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Abstract
Background: An implantable cardioverter defibrillator (ICD) is the most reliable 
therapeutic device for preventing sudden cardiac death in patients with sustained 
ventricular tachycardia (VT). Regarding its effectiveness, targeted VT is defined 
based on the tachyarrhythmia cycle length. However, variations in RR interval varia-
bility of VTs may occur. Few studies have reported on VT characteristics and effects 
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1  | INTRODUC TION

An implantable cardioverter defibrillator (ICD) is currently the most 
reliable therapy for preventing sudden death in patients with sus-
tained ventricular tachycardia (VT) associated with organic heart 
disease.1–4 ICDs can terminate life-threatening VTs by using elec-
trical shocks, anti-tachycardia pacing (ATP), or both. Recent studies 
have shown that electrical shocks for ventricular tachyarrhythmia 
may lead to a worse prognosis, such as mortality or morbidity.5,6 
Therefore, it is essential to reduce the use of shock therapy to ter-
minate VT. Although the effectiveness of ATP therapy has been 
extensively reported,7–9 it occasionally induces VT acceleration10,11 
or progression to ventricular fibrillations (VFs). Many studies on the 
effectiveness of ICD therapy have reported that the cycle length 
defines the VTs that are best targeted by ICD therapy. However, in 
addition to the cycle length, the targeted VTs are characterized by 
RR interval variability (Figure  1A). Variations in the RR interval in 
tachyarrhythmia distinguish VTs from supraventricular tachycardia, 
such as atrial fibrillation.12 Concerning the RR interval variability in 
VT, few studies have reported on the clinical characteristics of VT or 
the effectiveness of ATP therapy.

This study aimed to evaluate the relationship between RR inter-
val variability in VTs and clinical characteristics of VT, including the 
effects of ICD therapy.

2  | METHODS

VTs per episode, recorded using an ICD or a cardiac resynchroni-
zation therapy defibrillator (CRT-D) device, were classified as regu-
lar or irregular according to the RR interval variability of the cycle 
length. Based on this variability, we evaluated the rates of VT ter-
mination using ATP or shock therapy, spontaneous termination, and 
acceleration. Additionally, the reproducibility rates of the RR interval 
variability of VTs (regular or irregular) in each episode and in all epi-
sodes were evaluated.

2.1 | Study design and population

This was a retrospective, multicenter, observational study. The study 
protocol was approved by the institutional review board of each 
participating center. Data analyzed were collected from 69 patients 
who experienced episodes of ventricular arrhythmias. The partici-
pants were selected among 185 patients involved in the Defibrillator 
with Enhanced Features and Settings for Reduction of Inaccurate 
Detection (DEFENSE) Trial.13 Briefly, that study compared the 
SmartShock Technology (SST) algorithm with the conventional VT 
detection algorithms. The trial enrolled consecutive recipients of an 
ICD or CRT-D that used the SST algorithm (Protecta XT ICD [DR, 

of ICD therapy according to the RR interval variability. We aimed to identify the 
clinical characteristics of VTs and ICD therapy effects according to the RR interval 
variability.
Methods: We analyzed 821 VT episodes in 69 patients with ICDs or cardiac resyn-
chronization therapy defibrillators. VTs were classified as irregular when the differ-
ence between two successive beats was >20 ms in at least one of 10 RR intervals; 
otherwise, they were classified as regular. We evaluated successful termination using 
anti-tachycardia pacing (ATP)/shock therapy, spontaneous termination, and accel-
eration between regular and irregular VTs. The RR interval variability reproducibility 
rates were evaluated.
Results: Regular VT was significantly more successfully terminated than irregular VT 
by ATP. No significant difference was found in shock therapy or VT acceleration be-
tween the regular and irregular VTs. Spontaneous termination occurred significantly 
more often in irregular than in regular VT cases. The reproducibility rates of RR in-
terval variability in each episode and in all episodes were 89% and 73%, respectively.
Conclusions: ATP therapy showed greater effectiveness for regular than for irregular 
VT. Spontaneous termination was more common in irregular than in regular VT. RR 
interval variability of VTs seems to be reproducible.
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anti-tachycardia pacing therapy, implantable cardioverter defibrillator, RR interval variability, 
shock therapy, ventricular tachycardia
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VR], Protecta XT CRT-D [DR], and Evera XT ICD [DR, VR]; Medtronic, 
Minneapolis, MN, USA). Patients whose device programing did not 
match the study requirements (Table S1) were unable to complete a 
2-year follow-up period, or were unable to provide informed consent 
were excluded from this research. The recipients were followed up 
every 6 mo for up to 2 y after device implantation, by remote moni-
toring of their device or by presenting in the outpatient clinic. The 
devices were assessed at all scheduled and unscheduled follow-up 
visits. The DEFENSE trial revealed that, compared with the conven-
tional algorithms, the SST discrimination algorithm significantly low-
ered the rate of inaccurate VT detection.

VT episodes were evaluated as follows: of the 185 patients 
initially enrolled, 69 experienced 821 episodes of ventricular ar-
rhythmias (VT, fast VT, or VF); of the 821 episodes, 608 (74%) and 
213 (26%) were judged as true ventricular tachyarrhythmia and as 
other episodes, respectively, including atrial fibrillation/atrial flutter 
(n = 26), sinus tachycardia or atrial tachycardia (AT) (n = 178), and 
T-wave oversensing (n = 9), leaving data from just 53 patients who 
exhibited true ventricular tachyarrhythmia. Each entire episode was 
reviewed by an independent adjudication committee to determine 
whether the diagnosis was appropriate.

2.2 | Analysis of the RR interval variability of VT

The DEFENSE trial guidelines recommended that the devices should 
have been programed to provide therapy for VTs with a cycle length 
<400  ms (Table  S1). Of the aforementioned 608 true VT/VF epi-
sodes, only cycle lengths ≥240 ms were considered as VT episodes 
in this study.

VT cycle length variability was determined based on a previous 
report; 10 RR intervals, from 2 s after the onset of VT on intracardiac 
electrograms, were obtained by automatic reading of the devices, 

with an accuracy of 10 ms12 VT was judged as irregular when any 
difference between two successive beats was >20 ms at least once 
in 10 RR intervals; otherwise, it was classified as regular.12 When 
ATP was administered more than once in an episode, evaluation of 
the RR interval variability after the first therapy session was per-
formed using the 10 RR intervals occurring immediately before any 
subsequent ATP therapy.

2.3 | VT termination

Episode termination was used to confirm the classification of suc-
cess by ATP therapy. Termination occurring more than five beats 
after therapy was deemed unsuccessful and was classified as spon-
taneous termination after ATP delivery.10 Furthermore, VTs that 
terminated naturally without ATP or shock therapy were defined as 
spontaneous termination without therapy.

2.4 | VT acceleration

Ventricular rhythm acceleration following ATP therapy was defined 
as a 10% decrease in the cycle length.10

2.5 | Reproducibility of the RR interval 
variability of VT

We examined the reproducibility of the RR interval variability of VT 
from two perspectives: reproducibility in each episode (RE) and re-
producibility in all episodes (RA).

RE was evaluated when there were two or more VTs in one epi-
sode (ie, ATP therapy was performed more than once in an episode). 

F I G U R E  1   (A) Difference in the cycle length variability of VT. The left panel shows a constant cycle length, whereas the right panel 
shows the variation in the cycle length. (B) Example of multiple VT episodes within an episode. Regular VTs account for a larger number of 
VT types, classified by the variability within an episode. The RE value is calculated by dividing the number of regular VTs (6) to the number 
of total VTs in the episode (6). A-A, atrial cycle length; RE, reproducibility in each episode; Reg, regular; Term, termination; VF, ventricular 
fibrillation; VT, ventricular tachycardia; V-V, ventricular cycle length [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Of the VTs classified on the basis of the RR interval variability within 
an episode, the ratio of the larger number of VTs by type (ie, regular 
or irregular) was defined as RE (Figure 1B). When the numbers of 
regular and irregular VTs were identical in an episode, the episode 
was assigned according to the variability of the first recorded VT in 
the episode.

RA was assessed in patients with multiple VT episodes. The 
ratio of the larger number of VTs by type to the number of total 
VT episodes in all episodes within an individual was defined as RA 
(Figure 2).

2.6 | Statistical analysis

Continuous data are presented as means and standard deviations. 
Univariate and multivariate odds ratios (ORs) for VT termination and 
acceleration were estimated. A multilevel logistic regression was ap-
plied to estimate the ORs as VT episodes were nested within indi-
viduals. The multivariate model included the RR interval variability 
of VTs (regular or irregular), average VT rate (beats per min [bpm]), 
sex, ischemic cardiomyopathy, and use of an antiarrhythmic drug,  
β-blocker, angiotensin-converting enzyme inhibitor (ACE-I), or angio
tensin II receptor blocker (ARB). Statistical analysis was performed 
using STATA version 16 (StataCorp LP, College Station, TX, USA). 
The level of statistical significance was set at P < .05.

3  | RESULTS

3.1 | Study groups

In a study group of 53 patients with an ICD or CRT-D, cases of 
episodes with an unknown medication history (n = 77 in seven pa-
tients), a cycle length <240 ms (n = 8 in seven patients), and a start-
ing point of ventricular tachyarrhythmia that could not be confirmed 
on intracardiac electrocardiogram (n  =  58 in seven patients) were 

excluded. Consequently, the remaining 465 episodes in 43 patients 
were included in the present analyses (Figure 3, Tables 1 and 2).

3.2 | VT termination

Among the 465 episodes in 43 patients, 290 were managed with 
ATP therapy, 10 with shock therapy without ATP (shock therapy was 
administered after ATP therapy in 17 episodes), and 165 without 
therapy.

The characteristics of ATP therapy are summarized in Table S2. 
The first pacing program for ATP therapy was set as burst pacing 
in all cases. ATP therapy terminated 85% of VT episodes (n = 246) 
(regular VT, 94%; irregular VT, 66%), and shock therapy terminated 
100% of such episodes (n  =  27). After ATP delivery, the rate of 

F I G U R E  2   A patient with five VT episodes. Most VTs in all 
episodes are irregular. The RI value is calculated by dividing the 
number of irregular VTs in all episodes of the patient (11) by the 
number of total VT episodes (15), ie, 11/15 = 0.73. I, irregular VT; 
R, regular VT; RA, reproducibility in all episodes; VT, ventricular 
tachycardia

First VT Second VT Third VT Fourth VT Fi�h VT RE 

Episode 1 I I R I I 4/5 = 80% 

Episode 2 I I I 
  

3/3 = 100% 

Episode 3 I I 
   

2/2 = 100%

Episode 4 R R R I 
 

3/4= 75% 

Episode 5 I 
     

R = 4 I = 11
 

RI = 11/(4+11) = 73%

F I G U R E  3   Flow chart of patient selection. ATP, anti-tachycardia 
pacing; CL, cycle length; VF, ventricular fibrillation; VT, ventricular 
tachycardia

TA B L E  1   Characteristics of patients with episodes of ventricular 
tachycardia

Number of patients n = 43

Male sex 36 (84%)

Ischemic cardiomyopathy 20 (47%)

Non-ischemic cardiomyopathy
(DCM/sarcoidosis/HCM/amyloidosis/Brugada 

S/unclassified)

23 (53%)
(10/3/2/1/1/6)

NYHA class (I/II/III/IV) (12/19/11/1)

ß-blocker use 31 (72%)

ACE-I or ARB use 28 (65%)

Cardiotonic agent use 7 (16%)

Antiarrhythmic drug use 13 (30%)

EF (%) 36 ± 15

CRT-D 16 (37%)

Note: Data are presented as numbers, unless otherwise indicated.
Abbreviated: ACE-I, angiotensin-converting enzyme inhibitor; ARB, 
angiotensin II receptor blocker; Brugada S, Brugada syndrome; 
CRT-D, cardiac resynchronization therapy defibrillator; DCM, 
dilated cardiomyopathy; EF, ejection fraction; HCM, hypertrophic 
cardiomyopathy; NYHA, New York Heart Association
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spontaneous termination was 5% (n = 24), and the spontaneous ter-
mination rate without therapy was 31% (n = 145). VT termination 
could not be confirmed using intracardiac electrocardiography (ie, 
episodes that were out of the VT zone without termination) in 5% of 
the episodes (n = 23).

Concerning the ATP therapy, regular VTs showed significantly 
more successful terminations than irregular VTs (P < .001; OR, 7.56). 
No significant difference was found in VT termination using ATP 
therapy between ischemic and non-ischemic cardiomyopathies. In 
addition, VT episodes with a faster rate showed a lower termination 
rate (P  =  .002; OR, 0.97; Table  3). Spontaneous termination after 
ATP delivery occurred significantly more frequently in irregular than 
in regular VTs (P < .001; OR, 30.58; Table 4). The VT rate had no sig-
nificant effect on spontaneous termination after ATP delivery. For 
episodes without therapy, spontaneous termination was more com-
monly observed in irregular than in regular VTs (P = .001; OR, 6.06).

3.3 | VT Acceleration

In 290 VT episodes of ATP therapies, occurrences of VT accelera-
tion were significantly associated with faster than with slower VTs 
(P  =  .006; OR, 1.04; average VT heart rate of episodes including 
acceleration vs. no acceleration, 200  ±  21 vs. 178  ±  25  bpm). By 
contrast, no significant difference was observed in acceleration oc-
currence in other items (Table 5).

TA B L E  2   Relationship between patient background and RR 
interval variability of VT

Regular VT
(n = 268)

Irregular VT
(n = 197)

Average VT rate (bpm) 178 ± 26 178 ± 22

Male sex 218 (81%) 176 (89%)

Ischemic cardiomyopathy 119 (44%) 75 (38%)

Antiarrhythmic drug use 74 (28%) 49 (25%)

ß-blocker use 198 (74%) 149 (76%)

ACE-I or ARB use 169 (63%) 149 (76%)

Note: Data are presented as numbers (%), unless otherwise indicated.
Abbreviated: ACE-I, angiotensin-converting enzyme inhibitor; ARB, 
angiotensin II receptor blocker; VT, ventricular tachycardia; bpm, beats 
per min

TA B L E  3   Odds ratios of clinical characteristics for termination using ATP therapy

n
% of termination 
using ATP therapy

Univariate analysis

p-value

Multivariate analysis

p-value
Odds 
ratio

95% confidence 
interval

Odds 
ratio

95% confidence 
interval

RR interval variability of VT

Irregular 94 66% reference reference

Regular 196 94% 5.94 2.50 14.13 < 0.001 7.56 3.05 18.78 < 0.001

Average VT rate 
(bpm)

290 85% 0.97 0.95 0.99 0.006 0.97 0.95 0.99 0.002

Sex

Women 71 86% reference reference

Men 219 84% 0.59 0.08 4.40 0.609 0.34 0.06 2.05 0.241

Structural heart disease

Non-ischemic 
cardiomyopathy

124 84% reference reference

Ischemic 
cardiomyopathy

166 86% 0.63 0.12 3.45 0.597 1.28 0.24 6.94 0.775

Antiarrhythmic drug use

No 169 88% reference reference

Yes 121 80% 0.86 0.15 4.99 0.864 0.57 0.13 2.63 0.474

β-blocker use

No 86 91% reference reference

Yes 204 82% 0.51 0.07 3.48 0.491 0.25 0.04 1.49 0.128

ACE-I or ARB use

No 101 85% reference reference

Yes 189 85% 1.10 0.20 6.12 0.914 1.14 0.20 6.43 0.878

Abbreviated: ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ATP, anti-tachycardia pacing; bpm, beats per min; 
VT, ventricular tachycardia
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3.4 | Reproducibility of the RR interval 
variability of VT

Overall, in 47 episodes from 14 patients, ATP therapy was adminis-
tered more than once per episode. Of those, 30 and 17 episodes pre-
sented a higher proportion of regular and irregular VTs, respectively 
(12 and eight patients, respectively). Six of these patients had regu-
lar and irregular VT episodes. The reproducibility of VT variability 
within an episode was 89 ± 19% (regular VT, 94 ± 15%; irregular VT, 
80 ± 21%). Additionally, 27 patients had more than two VT episodes. 
The reproducibility of the RR interval variability of VT in individuals 
was 73 ± 18% (ischemic vs. non-ischemic, 71 ± 17 vs. 75 ± 18%).

4  | DISCUSSION

Based on the variability of the VT cycle length, the three important 
findings of this study were as follows: first, ATP therapy produced 
a significantly higher termination rate in regular than in irregular 
VTs. Second, spontaneous termination after ATP delivery or without 
therapy occurred significantly more frequently in irregular than in 
regular VT cases. Third, reproducibility of the RR interval variability 
of VT was high, both per episode and in all episodes.

The mechanism and properties of tachycardia, substrate, local 
electrophysiology, and stimulation site affect the success of ATP at-
tempts in terminating VTs.14 Although it may be difficult to capture 
all of this information in an ICD, focusing on RR interval variability 
may be important to improve the effectiveness of ATP treatment. 
Three types of VT mechanisms are known to date—reentry, trig-
gered activity, and automaticity. In general, regular heart rates are 
found in VT cases because of the reentry mechanism, and the irreg-
ular heart rate is a finding of non-reentrant VT.15

According to previous reports, small changes in the VT cycle 
length suggested the increase in ATP effectiveness.16 That evalua-
tion used the percentage of variation, which was calculated by divid-
ing the mean difference between each RR interval and the next one 
by the VT cycle length. Furthermore, ATP therapy is more effective 
for VTs that have smaller ventricular beat-to-beat morphologic varia-
tion on intracardiac recordings than for those that do not.17 We eval-
uated the VT characteristics using a simple method, different from 
the one used in previous studies, to simply measure the variability of 
the VT cycle length.

In addition, ventricular tachyarrhythmia caused by a triggered 
activity or automaticity of the mechanism can be difficult to ter-
minate using programed electrical stimulation with reproducibility. 
By contrast, VT caused by the reentrant mechanism can result in 

TA B L E  4   Odds ratios of clinical characteristics for spontaneous termination after ATP delivery

n

Spontaneous 
termination after 
ATP delivery

Univariate analysis

p-value

Multivariate analysis

p-valueOdds ratio
95% confidence 
interval

Odds 
ratio

95% confidence 
interval

RR interval variability of VT

Irregular 94 23% reference reference

Regular 196 1% 0.03 0.01 0.17 < 0.001 0.03 0.01 0.16 < 0.001

Average VT rate (bpm) 290 85% 0.99 0.97 1.02 0.662 1.00 0.98 1.03 0.701

Sex

Women 71 7% reference reference

Man 219 9% 1.42 0.15 13.60 0.609 1.81 0.26 12.82 0.550

Structural heart disease

Non-ischemic 
cardiomyopathy

124 9% reference reference

Ischemic 
cardiomyopathy

166 8% 1.70 0.25 11.67 0.590 0.83 0.12 5.99 0.855

Antiarrhythmic drug use

No 169 7% reference reference

Yes 121 10% 1.05 0.15 7.48 0.958 0.91 0.17 4.96 0.914

β-blocker use

No 86 7% reference reference

Yes 204 9% 1.55 0.17 13.75 0.694 1.86 0.25 14.10 0.548

ACE-I or ARB use

No 101 7% reference reference

Yes 189 9% 1.01 0.14 7.05 0.993 0.96 0.13 6.84 0.967

Abbreviated: ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ATP, anti-tachycardia pacing; bpm, beats per min; 
VT, ventricular tachycardia
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successful termination using programed stimulation, without ex-
cluding triggered activity.18 The efficacy of ATP in these VTs may be 
explained by the fact that the VT mechanisms were based on reentry 
and that VTs that demonstrate poor response to ATP therapy could 
result from the lack of organized reentry.

4.1 | VT termination

In our study, the successful VT termination rate using ATP was 85%, 
which is equivalent to those reported in previous studies.19,20 In 
cases of faster VT, the rate was lower, as faster VT has a shorter ex-
citable gap in the reentrant circuit; hence, it is more difficult for the 
pacing stimulus to enter the circuit.21 VT classification, based on the 
variability of the VT cycle length, revealed that the successful termi-
nation rates following ATP therapy were 94% and 66% in regular and 
irregular VTs, respectively, showing a statistically significant differ-
ence. We observed that VTs with a stable cycle length variability are 
more likely to respond to ATP therapy.

Spontaneous termination after ATP delivery or without ther-
apy was found significantly more often in irregular than in regu-
lar VTs. Spontaneous termination after ATP delivery can include 
purely spontaneous termination and termination because of 

overdrive pacing, which is a characteristic finding of non-reentrant 
mechanisms.22

Furthermore, no significant differences were found between pa-
tients with ischemic and non-ischemic cardiomyopathies with respect 
to VT termination using ATP therapy. Scar-related reentry is the most 
common cause of sustained VT in structural heart disease.23 In patients 
with structural heart disease, myocardial infarction is most commonly 
associated with a damaged myocardium, which serves as a substrate for 
reentrant arrhythmias. However, scar-related VT also develops in other 
myocardial diseases, including dilated cardiomyopathy, sarcoidosis, and 
arrhythmogenic right ventricular cardiomyopathy, and after cardiac sur-
gery for congenital heart disease or valve replacement.17 The scar slows 
conduction and increases susceptibility to reentrant arrhythmias.

4.2 | Clinical implication of the RR interval 
variability of VT on ICD management

As VT regularity is highly reproducible in each episode or in all epi-
sodes, it could be possible to construct more effective ICD settings 
according to the RR interval variability of VT (ie, considering ag-
gressive ATP therapy for regular VTs and extending the VT detec-
tion time and initiation of therapy for irregular VTs). In addition, it 

TA B L E  5   Odds ratios of clinical characteristics for acceleration of VTs

n

% of 
Acceleration 
of VTs

Univariate analysis

p-value

Multivariate analysis

p-value
Odds 
ratio

95% confidence 
interval

Odds 
ratio

95% confidence 
interval

RR interval variability of VT

Irregular 94 7% reference reference

Regular 196 5% 1.09 0.32 3.79 0.887 1.13 0.32 4.00 0.851

Average VT rate 
(bpm)

290 85% 1.04 1.01 1.06 0.008 1.04 1.01 1.07 0.006

Sex

Women 71 4% reference reference

Man 219 6% 1.22 0.10 15.16 0.879 2.64 0.26 27.26 0.416

Structural heart disease

Non-ischemic 
cardiomyopathy

124 6% reference reference

Ischemic 
cardiomyopathy

166 5% 1.39 0.16 12.07 0.765 1.48 0.11 19.62 0.765

Antiarrhythmic drug use

No 169 4% reference reference

Yes 121 7% 1.45 0.16 12.94 0.738 1.96 0.28 13.60 0.495

β-blocker use

No 86 2% reference reference

Yes 204 7% 3.03 0.24 38.59 0.393 7.17 0.65 79.48 0.109

ACE-I or ARB use

No 101 7% reference reference

Yes 189 5% 0.55 0.06 4.74 0.590 0.27 0.02 3.62 0.320

Abbreviated: ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; bpm, beats per min; VT, ventricular tachycardia
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could be possible to develop a more effective algorithm based on 
the variability of the RR interval. Further research is needed for this 
purpose.

4.3 | Limitations

Our study has several limitations. First, the number of VT episodes 
per individual varied. Multilevel logistic regression was applied to 
estimate the ORs, as VT episodes were nested within individuals. 
Second, the VT evaluation period was limited to 10 RR intervals of 
2 s after the onset, to simplify the clinical usage. In some episodes, 
RR interval variations may have changed after the assessment. Third, 
we could not perform multivariate analyses for spontaneous termi-
nation without therapy, as the number of target episodes was small. 
Fourth, these results may not be indicative for slow VT cases be-
cause the programing of VT detection for each monitor and therapy 
zone was set at approximately 150 bpm in most episodes.

5  | CONCLUSIONS

ATP therapy for VT termination is more effective for regular than for 
irregular VT cases, as determined by the VT cycle length variability. 
Additionally, irregular VT has a higher rate of spontaneous termina-
tion than regular VT, and the VT cycle length variability is reproduc-
ible for an episode and an individual.
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