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BACKGROUND: Several studies have demonstrated the importance 
of mechanoelectrical interaction in patients with surgically corrected 
tetralogy of Fallot. However, the significance of atrioventricular 
conduction disturbance, that is PR interval prolongation, on adverse 
cardiac events in those patients remains to be elucidated.

METHODS: We examined electrocardiograms at baseline and their 
temporal change in a total of 176 patients with repaired tetralogy of 
Fallot (49% men; median age, 17.4 years). Then, we evaluated their 
correlation with right ventricular volume and function measured by 
cardiac magnetic resonance and the significance as a risk factor of 
adverse cardiac events: lethal ventricular arrhythmias, atrial arrhythmias, 
heart failure hospitalization, complete atrioventricular block (AVB), and 
all-cause death.

RESULTS: First-degree AVB was noted in 25 patients (14%). During 
a median follow-up of 10.0 (5.0–14.2) years, there was a progressive 
prolongation of PR interval (2.00±3.99 ms/y). Importantly, there were 
significant correlations between PR interval prolongation and right 
ventricular enlargement or right ventricular dysfunction. In contrast, in 
patients who underwent pulmonary valve replacement (n=23), significant 
shortening of PR interval by pulmonary valve replacement was noted 
(204±32 versus 176±34 ms; P=0.007). Cox regression analysis showed 
that first-degree AVB was an independent risk factor for lethal ventricular 
arrhythmias (hazard ratio, 5.479; 95% CI, 1.181–25.42; P=0.030) and 
complete AVB (hazard ratio, 27.67; 95% CI, 4.152–184.3; P<0.001) 
and had a tendency for heart failure hospitalization (hazard ratio, 3.301; 
95% CI, 0.864–11.80; P=0.069). In addition, PR interval prolongation >2 
ms/y was also a significant risk factor for lethal ventricular arrhythmias, 
regardless of the presence or absence of first-degree AVB at enrollment 
(hazard ratio, 24.18; 95% CI, 2.080–281.1; P=0.011).

CONCLUSIONS: These results indicate that progressive atrioventricular 
conduction disturbance is correlated with right ventricular enlargement 
and could be a useful predictor for increased risk of lethal ventricular 
arrhythmias in patients with repaired tetralogy of Fallot.

VISUAL OVERVIEW: A visual overview is available for this article.
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Tetralogy of Fallot is one of the most common 
types of adult congenital heart disease.1 Despite 
improved surgical techniques and subsequent 

survival, adult patients with repaired tetralogy of Fallot 
(rTOF) still remain at risk for lethal ventricular arrhyth-
mias (LVAs) and sudden cardiac death.2–4 Moreover, 
atrial arrhythmias,4,5 atrioventricular block (AVB),4 and 
heart failure (HF)6 are also clinical problems because 
they can decrease quality of life and potentially lead 
to death.4,6,7 Severe prolongation of QRS duration has 
been widely recognized as an important risk factor for 
LVAs in rTOF,8–11 yet it has several limitations. First, the 
sensitivity of QRS duration >180 ms for mortality is 
low.9,11 Second, QRS duration does not provide suffi-
cient information about subsequent atrial arrhythmias 
or HF. Third, the prognostic significance of time-depen-
dent changes in ECG parameters other than QRS dura-
tion has not been fully evaluated.12

Atrioventricular conduction disturbance is recog-
nized as PR interval prolongation on standard 12-lead 
ECG. Recently, it has been reported to be a risk factor 
for cardiac adverse outcomes in various populations, 
such as community-based cohorts,13 patients with isch-
emic heart disease,14 and those with HF.15 Moreover, we 
have previously reported that first-degree AVB is a risk 
factor of HF in patients with arrhythmogenic right ven-
tricular (RV) cardiomyopathy.16 In the present study, we 
thus examined whether first-degree AVB and temporal 

changes in ECG parameters could be risk factors for 
cardiac events in patients with rTOF.

METHODS
The present study was approved by the University of Tohoku 
Institutional Review Board (2016-1-833, 2017-1-795), and 
informed consent was waived. The data, analytic methods, 
and study materials will not be made available to other 
researchers for purposes of reproducing the results or repli-
cating the procedure.

Study Population
We retrospectively examined 176 consecutive patients with 
rTOF, including 19 patients with surgically corrected double-
outlet RV with subaortic ventricular septal defect, who were 
followed up at the Tohoku University Hospital or the Miyagi 
Children’s Hospital from March 1996 to June 2017 (49% 
men; median age, 17.4 years; median age at initial repair, 4.4 
years). Eligibility criteria for participation in this study included 
(1) availability of at least 2 ECGs recorded postoperatively 
after 15 years of age and (2) no atrial fibrillation or ventricular 
pacing rhythm at enrollment. A total of 223 patients with 
rTOF were followed at our institution, and 47 patients were 
excluded from the present study according to these criteria; 
20 were <15 years of age, 17 had no available ECG or trans-
thoracic echocardiography, 4 were not in sinus rhythm (3 
atrial fibrillation and 1 ventricular pacing rhythm), and 6 were 
lost during follow-up. The remaining 176 patients were finally 
included in the present study.

ECG
The standard 12-lead ECGs (25 mm/s, 10 mm/mV) were 
taken at least 2×; one closest to 15 years of age and the 
other at the latest follow-up. In patients who underwent 
pulmonary valve replacement (PVR) during the follow-up, 
we took 2 more ECGs: one just before PVR and the other, 
3 months after PVR. The rhythm, rate, morphology, and 
duration of PR, QRS, and JT were analyzed. Durations of PR 
interval were measured in lead II or other limb leads if nec-
essary, and PR interval was defined as the interval from the 
onset of P wave (junction between the T-P isoelectric line 
and the beginning of the P-wave deflection) to the end of 
PR segment (junction with the QRS complex).13 First-degree 
AVB was defined as a PR interval of ≥200 ms. To increase 
the accuracy of measurements, ECGs were enlarged 2× 
and were measured with digital calipers. The intervals were 
measured in 3 consecutive beats in each lead, and the mean 
value of the 3 beats was used. Each measurement was per-
formed by a single observer (Y.K.) and was validated by at 
least 2 other physicians (T.C., K.M., and M.N.), all of whom 
were electrophysiologists blinded to the clinical data. A dif-
ference in measurement of ≤10 ms was accepted for agree-
ment. In case of discrepancy, agreement was reached by 
convention for final analyses.

Imaging Studies
Transthoracic echocardiography was performed in all 
patients at enrollment. Left ventricular (LV) dimension, LV 

WHAT IS KNOWN?
• Adult patients with repaired tetralogy of Fallot are 

at risk for various adverse cardiac events, including 
lethal ventricular arrhythmias and sudden cardiac 
death.

• Severe prolongation of QRS duration has been 
widely recognized as an important risk factor for 
lethal ventricular arrhythmias in tetralogy of Fallot, 
yet it has several limitations.

• PR interval prolongation on standard 12-lead ECG 
has been reported to be a risk factor for cardiac 
adverse outcomes in various populations, such as 
community-based cohorts, patients with ischemic 
heart disease, and those with heart failure.

WHAT THE STUDY ADDS?
• PR interval prolongation is significantly correlated 

with right ventricular end-diastolic and end-sys-
tolic volume enlargement and lower right ventric-
ular ejection fraction in patients with tetralogy of 
Fallot.

• First-degree atrioventricular block and temporal 
prolongation of PR interval >2 ms/y are indepen-
dent risk factors for lethal ventricular arrhyth-
mias. Thus, more attention should be paid to the 
patients with PR interval prolongation.
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ejection fraction, RV dimension, valve malfunction, and 
residual shunt were assessed by transthoracic echocardiog-
raphy. RV dilatation was defined as an RV end-diastolic 
basal dimension >42 mm.17 Cardiac magnetic resonance 
(CMR) images were obtained at least once in 113 patients 
(64%) using the standard CMR protocols at our institution 
on a 1.5-T imager (Intera Achieva 1.5T Nova Dual; Philips 
Healthcare, Best, the Netherlands) with a 5-channel cardiac 
coil. Two reviewers, including one with 12-year experience 
of CMR imaging, evaluated CMR images through consen-
sus reading. We traced the LV and RV endocardial contours 
in end-diastolic and end-systolic frames of stacks of short-
axis slices using workstation dedicated for CMR evalua-
tion (CMR42; Circle Cardiovascular Imaging, Inc, Calgary, 
Canada), and measured RV end-diastolic volume, RV end-
systolic volume, and RV ejection fraction.

End Points
Follow-up duration was defined as the period between 
the initial and the last ECG. In patients who underwent 
PVR, the last follow-up day was defined as the day of 
the PVR procedure because PVR strongly affects ECG 
parameters.18

End points included LVAs, atrial arrhythmias, complete 
AVB, hospitalization for HF, and all-cause death. LVAs were 
defined as composite major arrhythmic events, including 
ventricular fibrillation, sustained ventricular tachycardia, and 
sudden cardiac death. Sudden cardiac death was defined as 
an unexpected death without obvious extracardiac cause that 
occurred within the previous 24 hours.19,20 Atrial arrhythmias 
were defined as the first composite atrial arrhythmic events, 
such as atrial fibrillation, atrial tachycardia, and atrial stand-
still during the follow-up period. Hospitalization for HF was 
defined as an unplanned hospitalization without follow-
ing ventricular tachycardia/ventricular fibrillation episodes 
because of sudden or gradual onset of the signs or symptoms 
of New York Heart Association class 3 or 4 HF.

Statistical Analysis
Results are presented as mean (SD) or median (interquartile 
range) for continuous variables and as n (%) for categori-
cal variables. Categorical differences between groups were 
evaluated by the χ2 test or Fisher exact test when appro-
priate. Continuous variables were compared using the 
Wilcoxon rank-sum test or the Kruskal-Wallis test. Changes 
in means were compared using the paired t test or the 
Wilcoxon signed-rank test. The box-and-whisker plots were 
used to display the numerical data through their 5-number 
summary (minimum, first quartile, median, third quartile, 
and maximum) of the distribution of the observations. The 
association between ECG measurement and RV volume or 
RV function was presented by scatterplots and analyzed 
by linear regression and correlation analysis. Subjects were 
censored at the time of their first event or the time of their 
last clinical follow-up. Survival distribution during the fol-
low-up was calculated using Kaplan-Meier curves for LVAs, 
atrial arrhythmias, complete AVB, hospitalization for HF, or 
all-cause death as the end points. The effects of covariates 
on the time to each end point were investigated using a 

Cox proportional hazards model. The hazard ratio (HR) and 
95% CIs are always shown. A significant P value of 0.05 
from a univariable Cox model, age at enrollment, age at 
intracardiac repair (ICR), era of ICR, and medications were 
required for variables to be candidates for the multivari-
able model. The proportional hazards assumption of a Cox 
regression model was confirmed by Schoenfeld residuals 
test for non-zero slope in a scaled Schoenfeld residuals ver-
sus each covariate. A P <0.05 was considered to be statisti-
cally significant. All analyses were performed using JMP Pro 
13.2.1 (SAS Institute, Inc, Cary, NC) and R, version 3.5.0.21

RESULTS
Baseline Patient Characteristics
The baseline clinical characteristics of the 176 patients 
with rTOF are shown in Table  1. About half of the 
patients (n=87; 49%) were men, and the median age at 
enrollment and the median age at initial repair was 17.4 
(interquartile range, 15.6–27.2) and 4.4 (interquartile 
range, 2.8–6.2) years, respectively (Table 1). All patients 
were surgically corrected. The surgical techniques 
including RV outflow tract reconstruction were clearly 
documented in 163 patients (93%), whereas the exact 
technique remained unclear in 13 patients because 
operation notes were no longer available. LV ejection 
fraction was preserved (67.7±10.1%) in most of the 
patients, and RV dilatation (>42 mm in right ventricular 
diastolic dimension) was noted in 39 patients (22%). 
On standard 12-lead ECGs, the mean PR interval and 
QRS duration were 167.4±30.7 and 132.1±33.3 ms, 
respectively. In addition, at enrollment, first-degree AVB 
and QRS duration >180 ms were noted in 25 (14%) 
and 12 (7%) patients, respectively (Table 1).

Temporal Changes in ECG Parameters
A median follow-up period was 10.0 (interquartile 
range, 5.0–14.2) years. The follow-up ECG data and 
temporal changes in ECG parameters are summarized 
in Table 2. To improve the precision of the analysis of the 
temporal changes, 7 patients who were not followed 
up for >1 year were excluded in Table 2. At the latest 
follow-up, first-degree AVB was detected in 42 patients 
(24%), and QRS duration >180 ms was noted in addi-
tional 2 patients (Table 2). Annual prolongation of PR 
interval, QRS duration, and QTc interval was 2.00±3.99, 
0.97±2.62, and 1.60±6.23 ms/y, respectively (Table 2).

Correlation Between ECG Parameters and 
RV Volume
We evaluated the correlation between the follow-up 
ECG parameters and RV volume assessed by CMR. 
Because CMR was not fully performed before 2006, we 
only analyzed a subgroup of 113 patients with rTOF 
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in whom both the follow-up ECG and CMR were per-
formed at an interval of <1 year. ECG parameters at the 
latest follow-up are shown in Table 2 and CMR param-
eters in Table I in the Data Supplement. As shown in 
Figure 1, the prolongation of all 3 ECG parameters, PR 
interval, QRS duration, and QTc interval, was positively 
correlated with the increase in both RV end-diastolic 
volume index and RV end-systolic volume index and the 
decrease in RV ejection fraction by CMR.

Furthermore, we measured the changes in ECG 
parameters by PVR. Twenty-three patients underwent 
PVR during the follow-up. In 1 of the 23 patients, PR 
interval change could not be evaluated because of 
permanent atrial fibrillation rhythm before PVR, and 
in another patient, PR interval, QRS duration, and QTc 
interval were not evaluated because of persistent RV 
pacing by pacemaker after PVR. PR shortening by PVR 
was noted in 17 of 21 patients (81%), and a representa-
tive case is shown in Figure 2A. The degree of PR short-
ening by PVR was statistically significant (204±32 ver-
sus 176±34 ms; P=0.007), but there was no significant 
shortening in QRS duration or QTc interval (QRS dura-
tion, 166±26 versus 155±25 ms; P=0.143; QTc interval, 
476±29 versus 496±29 ms; P=0.031; Figure 2B).

Clinical Characteristics and Prognosis of 
Patients With rTOF and First-Degree AVB
As a next step, we analyzed the clinical characteristics 
of the patients with first-degree AVB and its impact on 
their prognosis. We divided the patients with rTOF into 
2 groups: patients with normal PR interval (PR, <200 ms) 
and those with first-degree AVB at enrollment. Their 
clinical characteristics are shown in Table 3. There was 
a predominance of male patients among those with 
first-degree AVB, whereas there was no significant sex 
difference in those without it. Age at enrollment was 
positively correlated with PR interval (R=0.38; P<0.01; 
Figure I in the Data Supplement), and the era of ICR was 
different between the 2 groups (Table 3; Figure II in the 
Data Supplement). Meanwhile, age at ICR and type of 
repair did not significantly differ between the 2 groups. 
Heart rate was comparable between the 2 groups 

Table 1. Baseline Characteristics

n 176

Men 87 (49)

Age, y 17.4 (15.6–27.2)

Time from ICR, y 13.9 (12.2–20.4)

BSA, m2 1.55±0.21

Characteristics of initial repair

  Age at ICR, y 4.4 (2.8–6.2)

  Transannular patch 97 (55)

  Nontransannular patch 30 (17)

  RV-PA conduit 13 (7)

  Pulmonary valvotomy or infundibular resection 23 (13)

  Unknown 13 (7)

Previous palliation

  BT shunt 63 (36)

  Others 9 (5)

  None 104 (59)

TTE

  LVDd 43.1±5.9

  LVDs 28.5±5.5

  LVEF 67.7±10.1

  RV dilatation 39 (22)

  Moderate-to-severe TV regurgitation 63 (35)

  Moderate-to-severe PV regurgitation 75 (43)

  Residual VSD 20 (11)

ECG

  Hear rate, bpm 70±11

  CRBBB 118 (68)

  First-degree AVB 25 (14)

  PR interval, ms 167.4±30.7

  QRS duration, ms 132.1±33.3

  QRS ≥180, ms 12 (7)

  Fragmented QRS 93 (53)

  QTc interval, ms 449.1±32.4

Results are expressed as n (%), mean±SD, or median (IQR). AVB indicates 
atrioventricular block; bpm, beats per minute; BSA, body surface area; BT, 
Blalock-Taussig; CRBBB, complete right bundle branch block; ICR, intracardiac 
repair; IQR, interquartile range; LVDd, left ventricular diastolic dimension; 
LVDs, left ventricular systolic dimension; LVEF, left ventricular ejection 
fraction; PA, pulmonary artery; PV, pulmonary valve; RV, right ventricle; TTE, 
transthoracic echocardiography; TV, tricuspid valve; and VSD, ventricular 
septal defect.

Table 2. Follow-Up ECG Data and Temporal Change in ECG 
Parameters

Latest follow-up (all patients, n=176)

  CRBBB 127 (72)

  First-degree AVB 42 (24)

  PR interval, ms 180.8±33.3

  QRS duration, ms 139.1±33.0

  QRS ≥180, ms 14 (8)

  QTc interval, ms 461.3±34.4

Change of ECG parameters (follow-up >1 y, n=169)

  ΔPR interval, ms 14.1±18.6

  ΔPR per y, ms 2.00±3.99

  ΔQRS duration, ms 7.41±15.24

  ΔQRS per y, ms 0.97±2.62

  ΔQTc interval, ms 12.47±29.52

  ΔQTc per y, ms 1.60±6.23

Results are expressed as n (%) or mean±SD. AVB indicates atrioventricular 
block; and CRBBB, complete right bundle branch block.
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(Table 3), and it was confirmed by linear regression and 
correlation analysis (Figure III in the Data Supplement). 
In terms of echocardiographic data, LV ejection fraction 
was similar, but RV dilatation and moderate-to-severe 
tricuspid valve regurgitation were more prevalent in 
patients with first-degree AVB. Moreover, as in the case 
of PR interval, QRS duration was also significantly lon-
ger in patients with first-degree AVB (153±33 versus 
129±32 ms; P=0.0008), whereas there were not sig-
nificant differences in the prevalence of complete right 
bundle branch block, fragmented QRS, and QTc interval 
(Table 3). In terms of medications, patients with first-
degree AVB were more often treated with angiotensin-
converting enzyme inhibitors or angiotensin II receptor 
blockers and amiodarone at enrollment.

Nonpharmacological treatments and adverse clini-
cal outcomes during the follow-up are summarized 
in Table  4. The follow-up period was comparable 
between both groups ([+] first-degree AVB, 9.7 years 
[3.4–14.6] versus [−] first-degree AVB, 10.0 years [5.4–

14.1]; P=0.283). Patients with first-degree AVB more 
frequently underwent catheter ablation and device 
implantation compared with those without it.

During the follow-up, LVAs occurred in 13 patients 
(7%); 9 had ventricular tachycardia , 2 ventricular fibril-
lation, and 2 sudden cardiac death. Moreover, atrial 
arrhythmias and HF hospitalization were noted in 25 
and 15 patients, respectively. Kaplan-Meier analysis 
revealed that patients with first-degree AVB had higher 
incidence rates of LVAs, atrial arrhythmias, HF hospital-
ization, complete AVB, and all-cause death compared 
with those without it (Figure IV in the Data Supple-
ment).

Prognostic Factors of Cardiac Adverse 
Outcomes
We performed Cox regression analysis to identify the 
risk factors for cardiac adverse outcomes. We defined 
significant temporal prolongation of PR interval or QRS 

Figure 1. Correlation between ECG parameters and right ventricular volume and function.  
All ECG parameters were positively associated with the increases in right ventricular end-diastolic volume index (RVEDVI; A) and right ventricular end-systolic 
volume index (RVESVI; B) and negatively associated with right ventricular ejection fraction (RVEF; C) by cardiac magnetic resonance.
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duration as those exceeded their means (PR, ≥2 ms/y; 
QRS, ≥1 ms/y). The results of univariable analysis are 
shown in Table II in the Data Supplement. Multivariable 
analysis showed that first-degree AVB was an indepen-
dent risk factor for LVAs (HR, 5.479; 95% CI, 1.181–
25.42; P=0.030) and complete AVB (HR, 27.67; 95% 
CI, 4.152–184.3; P<0.001) and had a tendency for 
HF hospitalization (HR, 3.301; 95% CI, 0.864–11.80; 
P=0.069; Table 5). In addition, PR interval prolonga-
tion >2 ms/y was also a significant risk factor for LVAs, 
regardless of the presence or absence of first-degree 
AVB at enrollment (HR, 24.18; 95% CI, 2.080–281.1; 
P=0.011). The proportional hazards assumption was 
satisfied in terms of all significant covariates (Table III in 
the Data Supplement).

DISCUSSION
The novel findings of the present study are as follows: 
(1) ≈14% of the adult patients with rTOF had first-
degree AVB; (2) temporal prolongation of PR interval 
was noted during the long-term follow-up; (3) PR 
interval was significantly correlated with RV volume 
and function assessed by CMR; (4) first-degree AVB 
was one of the significant risk factors for LVAs and 
complete AVB; and (5) temporal prolongation of PR 
interval >2 ms/y was one of the significant risk factors 

for LVAs. These findings could provide a new approach 
for estimating the long-term prognosis of patients 
with rTOF.

Temporal Changes in Electrical 
Parameters
Progressive RV enlargement because of chronic severe 
pulmonary regurgitation as a sequelae of surgical 
procedure and the benefit of its surgical repair by 
additional PVR are well documented in patients with 
rTOF.22 Similarly, several studies have reported that QRS 
duration is gradually prolonged after ICR of tetralogy 
of Fallot and is conversely shortened by PVR.12,18,23 In 
contrast, only 1 report described a temporal prolonga-
tion of PR interval.12 The present study supported these 
findings, and to the best of our knowledge, this is the 
first report to demonstrate the association between 
the temporal prolongation of PR interval and long-
term prognosis of the adult patients with rTOF. More-
over, temporal change in PR interval might be a more 
sensitive marker of malignant arrhythmias compared 
with that in QRS duration.

The present study may raise questions about the 
association between the timing of PR prolongation and 
subsequent cardiac events. It is considered that PR pro-
longation seen after ICR is the combined influence of 

Figure 2. Changes in ECG parameters by pulmonary valve replacement (PVR).  
A, A representative case is shown. PR interval was shortened by 28 ms by PVR, but QRS duration was only slightly shortened. B, The degree of PR shortening by 
PVR was statistically significant (left), but there was no significant shortening in QRS duration (middle) or QTc interval (right). The plus symbol in the box interior 
indicates the group mean.
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immediate lengthening because of surgical injury on 
the myocardium and late lengthening relating to right 
atrial/RV dilation. We cannot conclude whether early or 
late PR prolongation was more critical for the prognosis 
because we do not have sufficient data on the ECG 
soon after rTOF. However, our results indicate that the 
late prolongation of PR interval is clinically important in 
considering the risk of developing lethal arrhythmias in 
patients with rTOF (Table 5).

Antiarrhythmic drugs 8 (6) 4 (16) 0.084

Verapamil 1 (1) 0 (0) 1.000

Class I antiarrhythmic 
drugs

7 (5) 2 (8) 0.625

Amiodarone 0 (0) 2 (8) 0.022

Results are expressed as n (%) or mean±SD. ACE indicates angiotensin-
converting-enzyme; ARB, angiotensin II receptor blocker; AVB, atrioventricular 
block; BSA, body surface area; bpm, beats per minute; BT, Blalock-Taussig 
shunt; CRBBB, complete right bundle branch block; ICR, intracardiac repair; 
LVDd, left ventricular diastolic dimension; LVDs, left ventricular systolic 
dimension; LVEF, left ventricular ejection fraction; PA, pulmonary artery; PV, 
pulmonary valve; RV, right ventricle; TTE, transthoracic echocardiography; and 
TV, tricuspid valve.

Table 3. Continued

 
Normal PR 

Interval (n=151)
First-Degree 
AVB (n=25) P Value

Table 3. Baseline Characteristics in Patients With and Those Without 
First-Degree AVB

 
Normal PR 

Interval (n=151)
First-Degree 
AVB (n=25) P Value

Men 69 (46) 18 (72) 0.018

Age, y 16.8 (15.5–25.5) 20.9 (16.5–46.7) 0.013

Time from ICR, y 13.8 (11.8–19.3) 15.2 (12.9–30.4) 0.027

BSA, m2 1.55±0.21 1.57±0.22 0.676

Characteristics of initial repair

  Age at ICR, y 4.3 (2.7–6.0) 5.8 (3.5–10.5) 0.119

  Era of ICR   0.009

   1960s 5 (3) 3 (12)  

   1970s 13 (9) 6 (24)

   1980s 51 (34) 9 (36)

   1990s 72 (48) 4 (16)

   2000s 10 (7) 3 (12)

  Transannular patch 83 (55) 14 (56) 0.635

  Nontransannular 
patch

29 (19) 1 (4) 0.635

  RV-PA conduit 11 (7) 2 (8) 0.635

  Pulmonary valvotomy 
or infundibular 
resection

19 (13) 4 (16) 0.635

  Unknown 9 (6) 4 (16) 0.635

Previous palliation

  BT shunt 55 (36) 8 (32) 0.664

  Others 8 (5) 1 (4) 0.664

  None 88 (58) 16 (64) 0.664

TTE

  LVDd 42.7±5.7 45.9±7.0 0.018

  LVDs 28.2±5.0 30.9±7.6 0.029

  LVEF 68.1±9.8 65.3±12.1 0.228

  RV dilatation 28 (18) 11 (44) 0.083

  Moderate-to-severe 
TV regurgitation

47 (31) 14 (56) 0.022

  Moderate-to-severe 
PV regurgitation

60 (40) 15 (60) 0.080

  Residual shunt 16 (11) 4 (16) 0.493

ECG at baseline

  Heart rate, bpm 70±11 69±11 0.649

  CRBBB 99 (66) 19 (79) 0.245

  PR interval, ms 158.8±21.6 219.4±25.7 <0.0001

  QRS duration, ms 128.8±32.1 153.0±33.3 0.0008

  QRS duration ≥180, 
ms

6 (4) 6 (25) 0.002

  Fragmented QRS 76 (50) 17 (68) 0.101

  QTc interval, ms 448.2±32.2 455.3±33.9 0.338

Medications

β-Blockers 12 (8) 4 (16) 0.266

ACE inhibitors/ARBs 10 (7) 8 (32) 0.001

(Continued )

Table 4. Nonpharmacological Treatments and Adverse Clinical 
Outcomes in Patients With and Those Without First-Degree AVB 
During Follow-Up

 All (n=176)

Normal PR 
Interval 
(n=151)

First-Degree 
AVB (n=25)

P 
Value

Treatment

Catheter 
ablation, VT

8 (4) 3 (2) 5 (20) <0.01

Catheter 
ablation, AT

12 (7) 6 (4) 6 (24) <0.01

Pacemaker/ICD/
CRTD

7 (4)/1 (1)/1 (1) 3 (2)/1 (1)/0 (0) 4 (16)/0 (0)/1 (4) <0.01

Outcome

  All-cause 
death

6 (3) 2 (1) 4 (16) 0.02

  PVR 21 (12) 16 (11) 5 (20) 0.18

  LVAs 13 (7) 4 (3) 9 (36) <0.01

   VT 9 (5) 3 (2) 6 (24)  

   VF 2 (1) 1 (1) 1 (4)

   SCD 2 (1) 0 (0) 2 (8)

  AT 25 (14) 14 (9) 11 (44) <0.01

  Complete AVB 7 (4) 2 (1) 5 (20) <0.01

    HF 
hospitalization

15 (9) 7 (5) 8 (32) <0.01

Results are expressed as n (%). AT indicates atrial tachyarrhythmias; AVB, 
atrioventricular block; CRTD, cardiac resynchronization therapy defibrillator; 
HF, heart failure; ICD, implantable cardioverter-defibrillator; LVA, lethal 
ventricular arrhythmia; PVR, pulmonary valve replacement; SCD, sudden 
cardiac death; VF, ventricular fibrillation; and VT, ventricular tachycardia.
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Prognostic Electrophysiological Markers 
in Patients With rTOF
QRS prolongation >180 ms is a conventional simple 
marker for adverse outcomes in patients with rTOF.10 In 
contrast, Bokma et al24 recently reported that its sensi-
tivity for mortality was only 28% and that fragmented 
QRS was rather superior to QRS prolongation in predict-
ing mortality. However, several studies showed negative 
results of fragmented QRS for diagnosis and prognosis 
of various cardiac diseases.25–27

In the present study, first-degree AVB in patients 
with rTOF was the significant predictor for LVAs, and 
QRS duration or fragmented QRS was not a significant 
prognostic factor (Table 5; Table II in the Data Supple-
ment). Although QRS prolongation >180 ms was also 
significantly associated with LVAs (HR, 8.300; 95% CI, 
2.450–26.09; P<0.001; Table II in the Data Supplement, 
LVAs) in the univariable analysis, multivariable analysis 
revealed that first-degree AVB could be more sensi-
tive marker for LVAs. The reason for the present nega-
tive findings for fragmented QRS in predicting cardiac 
adverse events is unclear. More detailed characteriza-
tion may elucidate the prognostic value of fragmented 
QRS in patients with rTOF.

Conversely, in multivariable Cox regression analysis, 
first-degree AVB was not a significant predictor of other 

outcomes, namely, atrial arrhythmias, HF hospitalization, 
and all-cause death. However, it had a high tendency for 
atrial arrhythmias and HF hospitalization. In addition, for 
all-cause death, we were unable to obtain reliable data 
in multivariable Cox regression analysis because of the 
small event number of cases (n=6). Therefore, a larger 
sample size is needed to clarify the relationship between 
first-degree AVB and these adverse outcomes.

Proposed Mechanism of Adverse Cardiac 
Events in Patients With rTOF With First-
Degree AVB
Previous reports did not fully address whether PR interval 
prolongation is the cause of worse outcomes or merely 
the result of right atrium (RA) and RV dysfunction. In 
the present study, we demonstrated that patients with 
first-degree AVB had more severe phenotypes at baseline 
(Table 3). They were older compared with those without 
first-degree AVB. Moreover, other clinical parameters, 
such as RV dilatation, significant tricuspid valve regurgi-
tation, and QRS widening, were more frequently noted 
in patients with first-degree AVB. These findings indicate 
that patients with first-degree AVB already had both elec-
trical and mechanical abnormalities at baseline, suggest-
ing that first-degree AVB was the result of the prognosis.

Table 5. Multivariable Cox Regression Analysis

 

LVAs Atrial Arrhythmias Hospitalization for HF Complete AVB

HR 95% CI P Value HR 95% CI P Value HR 95% CI P Value HR 95% CI P Value

Men 2.963 0.516–17.01 0.223          

Age at 
enrollment, y

1.197 0.936–1.530 0.152 1.118 0.951–1.310 0.172 1.061 0.940–1.212 0.363 0.996 0.860–1.154 0.961

Age at ICR, y 0.863 0.670–1.113 0.256 0.905 0.777–1.060 0.211 1.029 0.903–1.170 0.662 0.800 0.563–1.136 0.212

Year of ICR, y* 1.194 0.947–1.505 0.134 1.127 0.968–1.310 0.123 0.938 0.831–1.061 0.300 1.034 0.913–1.171 0.596

Palliation             

LVDd (1-mm 
increase)

   0.986 0.899–1.078 0.760 0.925 0.811–1.049 0.232    

RV dilatation 0.749 0.127–4.430 0.750          

Moderate-to-
severe TVR

   1.465 0.441–4.778 0.524 4.858 1.096–28.04 0.037    

CRBBB    1.314 0.359–6.275 0.694       

First-degree AVB 5.479 1.181–25.42 0.030 2.727 0.676–9.944 0.153 3.301 0.864–11.80 0.069 27.67 4.152–184.3 <0.001

ΔPR ≥2 ms/y 24.18 2.080–281.1 0.011          

QRS ≥180 ms 2.017 0.268–15.20 0.496 1.857 0.357–8.133 0.446       

Antiarrhythmic 
drugs

4.587 0.629–33.47 0.133 4.838 1.479–16.30 0.009 0.111 0.001–0.789 0.025 Infinity
0.000 to 
infinity

0.998

ACE inhibitors/
ARBs

1.357 0.216–8.524 0.745 3.724 0.999–13.36 0.051 3.452 0.886–12.55 0.073 8.865 1.458–53.90 0.018

β-Blockers 0.760 0.054–10.71 0.839 2.879 0.768–10.35 0.115 0.583 0.070–3.396 0.573 8.993 0.577–140.1 0.117

ACE indicates angiotensin-converting-enzyme; ARB, angiotensin II receptor blocker; AVB, atrioventricular block; CRBBB, complete right bundle branch block; 
HF, heart failure; HR, hazard ratio; ICR, intracardiac repair; LVA, lethal ventricular arrhythmia; LVDd, left ventricular diastolic dimension; RV, right ventricle; and TVR, 
tricuspid valve regurgitation.

*Reference year 1990.D
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Meanwhile, we speculate that PR prolongation may 
also be the cause of worse outcomes. We were able to 
demonstrate that first-degree AVB at enrollment was 
an independent risk factor for LVAs, atrial arrhythmias, 
and all-cause death in multivariable analysis, even after 
adjusting for patients’ age and other clinically signifi-
cant parameters. There are several possible explana-
tions for the close association between the presence of 
first-degree AVB and adverse cardiac events in patients 
with rTOF.

First, PR prolongation may have negative hemo-
dynamic effects, such as shortening of blood filling 
time28–30 and diastolic atrioventricular valve regurgi-
tation.31–33 In a subset of patients, the onset of atrial 
depolarization occurs immediately after the previous 
ventricular contraction, resulting in the shortening 
of blood filling time to the ventricle.28–30 This could 
adversely affect RV and RA filling pressure, leading to 
RA and RV volume overload. Moreover, previous stud-
ies reported that in diastolic atrioventricular valves, 
both mitral and tricuspid valves, regurgitation is com-
mon in patients with AVB, regardless of their sever-
ity.31–33 They occur in the setting of inappropriate atrio-
ventricular coupling when the atrium contracts early 
after ventricular contraction, resulting in a prolonged 
LV filling period; it increases LV pressure toward end-
diastole, despite a lower left atrial pressure.31,33 The 
regurgitant volume is thought to be small and clini-
cally insignificant in patients without structural heart 
disease.32 Meanwhile, it may have significant effects 
on patients with RV or tricuspid valve annulus dila-
tion, such as rTOF. Namely, diastolic tricuspid valve 
regurgitation can also induce RA and RV volume over-
load, leading to RA and RV remodeling. Consequently, 
first-degree AVB can cause both atrial and ventricular 
arrhythmogenesis.

Another possible mechanism is an effect of RV pac-
ing because RV pacing may worsen RV function.34 As 
shown in Figure IVD in the Data Supplement, the inci-
dence of progression to complete AVB was higher in 
patients with first-degree AVB compared with those 
without it. As a result, the rate of pacemaker implanta-
tion was significantly higher in patients with first-degree 
AVB (Table 4). Thus, in patients with rTOF, we thought 
that first-degree atrioventricular block probably has 2 
aspects: a precipitating factor of RV dysfunction and a 
general marker of a more severe phenotype. Further-
more, we need to demonstrate a positive efficacy of 
intervention to the first-degree AVB (eg, His pacing) to 
conclude its causative role.

Clinical Implications
Cardiac magnetic resonance imaging is a gold standard 
method for evaluation of cardiac function, although it 
is expensive for routine use when considering the long 

life of patients with rTOF. The present study showed 
that PR interval was significantly correlated with RV vol-
ume and function assessed by CMR. ECG parameters 
could be used as an index of RV function in patients 
with rTOF at routine follow-up. In addition, the pres-
ence of first-degree AVB increased LVAs and complete 
AVB in adult patients with rTOF. Moreover, PR interval 
prolongation >2 ms/y was also one of the risk factors 
for subsequent LVAs, regardless of the presence or 
absence of first-degree AVB at enrollment. Thus, more 
attention should be paid to the patients with PR interval 
prolongation in addition to other traditional markers, 
such as QRS widening.

Study Limitations
Several limitations should be mentioned for the present 
study. First, the present study is a retrospective cohort 
study. The patient characteristics, the type of initial sur-
gery, and the indication of PVR may reflect referral bias 
and institutional preferences. In addition, many chang-
es in therapy took place for each patient, and we were 
unable to evaluate the impact of changes in medica-
tions during the follow-up. Second, we did not have 
complete information on initial repair surgery in 14 
(8%) patients, and CMR imaging was performed only 
in 113 (63%) patients. Third, there were significant dif-
ferences in the backgrounds of patients with and those 
without first-degree AVB (Table 3). Thus, we should take 
into account the differences in baseline characteristics 
on the risk of the cardiac events. However, we consider 
that first-degree AVB is an independent risk factor for 
LVAs and complete AVB in patients with rTOF because it 
was one of the significant parameters on multivariable 
Cox regression analysis.

In conclusion, first-degree AVB, which is correlated 
with RV enlargement in adult patients with rTOF, could 
be a useful predictor for increased risk of LVAs and 
complete AVB in those patients. Besides, PR interval 
prolongation >2 ms/y could be also one of the risk fac-
tors for subsequent LVAs, regardless of the presence or 
absence of first-degree AVB.

ARTICLE INFORMATION
Received January 17, 2018; accepted September 14, 2018.

The Data Supplement is available at https://www.ahajournals.org/doi/ 
suppl/10.1161/CIRCEP.118.006234.

Correspondence
Koji Fukuda, MD, PhD, Department of Cardiovascular Medicine, Tohoku 
University Graduate School of Medicine, 1-1 Seiryo-machi, Aoba-ku, Sendai 
980–8574, Japan. Email fukuda@cardio.med.tohoku.ac.jp

Affiliations
Department of Cardiovascular Medicine (Y.K., K. Fukuda, M.N., Y.H., K.  
Fukasawa, T.C., K.M., S.T., H.S.), Department of Evidence-Based Cardiovascular 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 19, 2018

mailto:fukuda@cardio.med.tohoku.ac.jp


Kimura et al; Atrioventricular Conduction Disturbance in rTOF

Circ Arrhythm Electrophysiol. 2018;11:e006234. DOI: 10.1161/CIRCEP.118.006234 November 2018 10

Medicine (S.M., H.S.), Department of Diagnostic Radiology (H.O.), Department 
of Pediatrics (M.K.), and Department of Cardiovascular Surgery (O.A., Y.S.), 
Tohoku University Graduate School of Medicine, Sendai, Japan.

Acknowledgments
We thank the staff of the Division of Cardiology at Miyagi Children’s Hospital 
for their kind contributions.

Sources of Funding
This research is partially supported by the Practical Research Project for Life-
Style Related Diseases Including Cardiovascular Diseases and Diabetes Mellitus 
from Japan Agency for Medical Research and Development (JP16ek0210068).

Disclosures
None.

REFERENCES
 1. Apitz C, Webb GD, Redington AN. Tetralogy of Fallot. Lancet. 

2009;374:1462–1471. doi: 10.1016/S0140-6736(09)60657-7
 2. Cuypers JA, Menting ME, Konings EE, Opić P, Utens EM, Helbing WA, 

Witsenburg M, van den Bosch AE, Ouhlous M, van Domburg RT, Rizo-
poulos D, Meijboom FJ, Boersma E, Bogers AJ, Roos-Hesselink JW. 
Unnatural history of tetralogy of Fallot: prospective follow-up of 40 
years after surgical correction. Circulation. 2014;130:1944–1953. doi: 
10.1161/CIRCULATIONAHA.114.009454

 3. Zeppenfeld K, Schalij MJ, Bartelings MM, Tedrow UB, Koplan BA, Soeji-
ma K, Stevenson WG. Catheter ablation of ventricular tachycardia after 
repair of congenital heart disease: electroanatomic identification of the 
critical right ventricular isthmus. Circulation. 2007;116:2241–2252. doi: 
10.1161/CIRCULATIONAHA.107.723551

 4. Wu MH, Lu CW, Chen HC, Chiu SN, Kao FY, Huang SK. Arrhythmic bur-
dens in patients with tetralogy of Fallot: a national database study. Heart 
Rhythm. 2015;12:604–609. doi: 10.1016/j.hrthm.2014.11.026

 5. Mah DY, Alexander ME, Cecchin F, Walsh EP, Triedman JK. The electro-
anatomic mechanisms of atrial tachycardia in patients with tetralogy 
of Fallot and double outlet right ventricle. J Cardiovasc Electrophysiol. 
2011;22:1013–1017. doi: 10.1111/j.1540-8167.2011.02062.x

 6. Stout KK, Broberg CS, Book WM, Cecchin F, Chen JM, Dimopoulos K, 
Everitt MD, Gatzoulis M, Harris L, Hsu DT, Kuvin JT, Law Y, Martin CM, 
Murphy AM, Ross HJ, Singh G, Spray TL; American Heart Association 
Council on Clinical Cardiology, Council on Functional Genomics and 
Translational Biology, Council on Cardiovascular Radiology and Imaging. 
Chronic heart failure in congenital heart disease: a scientific statement 
from the American Heart Association. Circulation. 2016;133:770–801. 
doi: 10.1161/CIR.0000000000000352

 7. Harrison DA, Siu SC, Hussain F, MacLoghlin CJ, Webb GD, Harris L. Sus-
tained atrial arrhythmias in adults late after repair of tetralogy of Fallot. 
Am J Cardiol. 2001;87:584–588.

 8. Gatzoulis MA, Balaji S, Webber SA, Siu SC, Hokanson JS, Poile C, Rosen-
thal M, Nakazawa M, Moller JH, Gillette PC, Webb GD, Redington AN. 
Risk factors for arrhythmia and sudden cardiac death late after repair of 
tetralogy of Fallot: a multicentre study. Lancet. 2000;356:975–981. doi: 
10.1016/S0140-6736(00)02714-8

 9. Valente AM, Gauvreau K, Assenza GE, Babu-Narayan SV, Schreier J, Gat-
zoulis MA, Groenink M, Inuzuka R, Kilner PJ, Koyak Z, Landzberg MJ, 
Mulder B, Powell AJ, Wald R, Geva T. Contemporary predictors of death 
and sustained ventricular tachycardia in patients with repaired tetralogy of 
Fallot enrolled in the INDICATOR cohort. Heart. 2014;100:247–253. doi: 
10.1136/heartjnl-2013-304958

 10. Gatzoulis MA, Till JA, Somerville J, Redington AN. Mechanoelectrical in-
teraction in tetralogy of Fallot. QRS prolongation relates to right ventricu-
lar size and predicts malignant ventricular arrhythmias and sudden death. 
Circulation. 1995;92:231–237.

 11. Müller J, Hager A, Diller GP, Derrick G, Buys R, Dubowy KO, Takken T, 
Orwat S, Inuzuka R, Vanhees L, Gatzoulis M, Giardini A. Peak oxygen 
uptake, ventilatory efficiency and QRS-duration predict event free survival 
in patients late after surgical repair of tetralogy of Fallot. Int J Cardiol. 
2015;196:158–164. doi: 10.1016/j.ijcard.2015.05.174

 12. Massin MM, Malekzadeh-Milani SG, Schifflers S, Dessy H, Verbeet 
T. Long-term electrocardiographic follow-up after repair of tetral-
ogy of Fallot. Ann Noninvasive Electrocardiol. 2011;16:336–343. doi: 
10.1111/j.1542-474X.2011.00460.x

 13. Cheng S, Keyes MJ, Larson MG, McCabe EL, Newton-Cheh C, Levy D, 
Benjamin EJ, Vasan RS, Wang TJ. Long-term outcomes in individuals 
with prolonged PR interval or first-degree atrioventricular block. JAMA. 
2009;301:2571–2577. doi: 10.1001/jama.2009.888

 14. Crisel RK, Farzaneh-Far R, Na B, Whooley MA. First-degree atrioventricular 
block is associated with heart failure and death in persons with stable 
coronary artery disease: data from the Heart and Soul Study. Eur Heart J. 
2011;32:1875–1880. doi: 10.1093/eurheartj/ehr139

 15. Park SJ, On YK, Byeon K, Kim JS, Choi JO, Choi DJ, Ryu KH, Jeon ES. 
Short- and long-term outcomes depending on electrical dyssynchrony 
markers in patients presenting with acute heart failure: clinical implica-
tion of the first-degree atrioventricular block and QRS prolongation from 
the Korean Heart Failure registry. Am Heart J. 2013;165:57–64.e2. doi: 
10.1016/j.ahj.2012.10.009

 16. Kimura Y, Noda T, Matsuyama TA, Otsuka Y, Kamakura T, Wada M, Ishi-
bashi K, Inoue Y, Miyamoto K, Okamura H, Nagase S, Aiba T, Kamakura 
S, Noguchi T, Anzai T, Satomi K, Wada Y, Ohno S, Horie M, Shimizu W, 
Yasuda S, Shimokawa H, Kusano K. Heart failure in patients with arrhyth-
mogenic right ventricular cardiomyopathy: what are the risk factors? Int J 
Cardiol. 2017;241:288–294. doi: 10.1016/j.ijcard.2017.04.061

 17. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasek-
aran K, Solomon SD, Louie EK, Schiller NB. Guidelines for the echocar-
diographic assessment of the right heart in adults: a report from the 
American Society of Echocardiography endorsed by the European Asso-
ciation of Echocardiography, a registered branch of the European Society 
of Cardiology, and the Canadian Society of Echocardiography. J Am Soc 
Echocardiogr. 2010;23:685–713; quiz 786–788. doi: 10.1016/j.echo. 
2010.05.010

 18. Scherptong RW, Hazekamp MG, Mulder BJ, Wijers O, Swenne CA, van 
der Wall EE, Schalij MJ, Vliegen HW. Follow-up after pulmonary valve 
replacement in adults with tetralogy of Fallot: association between QRS 
duration and outcome. J Am Coll Cardiol. 2010;56:1486–1492. doi: 
10.1016/j.jacc.2010.04.058

 19. Fishman GI, Chugh SS, Dimarco JP, Albert CM, Anderson ME, Bonow RO, 
Buxton AE, Chen PS, Estes M, Jouven X, Kwong R, Lathrop DA, Mascette 
AM, Nerbonne JM, O’Rourke B, Page RL, Roden DM, Rosenbaum DS, 
Sotoodehnia N, Trayanova NA, Zheng ZJ. Sudden cardiac death prediction 
and prevention: report from a National Heart, Lung, and Blood Institute 
and Heart Rhythm Society Workshop. Circulation. 2010;122:2335–2348. 
doi: 10.1161/CIRCULATIONAHA.110.976092

 20. Priori SG, Blomström-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, 
Camm J, Elliott PM, Fitzsimons D, Hatala R, Hindricks G, Kirchhof P, 
Kjeldsen K, Kuck KH, Hernandez-Madrid A, Nikolaou N, Norekvål TM, 
Spaulding C, Van Veldhuisen DJ; ESC Scientific Document Group. 2015 
ESC Guidelines for the management of patients with ventricular arrhyth-
mias and the prevention of sudden cardiac death: the task force for the 
management of patients with ventricular arrhythmias and the prevention 
of sudden cardiac death of the European Society of Cardiology (ESC). en-
dorsed by: Association for European Paediatric and Congenital Cardiology 
(AEPC). Eur Heart J. 2015;36:2793–2867. doi: 10.1093/eurheartj/ehv316

 21. R Core Team (2017). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. https://
www.R-project.org/.

 22. Abd El Rahman MY, Abdul-Khaliq H, Vogel M, Alexi-Meskishvili V, Gut-
berlet M, Lange PE. Relation between right ventricular enlargement, QRS 
duration, and right ventricular function in patients with tetralogy of Fallot 
and pulmonary regurgitation after surgical repair. Heart. 2000;84:416–
420.

 23. Oosterhof T, Vliegen HW, Meijboom FJ, Zwinderman AH, Bouma B, Mul-
der BJ. Long-term effect of pulmonary valve replacement on QRS duration 
in patients with corrected tetralogy of Fallot. Heart. 2007;93:506–509. 
doi: 10.1136/hrt.2006.094169

 24. Bokma JP, Winter MM, Vehmeijer JT, Vliegen HW, van Dijk AP, van 
Melle JP, Meijboom FJ, Post MC, Zwinderman AH, Mulder BJ, Bouma 
BJ. QRS fragmentation is superior to QRS duration in predicting mor-
tality in adults with tetralogy of Fallot. Heart. 2017;103:666–671. doi: 
10.1136/heartjnl-2016-310068

 25. Wang DD, Buerkel DM, Corbett JR, Gurm HS. Fragmented QRS complex 
has poor sensitivity in detecting myocardial scar. Ann Noninvasive Electro-
cardiol. 2010;15:308–314. doi: 10.1111/j.1542-474X.2010.00385.x

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 19, 2018



Kimura et al; Atrioventricular Conduction Disturbance in rTOF

Circ Arrhythm Electrophysiol. 2018;11:e006234. DOI: 10.1161/CIRCEP.118.006234 November 2018 11

 26. Carey MG, Luisi AJ Jr, Baldwa S, Al-Zaiti S, Veneziano MJ, deKemp RA, Canty 
JM Jr, Fallavollita JA. The Selvester QRS Score is more accurate than Q waves 
and fragmented QRS complexes using the Mason-Likar configuration in es-
timating infarct volume in patients with ischemic cardiomyopathy. J Electro-
cardiol. 2010;43:318–325. doi: 10.1016/j.jelectrocard.2010.02.011

 27. Cheema A, Khalid A, Wimmer A, Bartone C, Chow T, Spertus JA, 
Chan PS. Fragmented QRS and mortality risk in patients with left ven-
tricular dysfunction. Circ Arrhythm Electrophysiol. 2010;3:339–344. doi: 
10.1161/CIRCEP.110.940478

 28. Kruse I, Arnman K, Conradson TB, Rydén L. A comparison of the acute 
and long-term hemodynamic effects of ventricular inhibited and atrial 
synchronous ventricular inhibited pacing. Circulation. 1982;65:846–855.

 29. Kim YH, O’Nunain S, Trouton T, Sosa-Suarez G, Levine RA, Garan H, 
Ruskin JN. Pseudo-pacemaker syndrome following inadvertent fast path-
way ablation for atrioventricular nodal reentrant tachycardia. J Cardiovasc 
Electrophysiol. 1993;4:178–182.

 30. Barold SS, Ilercil A, Leonelli F, Herweg B. First-degree atrioventricular 
block. clinical manifestations, indications for pacing, pacemaker manage-

ment & consequences during cardiac resynchronization. J Interv Card Elec-
trophysiol. 2006;17:139–152. doi: 10.1007/s10840-006-9065-x

 31. Schnittger I, Appleton CP, Hatle LK, Popp RL. Diastolic mitral and tricuspid 
regurgitation by Doppler echocardiography in patients with atrioventricu-
lar block: new insight into the mechanism of atrioventricular valve closure. 
J Am Coll Cardiol. 1988;11:83–88.

 32. Agmon Y, Freeman WK, Oh JK, Seward JB. Diastolic mitral regurgitation. 
Circulation. 1999;99:e13.

 33. Okamoto M, Tsubokura T, Kajiyama G, Miyatake K, Kinoshita N, Sakaki-
bara H, Nimura Y. Diastolic atrioventricular valve closure and regurgitation 
following atrial contraction: their relation to timing of atrial contraction. 
Clin Cardiol. 1989;12:149–153.

 34. Olshansky B, Day JD, Moore S, Gering L, Rosenbaum M, Mc-
Guire M, Brown S, Lerew DR. Is dual-chamber programming infe-
rior to single-chamber programming in an implantable cardioverter-
defibrillator? results of the INTRINSIC RV (Inhibition of Unnecessary 
RV Pacing With AVSH in ICDs) study. Circulation. 2007;115:9–16. doi: 
10.1161/CIRCULATIONAHA.106.629428

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 19, 2018




