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troanatomical mapping techniques, we found that the superior 
SAN serves as the earliest activation site (EAS) during sym-
pathetic stimulation in normal patients and in most patients 
with AF without symptomatic bradycardia. Unresponsiveness 
of the superior SAN to sympathetic stimulation was a charac-
teristic finding in patients with AF and symptomatic bradycar-
dia.7

ECG is noninvasive, and a previous study suggested that 
the amplitude of the filtered P-wave on signal-averaged ECGs 
may be useful for the detection of SSS.10 Recently, we found 
that the P-wave amplitude of the inferior leads correlated well 
with EAS location.11 The aim of this study was to evaluate 
whether a combined algorithm using poor increase in inferior 
P-wave amplitude during sympathetic stimulation and con-
ventional CSNRT might be a helpful diagnostic tool for SSS.

inoatrial node (SAN) disease results from impaired 
impulse generation in the SAN or impaired conduction 
of the impulse to the atrial tissue.1 Sick sinus syndrome 

(SSS) can be diagnosed based on clinical criteria. There are 
several methods of assessing the degree of SAN dysfunction2,3 
and of them, sinus node recovery time (SNRT) and corrected 
SNRT (CSNRT) are commonly used,4,5 usually accompanied 
by an invasive electrophysiological study (EPS).6 However, 
the accuracy of CSNRT for diagnosing SSS is not ideal,7 and 
an improved diagnostic test for SSS is needed.

The Ca2+ clock of the superior SAN is primarily responsible 
for rate acceleration during sympathetic stimulation.8 Unre-
sponsiveness of the Ca2+ clock in the superior SAN to sympa-
thetic stimulation is a characteristic finding in dogs with atrial 
fibrillation (AF) and sinus node dysfunction.9 Using 3D elec-
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Background: This study sought to evaluate whether a poor increase in inferior P-wave amplitude during sympa-
thetic stimulation might be a helpful diagnostic tool for sick sinus syndrome (SSS).

Methods and Results: Three-dimensional electroanatomic mapping of the right atrium, inferior P-wave amplitude 
and conventional corrected sinus node recovery time (CSNRT) were compared in 112 consecutive atrial fibrillation 
(AF) patients with (n=21) and without SSS (n=91). The significant cranial shift of earliest activation site (EAS) (the 
distance from the superior vena cava to the EAS: 11.1 vs. 5.9 mm, P<0.001) and the increases of inferior P-wave 
amplitudes during isoproterenol infusion (all P<0.001) were observed in patients without SSS. However, cranial shift 
of EAS (16.5 vs. 14.2 mm, P=0.375) and P-wave amplitude increases were not observed in those with SSS. Although 
CSNRT >550 ms showed a sensitivity of 50% and specificity of 84% for diagnosing SSS, poor increases of P-waves 
amplitude in lead aVF (<0.1 mV) during isoproterenol infusion showed an improved sensitivity of 71% and specificity 
of 89%. Finally, the combined algorithm using CSNRT >550 ms and poor increase of P-waves amplitude in lead aVF 
showed more improved diagnostic accuracy (sensitivity 89%, specificity 75%).

Conclusions: A combined algorithm using inferior P-wave amplitude showed improved performance for the diag-
nosis of SSS compared with CSNRT >550 ms alone.  (Circ J 2015; 79: 2148 – 2156)
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tude (leads II, III and aVF) before and during isoproterenol 
infusion at the end of RFCA by 2 physicians who were blinded 
to all clinical data. Isoproterenol was infused at a dosage of 
10 μg/min. In patients who presented to the laboratory with 
AF, we measured P-wave amplitude after sinus conversion 
during ablation or after electrical cardioversion. The height or 
depth of the P-wave was measured from the P-wave peak or 
nadir to the isoelectric line (TP interval) using the electronic 
caliper of Pruka (GE Healthcare, Milwaukee, WI, USA). It 
was filtered from 0.05 to 80 Hz at a sweep speed of 50 mm/s. 
We selected a P-wave without noise during continuous moni-
toring and derived the average value from at least 5 P-waves. 
P-waves were included for analysis only if an isoelectric inter-
val was present and there was no fusion with the preceding 
QRS or T-wave. There was no limitation to measuring 
P-waves at heart rates within 150 beats/min. The inter- and 
intra-observer variabilities for P-wave amplitude were 0.89 
and 0.98, respectively, which was evaluated by the inter- and 
intra-class correlation coefficients.14

Electroanatomical Mapping
3D mapping of the RA was performed after circumferential 
pulmonary vein isolation and/or linear ablation in the LA. No 
ablation was performed in the RA or near the SAN. Electro-
anatomical maps of the RA were created before and during 
isoproterenol infusion using Ensite NavX, which records the 
12-lead ECG and bipolar electrograms filtered at 30–200 Hz 
from the mapping catheter and reference electrogram. Fluo-
roscopy, RA angiography, computed tomography and Ensite 
NavX merging were used to facilitate mapping of anatomic 
structures, particularly the crista terminalis and superior vena 
cava (SVC)-RA junction, and for ensuring endocardial contact 
when individual points were acquired. High-density mapping 
was performed along the crista terminalis, septal RA and in 
areas of low voltage. Points were acquired if the stability cri-
teria in space (≤6 mm) and local activation time (≤5 ms) were 
met.15 Editing of points was performed offline by a single 
technician blinded to the clinical data. Local activation was 
manually annotated to the beginning of the first rapid deflec-
tion from the isoelectric line on bipolar electrograms.

The linear distance from the SVC-RA junction to the most 
cranial EAS was used as a quantitative measure of EAS loca-
tion.7 Mapping during isoproterenol infusion at a dosage of 
10 μg/min was performed at stable heart rate approximately 
5 min after the commencement of isoproterenol infusion.

Statistical Analysis
Continuous variables are reported as median values (25–75 
percentile range) and compared using the Mann-Whitney test. 
Categorical variables are reported as count (percentage) and 
compared using the Chi-square test or Fisher’s exact test. The 
correlation between the distance from the SVC-RA junction 
to the most cranial EAS and P-wave amplitude was evaluated 
with Pearson’s correlation. The means of the paired P-wave 
amplitudes (baseline and isoproterenol infusion) were evalu-
ated with the Wilcoxon test. Receiver-operating characteristic 
(ROC) curves were used to compare the performance of 
CSNRT and inferior P-wave amplitude and pairwise com-
parison was done using the difference between AUC curves. 
ANCOVA was used to adjust the means of inferior P-wave 
amplitudes for heart rate and propensity-score analysis with 
stabilized inverse probability weight16 was used to adjust for 
the unequal size of the 2 groups. SAS software, version 9.2 
(SAS Institute Inc, Cary, NC, USA) was used for all analyses. 
P≤0.05 was considered statistically significant.

Methods
Study Subjects
Written informed consent was given by all patients. The study 
protocol conformed to the ethical guidelines of the 1975 
Declaration of Helsinki, and was approved by the Clinical 
Research and Ethics Committee of the Yonsei University 
Hospital, Seoul, South Korea. This study enrolled consecutive 
patients with AF from January 2010 to August 2012 in the 
Yonsei Ablation AF Cohort. All patients underwent radiofre-
quency catheter ablation (RFCA) for symptomatic drug-
refractory AF. 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. We excluded patients from the study if 
they had recent (≤3 months) myocardial infarction, ongoing 
myocardial ischemia, heart failure, valvular heart disease or 
had used amiodarone. In total, 112 patients were included in 
this study. Among them, 21 subjects with either marked sinus 
bradycardia (<40 beats) (n=5), prolonged sinus pause (>3.0 s) 
(n=4) or tachycardia-bradycardia syndrome (n=12) were diag-
nosed as SSS12 and they had symptoms such as cardiac syn-
cope, presyncope or dizziness. One patient in the AF patient 
with SSS group had a pacemaker that had been implanted 3 
years before the EPS.

EPS
The EPS was performed while the patient was in the postab-
sorptive state. 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. SAN function was evalu-
ated as follows: (1) baseline sinus cycle length (CL) was 
determined over 10 consecutive sinus cycles; and (2) corrected 
SAN recovery time (CSNRT) was determined after a 30-s 
drive train at CLs of 600, 500 and 400 ms, correcting for the 
baseline CL. CSNRT were determined 3 times and the average 
value was used for subsequent analyses. A CSNRT ≤550 ms 
was considered normal.

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 from the 
distal and proximal coronary sinus and from the low and high 
lateral RA for a total of 3 times. Averaged values were used 
for analyses.

LA conduction time was measured 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 bipole 
(9–10). RA conduction time was measured along the lateral RA 
by pacing from the distal bipole (1–2) of the lateral RA catheter 
and measuring the time required to activate the proximal bipoles 
(9–10). At both sites, conduction time was measured at pacing 
CLs of 600, 500 and 400 ms during stable capture.

Measurement of P-Wave Amplitude
Surface 12-lead ECG P-wave morphology was assessed as 
previously described.13 We measured inferior P-wave ampli-
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and 81 beats/min (95% CI 71–90 beats/min in AF patients with 
and without SSS, respectively (P=0.002). The EAS was located 
significantly inferiorly in AF patients with SSS (16.5 mm from 
SVC-RA junction, 95% CI 10.0–31.4) compared with those 
without SSS (11.1 mm from SVC-RA junction, 95% CI 2.7–
22.8, P=0.025).

During isoproterenol infusion, the median heart rates were 
significantly lower in AF patients with SSS (109 beats/min, 95% 
CI 100–124 beats/min) than in those without SSS (128 beats/min, 
95% CI 117–140 beats/min, P=0.002). The EAS was located 
significantly inferiorly in AF patients with SSS (14.2 mm from 
SVC-RA junction, 95% CI 5.2–30.5) than in those without 
SSS (5.9 mm from SVC–RA junction, 95% CI −0.7–12.1, 
P=0.009). The significant cranial shift of the EAS during iso-
proterenol infusion was noted in AF patients without SSS 
(Figure S2, P<0.001), but not in those with SSS.

Poor Increase in Inferior P-Wave Amplitude During  
Sympathetic Stimulation in SSS
In Table 2, compared with AF patients without SSS, those 
with SSS had significantly lower inferior P-wave amplitudes 
at baseline (all P≤0.001) and during isoproterenol infusion (all 
P<0.001). In subgroup analysis according to initially present-
ing rhythm (sinus rhythm or AF), these findings were consis-
tently observed (Table S1).

Inferior P-wave amplitudes were significantly increased in 
AF patients without SSS during isoproterenol infusion (leads 
II, III and aVF, all P<0.001) (Figure 3A). However, there were 
no significant changes in the inferior P-wave amplitude in AF 
patients with SSS (leads II, III and aVF, P=0.605, 0.095 and 
0.055, respectively).

Results
Patients Characteristics
Table 1 details the clinical and electrophysiological character-
istics of the 2 groups. There were no differences between them 
in age, percentage of paroxysmal AF, underlying diseases, 
CHADS2 score (≥2), or echocardiographic parameters such as 
LA dimension and left ventricular ejection fraction. However, 
there were more male patients in the AF without SSS group 
(P=0.03).

Comparison of Electrophysiological Characteristics
In the AF patients with SSS, the median CSNRT and ERP of 
the high and low RA were longer (Table 1; P=0.04, <0.01 and 
0.03, respectively) and the conduction times of the RA and LA 
were more delayed (P=0.01 and 0.03, respectively) than in AF 
patients without SSS. The distribution of CSNRT is presented 
in Figure S1.

EAS at Baseline and During Sympathetic Stimulation
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 in the number of points analyzed among the groups at 
baseline (P=0.29) and isoproterenol infusion (P=0.14). Figures 1 
and 2 show typical examples of EAS and P-wave amplitude 
responses to isoproterenol infusion in AF patients without and 
with SSS.

The EAS values at baseline and during isoproterenol infu-
sion are presented in Table 2. Baseline median heart rates were 
64 beats/min (95% confidence interval (CI) 53–80 beats/min) 

Table 1. Clinical and Electrophysiological Characteristics of Study Patients With AF

AF without SSS (n=91) AF with SSS (n=21) P value

Age, years 58 (45–64) 58 (54–65) 0.28

Male, n (%) 77 (85) 13 (62) 0.03

Type of AF, n (%) 0.92

  Paroxysmal 64 (70) 15 (71)

  Persistent 27 (30) 6 (29)

Underlying disease, n (%)

  Heart failure 4 (4) 1 (5) >0.99　
  Hypertension 33 (36) 8 (38) 0.88

  Diabetes mellitus 1 (1) 1 (5) 0.34

  Stroke or TIA 4 (4) 1 (5) >0.99　
CHADS2 score ≥2, n (%) 6 (7) 1 (5) >0.99　
LA dimension, mm 42 (37–44) 41 (37–45) 0.98

LVEF, % 63 (59–67) 62 (58–68) 0.96

CSNRT, ms 345 (239–459) 511 (286–842) 0.04

ERP, ms

  High RA 218 (200–235) 234 (224–249) <0.01　
  Low RA 218 (198–233) 235 (216–258) 0.03

  Proximal CS 230 (213–256) 247 (231–266) 0.07

  Distal CS 230 (213–252) 248 (227–263) 0.06

Conduction time, ms

  RA 54.3 (42.7–67.9) 67.9 (53.4–82.7) 0.01

  LA 28.8 (24.3–33.7) 30.6 (28.8–37.0) 0.03

Procedure time, min 168 (145–194) 164 (138–203) 0.72

Ablation time, s 4,205 (3,120–4,976) 3,511 (3,081–5,523) 0.70

Data are presented as median (25–75% interquartile range). AF, atrial fibrillation; CS, coronary sinus; CSNRT, 
corrected sinoatrial node recovery time; ERP, effective refractory period; LA, left atrium; LVEF, left ventricular ejec-
tion fraction; RA, right atrium; SSS, sick sinus syndrome; TIA, transient ischemic attack.
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Figure 1.  Response of the EAS of the SAN and inferior P-wave amplitude to isoproterenol infusion in AF patients without sick sinus 
syndrome. (A) RA activation map at baseline (a) and during isoproterenol infusion (b). Note the cranial shift of the EAS (arrows) 
during isoproterenol infusion. (B) Twelve-lead ECGs at baseline (a) and during isoproterenol infusion (b). Note the increase in the 
P-wave amplitude (red arrows) in leads II, III and aVF. AF, atrial fibrillation; EAS, earliest activation site; RA, right atrium; SAN, 
sinoatrial node.

Figure 2.  Response of the EAS of the SAN and inferior P-wave amplitude to isoproterenol infusion in AF patients with sick sinus 
syndrome. (A) RA activation map at baseline (a) and during isoproterenol infusion (b). Note the caudal shift of the EAS (arrows) 
during isoproterenol infusion. (B) Twelve-lead ECGs at baseline (a) and during isoproterenol infusion (b). Note no increase in 
P-wave amplitude (red arrows) in leads II, III and aVF. AF, atrial fibrillation; EAS, earliest activation site; RA, right atrium; SAN, 
sinoatrial node.
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Table 2. EAS and Inferior P-Wave Amplitude at Baseline and During Isoproterenol Infusion in Study Patients With AF

AF without SSS (n=91) AF with SSS (n=21) P value

Baseline

  Heart rate, beats/min 81 (71–90) 64 (53–80) 0.002

  EAS location, mm* 11.1 (2.7–22.8) 16.5 (10.0–31.4) 0.025

  P-wave amplitude, mV

    Lead II 0.14 (0.11–0.17) 0.11 (0.07–0.13) 0.001

    Lead III 0.11 (0.07–0.12) 0.06 (0.04–0.08) <0.001　
    Lead aVF 0.12 (0.09–0.14) 0.07 (0.06–0.10) <0.001　
During isoproterenol infusion

  Heart rate, beats/min 128 (117–140) 109 (100–124) 0.002

  EAS location, mm* 5.9 (−0.7 to 12.1) 14.2 (5.2–30.5) 0.009

  P-wave amplitude, mV

    Lead II 0.18 (0.15–0.22) 0.11 (0.09–0.12) <0.001　
    Lead III 0.13 (0.10–0.16) 0.06 (0.05–0.09) <0.001　
    Lead aVF 0.15 (0.12–0.18) 0.08 (0.07–0.12) <0.001　

Data are presented as median (25–75% interquartile range). *EAS location refers to the distance from the superior vena cava and right atrial 
junction to the most cranial EAS. EAS, earliest activation site. Other abbreviations as in Table 1.

Figure 3.  (A) Changes in inferior P-wave amplitude during isoproterenol infusion in AF patients with and without sick sinus syn-
drome. The dashed line shows P-wave amplitude of 0.1 mV. (B) Correlation between the distance from the SVC-RA junction to the 
EAS and inferior P-wave amplitude. Unfilled and filled circles represent P-wave amplitude at baseline and during isoproterenol 
infusion, respectively. Red and blue circles represent patients with and without sick sinus syndrome, respectively. AF, atrial fibril-
lation; EAS, earliest activation site; SVC-RA junction, junction of superior vena cava and right atrium.
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tudes for heart rate in the 2 groups. Using ANCOVA analysis, 
P-wave amplitude in lead aVF was significantly lower in AF 
patients with SSS (0.089 mV, 95% CI, 0.076–0.102 mV) than in 
those without SSS (0.133 mV, 95% CI, 0.127–0.140 mV, 
P<0.001) after adjustment for heart rate. In the propensity score-
adjusted model, AF patients with SSS had significantly lower 
P-wave amplitude in lead aVF (0.090 mV, 95% CI, 0.078–
0.102 mV) than those without SSS (0.134 mV, 95% CI, 0.128–
0.140 mV, P<0.001). Subgroup analysis according to initially 
presenting rhythm also showed similar results (Table S2).

Correlation Between the Distance From the SVC–RA  
Junction to the EAS and Inferior P-Wave Amplitude
Distance from the SVC–RA junction to the EAS had a nega-
tive correlation with inferior P-wave amplitude at baseline and 
during isoproterenol infusion (lead II, r=−0.38, P<0.001; lead 
III, r=−0.41, P<0.001; and lead aVF, r=−0.44, P<0.001, respec-
tively) (Figure 3B).

Comparison of Inferior P-Wave Amplitudes
Table 3 shows the adjusted means of inferior P-wave ampli-

Table 3. Adjusted Mean of Inferior P-Wave Amplitude in Study Patients With AF

P-wave amplitude, mV AF without SSS (n=91) AF with SSS (n=21) P value

Crude model†

  Lead II 0.163 (0.157–0.170) 0.115 (0.101–0.129) <0.001

  Lead III 0.112 (0.106–0.118) 0.073 (0.059–0.086) <0.001

  Lead aVF 0.133 (0.127–0.140) 0.089 (0.076–0.102) <0.001

 Propensity score-adjusted model 
using stabilized IPW

  Lead II 0.163 (0.157–0.170) 0.120 (0.107–0.132) <0.001

  Lead III 0.113 (0.106–0.119) 0.074 (0.061–0.086) <0.001

  Lead aVF 0.134 (0.128–0.140) 0.090 (0.078–0.102) <0.001

†Mean (95% CI) was adjusted for heart rate (101 beats/min) using ANCOVA only. CI, confidence interval; IPW, 
inverse probability weight. Other abbreviations as in Table 1.

Figure 4.  Receiver-operating characteristic curves of CSNRT and inferior P-wave amplitudes for diagnosis of sick sinus syndrome 
at baseline (A) and during isoproterenol infusion (B). AUC, area under the curve; CI, confidence interval; CSNRT, corrected sino-
atrial node recovery time.
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mapping, and in humans with 3D endocardial mapping.7,8 A 
superior shift of the EAS is a normal response to isoproterenol 
infusion in patients without AF and in the majority of AF 
patients without symptomatic bradycardia. However, unre-
sponsiveness of the superior EAS during sympathetic stimula-
tion is a common finding among patients with both AF and 
symptomatic bradycardia. This finding has also been reported 
in a canine model9 and these findings are consistent with 
previous studies that showed Ca2+ clock malfunction may 
underlie abnormal physiological responses to sympathetic 
stimulation.9,17,18

Poor Increase of Inferior P-Waves in SSS
Recently, we found that an abnormal response of the inferior 
P-wave amplitude to sympathetic stimulation may be a valu-
able test of SAN dysfunction after amiodarone use.11 In this 
present study, we found that the P-wave amplitude in the 
inferior leads correlates negatively with a caudal shift of the 
EAS in patients with SSS.

We also analyzed the inferior P-wave amplitudes using a 
cutoff of 0.1 mV for convenient clinical application. An 
advantage of this method is that it does not require invasive 
EPS, thus assisting in the noninvasive diagnosis of a patient 
with possible SSS.

Diagnosis of SAN Dysfunction
SAN dysfunction is a major reason for pacemaker implanta-
tion. Generally, SSS is diagnosed by symptoms and the docu-
mentation of sinus pause and sinus bradycardia during ECG 
or Holter monitoring. The diagnosis of SSS is not easy if the 
patient does not have an ECG abnormality during the record-
ing. Therefore, when more evidence is needed, invasive EPS 
for SANRT and CSNRT measurements may be required. 
However, the CSNRT has limited diagnostic accuracy.7 The 
results from the present study also showed that its sensitivity 
as just 50% and the CSNRT had poor predictive value in 
determining sinus node disease (Table 4, Figure S1).

Yamada et al10 suggest that low P-waves on signal-aver-
aged ECGs may be characteristic of SSS. They explain that 
low amplitude potentials early in signal-averaged P-waves 
might reflect conduction abnormalities in the perinodal atrial 
muscle. The pathologic findings of SSS are degeneration and 

Inferior P-Wave Amplitude for the Diagnosis of SSS
Figure 4 shows the ROC curves for the diagnosis of SSS 
using inferior P-wave amplitudes and CSNRT. The areas 
under the curves (AUCs) of the inferior P-wave amplitudes 
tended to be superior to those for CSNRT. However, there 
were no statistically significant differences at baseline. During 
isoproterenol infusion, the AUCs of the inferior P-wave 
amplitude were further increased, which resulted in signifi-
cantly enhanced diagnostic performance compared with CSNRT 
(difference between areas=0.239, 95% CI 0.082–0.397, P=0.003 
in lead II; difference between areas=0.181, 95% CI 0.023–
0.339, P=0.025 in lead III; difference between areas=0.225, 
95% CI 0.065–0.384, P=0.006 in lead aVF).

Table 4 summarizes the sensitivities and specificities using 
conventional CSNRT >550 ms and inferior P-wave amplitudes 
<0.1 mV. CSNRT >550 ms had a sensitivity of 50.0% and 
specificity of 84.0% for detection of SSS. At baseline, using a 
cutoff value <0.1 mV, the noninvasive test of P-wave ampli-
tudes in leads II, III and aVF had a sensitivity of 42.9, 90.5 and 
76.2% and specificity of 90.1, 52.8 and 69.2%, respectively. 
However, sympathetic stimulation during isoproterenol infu-
sion increased the specificity to 96.7%, 78.0% and 89.0%, 
respectively. Using the combined algorithm (Figure S3), the 
diagnostic accuracy for SSS was improved (sensitivity 88.9%, 
specificity 75.3% in lead aVF).

Discussion
The main finding of this study was that the EAS was located 
more caudally in AF patients with SSS than in those without 
SSS at baseline and during isoproterenol infusion. Second, the 
P-wave amplitude in the inferior leads negatively correlated 
with a caudal shift of EAS. Interestingly, the poor increase in 
the P-waves in the inferior leads during sympathetic stimula-
tion was more accurate in diagnosing SSS than conventional 
CSNRT. Our results suggest that analysis of P-wave morphol-
ogy with sympathetic stimulation may have additive diagnos-
tic value for determining the function of the SAN.

Poor Cranial Shift of the EAS in the Setting of SSS
We documented an upward shift of the EAS during isoproter-
enol infusion in a canine RA perfusion model with optical 

Table 4. Sensitivities and Specificities for the Diagnosis of SSS in Patients With AF

Sensitivity, % Specificity, % PPV, % NPV, %

CSNRT >550 ms 50.0 84.0 40.9 88.3

P-wave amplitude

  Baseline

    <0.1 mV in lead II 42.9 90.1 50.0 87.2

    <0.1 mV in lead III 90.5 52.8 30.7 96.0

    <0.1 mV in lead aVF 76.2 69.2 36.4 92.7

  During isoproterenol infusion

    <0.1 mV in lead II 33.3 96.7 70.0 86.3

    <0.1 mV in lead III 81.0 78.0 46.0 94.7

    <0.1 mV in lead aVF 71.4 89.0 60.0 93.1

  Combined algorithm‡

    <0.1 mV in lead II 55.6 81.5 40.0 89.2

    <0.1 mV in lead III 94.4 63.0 36.2 98.1

    <0.1 mV in lead aVF 88.9 75.3 44.4 96.8

‡Figure S3 shows combined algorithm using CSNRT >550 ms and poor increase in inferior P-wave amplitude. NPV, 
negative predictive value; PPV, positive predictive value. Other abbreviations as in Table 1.
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related with a caudal shift of the EAS, and were significantly 
smaller in AF patients with SSS than in those without SSS. 
Interestingly, a poor increase in the P-waves in the inferior 
leads during sympathetic stimulation was more accurate in 
diagnosing SSS than conventional CSNRT >550 ms. More-
over, the combined algorithm using a poor increase in inferior 
P-wave amplitude during sympathetic stimulation and con-
ventional CSNRT showed improved performance for the diag-
nosis of SSS compared with CSNRT >550 ms alone.
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