave mor-
phology (Figure 3B-b). Figure 4 shows a typical example of 
unresponsiveness of the SAN to isoproterenol infusion in an 
AF patient taking amiodarone. The EAS at baseline was located 
at the mid-portion of the crista terminalis (arrow in Figure 4A-a) 
with upright, low-amplitude P waves (Figure 4B-a). During 
10 μg/min isoproterenol infusion, the EAS moved to the infe-
rior vena cava-RA junction (arrow in Figure 4A-b), together 
with a reduction in P-wave amplitudes in the inferior leads 

Figure 4.  Inferior shift of the earliest activation site (EAS) during isoproterenol infusion in a patient taking amiodarone. (A) The 
right atrium (RA) activation maps (Upper panels) and electrograms (Lower panels). (a) The EAS at baseline, located in the mid-
portion of the crista terminalis (arrow). (b) The EAS during isoproterenol infusion, having shifted to the lower part of the crista ter-
minalis (arrow). *EAS of the crista terminalis. The dashed line in each panel marks the crista terminalis. (B) ECGs at baseline (a) 
and during isoproterenol infusion (b). Note the decreased amplitude of the P waves in leada II, III and aVF after inferior shift of EAS 
during isoproterenol infusion (arrows).
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Figure 5.  Distribution of the unicentric earliest activation site (EAS) at baseline (A) and during isoproterenol (ISO) infusion (B). 
Green and red circles represent the no-amiodarone and amiodarone groups, respectively. (C) The distance from the SVC-RA 
junction to the most cranial EAS at baseline and during isoproterenol infusion. IVC, inferior vena cava; RA, right atrium; SVC, su-
perior vena cava.

Figure 6.  Change in the P wave by sympathetic stimulation. (A) Negative correlation between the distance from the SVC-RA 
junction to the most cranial EAS and P-wave amplitude in leads II (Left), III (Middle) and aVF (Right). Unfilled and filled circles 
represent P-wave amplitude at baseline and during isoproterenol (ISO) infusion, respectively. Red and blue circles represent the 
patient with and without sick sinus syndrome (SSS), respectively. (B) Change in P-wave amplitude in leads II (Left), III (Middle) 
and aVF (Right) during ISO infusion. Note that the patients with SSS tend to have low P-wave amplitude and low EAS location at 
both baseline and during ISO infusion.
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may also influence the location of the EAS. Finally, amioda-
rone may induce hypothyroidism, and this effect may, in part, 
affect the Ca2+ clock.

Amiodarone and Impaired Heart Rate Acceleration  
to Sympathetic Stimulation
Schuessler et al reported that sympathetic stimulation in a 
canine model in general tended to induce a cranial shift in the 
location of the pacemaker within the pacemaker complex.22 
The unresponsiveness of the superior SAN to sympathetic 
stimulation is a characteristic finding of SAN dysfunction.10,13 
In the present study, amiodarone administration was associ-
ated with impaired heart rate acceleration and impaired cra-
nial shift of the EAS after sympathetic stimulation. Our group 
previously reported that during β-adrenergic stimulation in a 
canine model of intact SAN, heart rate accelerated with a 
cranial shift of the pacemaking site and late diastolic Ca2+ el-
evation, which is closely related with spontaneous SR Ca2+ 
release.8 Therefore, the Ca2+ clock malfunction of the superior 
SAN might be related to impaired heart rate acceleration and 
a cranial shift in the pacemaking site.

P-Wave Morphology and the EAS
Atrial tachycardias originating from the crista terminalis can 
be differentiated by their P-wave morphology. A P-wave mor-
phology that includes positive polarity in leads I and II, nega-
tive in aVR, and biphasic (positive-negative) in V1 (and, if 
positive in V1 in tachycardia, then also positive in sinus rhythm) 
is associated with a foci at the crista terminalis.23 In the present 
study, we found that the distance from the SVC-RA junction 
to the EAS negatively correlated with the amplitude of the P 
waves in leads II, III and aVF. If the EAS shifted to the supe-
rior part of the crista terminalis or SVC, the P-wave amplitudes 
increased in most of the patients without SAN dysfunction. In 
contrast, a shift of the EAS to the inferior part of the crista 
terminalis or inferior vena cava was related to decreased P-
wave amplitude in leads II, III, and aVF in patients with SAN 
dysfunction. These findings suggest that the P-wave morphol-
ogy during isoproterenol infusion may be used to assess the 
superior SAN’s responsiveness to isoproterenol infusion. In-
verted or isoelectric P waves at baseline that fail to normalize 
during isoproterenol infusion suggest abnormal SAN function.

Study Limitations
This was not a prospective randomized trial. To evaluate 
the effect of amiodarone, a comparison of sinus node function 
before and after treatment with amiodarone in the same pa-
tients with AF is required. However, performing such invasive 
tests twice in a clinical setting is difficult. Thus, we chose a 
case-control design for this study. There might be potential 
confounders that were not eliminated by the matched-cohort 
design. The amiodarone group might be different and sicker 
from the start than the no-amiodarone group. However, be-
cause we excluded patients with SSS from enrollment in either 
group, the possibility that the amiodarone group included pa-
tients with SSS is very low. Because all patients had AF, it is 
possible that all patients had some degree of sinus node dys-
function. However, the development of SSS on amiodarone 
therapy in 22% of the patients, but in none of the control group 
of patients, suggests that amiodarone has significant differen-
tial effects on sinus node dysfunction.

Conclusions
SAN dysfunction was observed in one-quarter of AF patients 

P-Wave Morphology and the Distance From the SVC-RA 
Junction to the EAS
The distance from the SVC-RA junction to the most cranial 
EAS negatively correlated with the P-wave amplitudes of leads 
II (r=-0.47, P<0.001), III (r=-0.60, P<0.001) and aVF (r=-0.56, 
P<0.001, Figure 6A: the P-wave amplitudes of the 4 patients 
with SSS were marked in red).

Figure 6B shows the change in P-wave amplitude during 
isoproterenol infusion in patients with and without SSS. P-
wave amplitudes in leads II (0.17±0.04 vs. 0.21±0.04 mV, 
P<0.001), III (0.12±0.05 vs. 0.16±0.04 mV, P<0.001) and aVF 
(0.14±0.04 vs. 0.19±0.04 mV, P<0.001) were increased sig-
nificantly in patients without SSS. In comparison, P-wave am-
plitudes in leads II (0.11±0.02, vs. 0.14±0.06 mV, P=0.33), III 
(0.01±0.06, vs. 0.0±0.08 mV, P=0.82) and aVF (0.08±0.02, vs. 
0.07±0.03 mV, P=0.57) were not increased in patients with 
SSS.

Other Electrophysiological Characteristics  
of the Amiodarone Group
The ERP and conduction velocity of the 2 groups are detailed 
in Table 1. ERPs of the high RA were 246 (235–258) ms and 
217 (205–231) ms for the amiodarone and no-amiodarone 
group, respectively. The ERPs of the high (P=0.006) and low 
RA (P=0.004) were longer in the amiodarone than in the no-
amiodarone group. However, ERPs measured at the proximal 
and distal coronary sinus showed no difference between groups. 
There was no difference in the RA conduction velocity along 
the RA catheter and LA conduction velocity along the coro-
nary sinus catheter between groups either.

Discussion
Major Findings
SAN dysfunction was observed in one-quarter of the AF 
patients receiving amiodarone. The EAS was located more 
caudally in the amiodarone than in the no-amiodarone group 
at baseline and during isoproterenol infusion, suggesting that 
dysfunction and unresponsiveness of the superior SAN to sym-
pathetic stimulation might be a mechanism of SAN dysfunc-
tion during amiodarone therapy. We also found that the P-wave 
morphology may be used to assess the EAS location during 
isoproterenol infusion. Analyses of P-wave morphology before 
and after isoproterenol infusion may be helpful in determining 
the function of the SAN.

Amiodarone and SAN Dysfunction
Amiodarone is an iodinated benzofuran derivative that blocks 
multiple channels (Ito, IKr, IKs, ICa, INa), and also has β-adrenergic 
blocking effects.12 Amiodarone impaired SAN function in one-
third of patients and was associated with an increased risk of 
pacemaker insertion.5 In the present study, amiodarone induced 
SAN dysfunction in one-quarter of patients without SAN dys-
function at baseline. A variety of studies has shown that pro-
cainamide, quinidine, lidocaine, mexiletine, propafenone and 
sotalol can adversely affect SAN function in patients with evi-
dence of SAN dysfunction.15 However, we did not observe 
clinically significant SAN dysfunction in patients in the no-
amiodarone group. These other antiarrhythmic agents may not 
have as profound an effect on the calcium clock as amioda-
rone, which is a potent blocker of the ICa.12 The latter effects 
may suppress the Ca2+ clock in the SAN.20 In addition, amio-
darone can inhibit sympathetic activity. A downward shift of 
the EAS has been reported in human patients after esmolol 
infusion.21 Therefore, the β blocking effects of amiodarone 
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eling of sinus node function in patients with congestive heart failure: 
Reduction in sinus node reserve. Circulation 2004; 110: 897 – 903.
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of the atria in sinus node disease: Evidence of diffuse atrial remodel-
ing. Circulation 2004; 109: 1514 – 1522.
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JL. Demonstration of a widely distributed atrial pacemaker complex 
in the human heart. Circulation 1988; 77: 1221 – 1237.
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receiving amiodarone. Amiodarone induced SAN dysfunction 
in one-quarter of patients with AF. The EAS was located more 
caudally in the amiodarone group than in the no-amiodarone 
group at baseline and during isoproterenol infusion, suggest-
ing that unresponsiveness of the superior SAN to sympathetic 
stimulation could be a mechanism of the SAN dysfunction 
induced by amiodarone. These findings suggest that Ca2+ clock 
malfunction might be 1 of the mechanisms underlying sinus 
node dysfunction.
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