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Short-Term Variability of the QT Interval

Can be Used for the Prediction of Imminent
Ventricular Arrhythmias in Patients

With Primary Prophylactic Implantable
Cardioverter Defibrillators
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BACKGROUND: Short-term variability of the QT interval (STVq;) has been proposed as a novel electrophysiological marker for
the prediction of imminent ventricular arrhythmias in animal models. Our aim is to study whether STV, can predict imminent
ventricular arrhythmias in patients.

METHODS AND RESULTS: In 2331 patients with primary prophylactic implantable cardioverter defibrillators, 24-hour ECG Holter
recordings were obtained as part of the EU-CERT-ICD (European Comparative Effectiveness Research to Assess the Use of
Primary Prophylactic Implantable Cardioverter Defibrillators) study. ECG Holter recordings showing ventricular arrhythmias of
>4 consecutive complexes were selected for the arrhythmic groups (n=170), whereas a control group was randomly selected
from the remaining Holter recordings (n=37). STV was determined from 31 beats with fiducial segment averaging and calcu-
lated as X |Dns1 =D, / (30>< \/5) where D, represents the QT interval. STV, was determined before the ventricular arrhythmia or
8:00 am in the control group and between 1:30 and 4:30 am as baseline. STV at baseline was 0.84+0.47 ms and increased
to 1.18+0.74 ms (P<0.05) before the ventricular arrhythmia, whereas the STV in the control group remained unchanged. The
arrhythmic patients were divided into three groups based on the severity of the arrhythmia: (1) nonsustained ventricular ar-
rhythmia (n=32), (2) nonsustained ventricular tachycardia (n=134), (3) sustained ventricular tachycardia (n=4). STV increased
before nonsustained ventricular arrhythmia, nonsustained ventricular tachycardia, and sustained ventricular tachycardia from
0.80+0.43 ms to 1.18+0.78 ms (P<0.05), from 0.90+0.49 ms to 1.14+0.70 ms (P<0.05), and from 1.05+0.22 ms to 2.33+1.25 ms
(P<0.05). This rise in STV, was significantly higher in sustained ventricular tachycardia compared with nonsustained ven-
tricular arrhythmia (+1.28+1.05 ms versus +0.24+0.57 ms [P<0.05]) and compared with nonsustained ventricular arrhythmia
(+0.34+0.87 ms [P<0.05)).

CONCLUSIONS: STV increases before imminent ventricular arrhythmias in patients, and the extent of the increase is associ-
ated with the severity of the ventricular arrhythmia.
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of sudden cardiac death (SCD) rapidly evolved in mortality rate in patients with a high risk for SCD.'
the past century, and innovations continuously Nevertheless, SCD remains an important healthcare
contribute to further improvement. Introduction of the concern, and research about underlying mechanisms

Treatment of ventricular arrhythmias and prevention implantable cardioverter defibrillator (ICD) reduced the
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CLINICAL PERSPECTIVE

What Is New?

* In patients with primary prophylactic implant-
able cardioverter defibrillators, an increase in
temporal dispersion of repolarization, quantified
as short-term variability of the QT interval, pre-
cedes ventricular arrhythmias.

e The extent of the increase in short-term vari-
ability of the QT interval is associated with the
severity of the ventricular arrhythmia.

What Are the Clinical Implications?

e Temporal dispersion of repolarization is a prom-
ising parameter for monitoring imminent ven-
tricular arrhythmias.

Nonstandard Abbreviations and Acronyms

ASTVq, STVQT beforeventricular
arrhythmia minus STV at
baseline

EU-CERT-ICD European Comparative
Effectiveness Research to
Assess the Use of Primary
Prophylactic Implantable
Cardioverter Defibrillators

nsVA nonsustained ventricular
arrhythmia

nsVT nonsustained ventricular
tachycardia

SCD sudden cardiac death

STV short-term variability

STVqr short-term variability of the QT
interval

and novel treatments is ongoing.* Temporal disper-
sion of repolarization, quantified as short-term variabil-
ity (STV), has been identified as a promising marker
for arrhythmic risk monitoring. In animal models, STV
at baseline discriminated between subjects that de-
veloped ventricular arrhythmias or SCD in the long
term.>~" Similar results were obtained in patients with
acquired® or congenital® long-QT syndrome, patients
with nonischemic heart failure,’® and patients with
structural heart disease,'" where an elevated STV at
baseline was associated with patients with a history of
ventricular arrhythmias or the occurrence of ventricu-
lar arrhythmias during follow-up. A novel application of
STV, being the ability to predict imminent ventricular
arrhythmias, has also been studied preclinically. In an-
imal studies, STV increases abruptly before ventricular
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arrhythmias, whereas it remains stable in the absence
of arrhythmic events.®'2'3 Moreover, STV is a suitable
parameter to guide preventive therapy to avert the im-
mediate (re)occurrence of ventricular arrhythmias.'
We aim to investigate whether STV of the QT interval
(STVqr) also increases before ventricular arrhythmias in
patients and could therefore be used to predict immi-
nent ventricular arrhythmias in a clinical setting.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Design

The EU-CERT-ICD (European Comparative Effec-
tiveness Research to Assess the Use of Primary
Prophylactic Implantable Cardioverter Defibrillators)
is a prospective multicenter, observational study.'® It
aims to assess the current clinical value of the ICD
in patients with primary prophylaxis and the electro-
cardiographic parameters at baseline for long-term
prediction of all-cause mortality and appropriate ICD
shocks. Patients with ischemic and nonischemic
cardiomyopathy fulfilling the international treatment
guidelines for primary prophylactic ICD implantation
were included.'® The protocol was approved by the in-
stitutional review board or ethics committee at each
participating hospital and was in compliance with the
Declaration of Helsinki. All patients provided written
informed consent. A 12-lead Holter ECG (CM 3000-
12 BT, Getemed, Teltow, Germany) was recorded at
1 kHz sampling frequency for 24 hours in hospitalized
patients before the ICD implantation. Holter recordings
showing ventricular arrhythmias of >4 consecutive
complexes were selected. A control group was ran-
domly selected from the remaining Holter recordings
not fulfilling this criterion.

Measurement of STV, and other
electrophysiological parameters

Precordial lead V2 or V3 was selected in each patient
based on the morphology of the T-wave. The precordial
lead with the highest amplitude and slope at the end of
the T-wave was used for the determination of the RR
and QT intervals and for the calculation of STV QTc
was calculated according to the Framingham formula.
STVqr of 31 consecutive beats was calculated using
the formula Z|D,,+1—Dn|/(N>< \/5) where D represents
the determinant of repolarization (in this case the QT
interval), and N represents the number of beats taken
into account —1."2 The change in STV between base-
line and before ventricular arrhythmia was calculated
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as ASTVq=STVq of the last 31 complexes before ven-
tricular arrhythmia — STV, baseline. All electrophysi-
ological parameters were determined at baseline and
before the longest ventricular arrhythmia exhibited by
a patient or at 8:00 am in the control group. The latter
time point was chosen because the circadian pattern
of STV shows the highest peak at 8:00 awm, espe-
cially in patients with a high burden of ventricular ec-
topy and nonsustained ventricular tachycardia (nsVT).!”
Baseline measurements were performed at 3:00 am
unless a ventricular arrhythmia occurred, then base-
line was determined at a time point at least 1.5 hours
away from the ventricular arrhythmia but between 1:30
and 4:30 am (Figure 1A). In addition to the STV of the
final 31 complexes preceding the ventricular arrhyth-
mia, STV was also determined on the 32 to 62 and 63
to 93 prior complexes to follow the behavior of STV
before the arrhythmic event (Figure 1B). Ventricular
and atrial premature complexes together with the pre-
ceding and following post—extrasystolic beat were ex-
cluded from analysis. We used the method of fiducial
segment averaging for the measurement of the QT

STV Predicts Ventricular Arrhythmia

interval and calculation of STV.'® First, all complexes
were aligned around a trigger point, in this case the
R-peak of the QRS complex by cross-correlating each
individual complex with the average of the remainder
complexes and then shifting the complex until maxi-
mum correlation was obtained (Figure 1CI). Next, the
same alignment process was repeated for the 2 other
fiducial points, QRS onset and the end of the T-wave,
respectively (Figure 1CIl and Ill). Correct alignment
was checked visually and adjusted manually where
necessary.

Statistical Analysis

Numeric data are expressed as meanzSD unless
specified otherwise. One-way analysis of variance
(ANOVA) with Tukey correction for multiple com-
parisons was used for group analyses, and for the
comparisons to baseline within a group, 1-way re-
peated-measures ANOVA with Tukey correction was
applied. Group comparisons with both within-subject
and between-subject variables were performed with a

A Baseline
1:30 am 3am 4:30am
| | |
| | |
VIV
c

i Trigger point

QR-interval

B Ventricular arrhythmia

[ 93-63 complexes I 62-32 complexes I 31-1 complexes I

RT-interval

RT-interval

'
'
'
3
>
>
>
'
»
P
»
»

RT-interval

QT-interval= QR-interval + RT-interval

RT-interval

Figure 1. Study methodology.

Short-term variability of the QT interval was determined twice in every patient: baseline at 3:00 am unless a ventricular arrhythmia
occurred, then the baseline was determined at a time point at least 1.5 hours away from the ventricular arrhythmia but between
1:30 and 4:30 am (A) and before the ventricular arrhythmia the short-term variability of the QT interval was determined in the last 31
preceding complexes (B). To monitor the behavior of short-term variability of the QT interval before the ventricular arrhythmia, 2 more
segments of 31 complexes were used for the determination of short-term variability of the QT interval, namely, the segments of 62 to
32 and 93 to 63 preceding complexes. The method of fiducial segment averaging was applied to determine the QT interval as the sum
of the QR interval and the RT interval (C). (I) All complexes were aligned at the R peak as the trigger point. (Il) The complexes were
aligned at the onset of the QRS complex to determine the QR interval. (Ill) The complexes were aligned at the T-wave end to determine
the RT interval.
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2-way ANOVA with Tukey correction for multiple com-
parisons. Categorical variables were analyzed with a
X? test. Calculations were performed using SPSS (ver-
sion 26; IBM, Armonk, NY) and Prism (version 8.0;
GraphPad Software Inc., La Jolla, CA). P<0.05 was
considered as statistically significant.

RESULTS

Study Population

The EU-CERT-ICD study enrolled 2292 patients from
May 2014 until August 2018. For this substudy, we
screened all the Holter ECG recordings, and 455 pa-
tients showed ventricular arrhythmias of >4 consecu-
tive complexes (Figure 2). A total of 285 Holter ECG
recordings were excluded from analysis, for example,
because of atrial arrhythmias (n=106), excessive noise
(n=30), a flat T-wave (h=40), or excessive ectopy result-
ing in<31 consecutive beats (n=24). The remaining 170
Holter ECG recordings were suitable for analysis. A va-
riety of ventricular arrhythmias occurred in the study
population; therefore, the patients were divided into 3
groups based on the severity of the arrhythmia. The
first group consisted of short-lasting (<30 seconds)
ventricular arrhythmias of <100 beats per minute (opm)
defined as nonsustained ventricular arrhythmia (nsVA)
(n=32). The second group showed short-lasting ven-
tricular tachy-arrhythmias of >100 bpm defined as nsVT

STV Predicts Ventricular Arrhythmia

(n=134). The third group were longer lasting (>30 sec-
onds) ventricular tachy-arrhythmias of >100 bpm de-
fined as sustained ventricular tachycardia (VT) (n=4).
The control group consisted of 37 patients.

Table 1 shows clinical baseline characteristics of the
patients included in the analysis. The VT group was
excluded from statistical analysis as a subgroup be-
cause of the missing values in an already low num-
ber of patients. There were no statistical differences
in baseline characteristics between the overall group
with ventricular arrhythmias and the control group, nor
were there statistical differences between patients with
nsVA and nsVT. The mean age of patients with ven-
tricular arrhythmias was 63+11 years and 60+12 years
in the control group. The study population was pre-
dominantly male, and the majority of the patients had
ischemic cardiomyopathy as the leading cardiac dis-
ease, with 57% in the overall group with ventricular ar-
rhythmias and 70% in the control group. Medication
use was similar in the overall group with ventricular ar-
rhythmias and the control group. In the group with a
VT, 33% used B-blockers.

Arrhythmia Characteristics

Ventricular arrhythmias occurred throughout the day,
as illustrated in Figure 3. nsVA tended to occur from
late afternoon (5:00 pm) until early morning (7:00 awm),
whereas nsVTs were distributed throughout the entire

24-hour Holter ECG recordings
n=2331

/\

Recordings without a ventricular arrhythmia
of >4 consecutive complexes

Recordings containing a ventricular

arrhythmia of >4 consecutive complexes
n=1876 n =455

Exclusion

n =285

l

¥ 1 - Atrial arrhythmia (n = 106)
- Excessive noise (n = 30)

Selection at random and evenly distributed
over contributing hospitals

Patients included in analysis limited to the

longest arrhythmic episode
n=170

- Flat T-wave (n = 40)
- <31 consecutive beats remaining due to ectopy (n = 24)
- Other (e.g. corrupt/ missing files) (n = 85)

R ——

<30 seconds

<100 bpm >100 bpm

>30 seconds

>100 bpm

Non-sustained
ventricular
arrhythmia

Control group

Non-sustained
ventricular

tachycardia
n=37 n=32 n=134

Sustained
ventricular

tachycardia
n=4

Figure 2. Study flow chart.

The 24-hour Holter ECG recordings containing ventricular arrhythmias with > 4 consecutive beats were selected. After exclusion
of recordings rendered unsuitable for analysis, short-term variability of repolarization was measured before the longest arrhythmic
episode in each of the remaining 170 patients. The patients were subdivided into 3 groups based on the duration and heart rate of the

ventricular arrhythmia. bpm indicates beats per minute.
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Table 1. Patient Characteristics at Baseline
Control, n=37 Overall VA, n=170 nsVA, n=32 nsVT, n=134 VT, n=4

Age,y 60+12 6311 66+13 63+11 59+12
Sex (male) 28 (76) 147 (87) 30 (94) 116 (87) 1 (100)
Leading cardiac disease

[-CMP 26 (70) 96 (57) 21 (66) 74 (56) 1(33)

NI-CMP 11 (30) 72 (43) 11 (34) 59 (43) 2 (67)

LVEF (%) 29+5 2716 28+6 2746 2914
Smoking 21 (57) 110 (66) 18 (56) 91 (68) 1(33)
Diabetes mellitus 9 (24) 46 (27) 7 (22) 37 (28) 2 (67)
Hypertension 19 (51) 99 (59) 23(72) 74 (56) 2 (67)
B-blocker 37 (100) 156 (93) 30 (94) 125 (94) 1(33)
ACEiI/ARB 26 (70) 129 (77) 21 (66) 105 (79) 3 (100)
MRA 28 (76) 132 (79) 26 (81) 104 (78) 2 (67)
Statin 26 (70) 115 (69) 22 (69) 91 (68) 2 (67)
Class lor Il 10 1(0.6) 0(0) 1(0.6) 0(0)
antiarrhythmic drugs

Data are expressed as mean+SD or as number (percentage). ACEi indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker;
|-CMP, ischemic cardiomyopathy; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NI-CMP, nonischemic cardiomyopathy;
nsVA, nonsustained ventricular arrhythmia; nsVT, nonsustained ventricular tachycardia; VA, ventricular arrhythmia; and VT, sustained ventricular tachycardia.

No statistically significant differences were found. Missing values for sex: 3 in the VT group; for other characteristics: 1 in the nsVT group and 1 in the VT

group.

day with a peak at 10:00 pm. The VTs occurred in the
morning between 6:00 and 7:00 am, and in the early
evening between 5:00 and 7:00 pm. The mean heart
rate of all ventricular arrhythmias was 127+30 bpm,
82+12 bpm during nsVA, 136+22 bpm during nsVT,
and 17726 during VT. The duration of ventricular
arrhythmias overall was 5+6 seconds, nsVA lasted
for 5+4 seconds, nsVT lasted for 4+3 seconds, and
VT lasted for 39+2 seconds. The number of com-
plexes during the ventricular arrhythmia was 12+18
in general, nsVA lasted for 8+5 complexes, nsVT

lasted for 106 complexes, and VT lasted for 116+12
complexes.

Electrophysiological Parameters

Table 2 summarizes the electrophysiological param-
eters at baseline and before the ventricular arrhythmia.
At baseline, no significant differences were observed
between the groups for the RR, QT, and QTc intervals
and STV Overall, the heart rate before the ventricular
arrhythmias was significantly higher than the heart rate

20 Bl VT (n=4)
B3 nsVT (n=134) H
(2] -
t 1 nsVA (n=32) =
g 157 = =
® = -
o - -
s 1046 = |
° = — == =
© = - - —
-1 H = HHHH —H H
£ s4H B H H B H H
=] == 1 1 [ =-
2 |HEER||EHAE =
I- =I- I=
o_ | . .- - |
QQQQQQQQQQQQQQQQQQQQQQQQ
NN LIOLLLLLLLPLLSPPLEES
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Figure 3. Diurnal distribution of ventricular arrhythmia occurrence.

The number of patients exhibiting their longest ventricular arrhythmia during 1 day. Four patients had
VT, which were clustered in the morning (6:00-7:00 am) and early evening (5:00-7:00 pwm). nsVA indicates
nonsustained ventricular arrhythmia; nsVT, nonsustained ventricular tachycardia; and VT, sustained

ventricular tachycardia.
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Table 2. Electrophysiological Parameters

STV Predicts Ventricular Arrhythmia

Control, n=37 Overall VA, n=170 nsVA, n=32 nsVT, n=134 VT, n=4

Baseline

RR interval 1013+129 979+166 1009+155 9721170 972.0+128.6

QT interval 44145 427+44 426+42 42744 412+32

QTc interval 439+39 446+46 424132 432+34 414+39

STVqr 0.75+0.23 0.84+0.47 0.80+0.43 0.90+0.49 1.05+0.22
Before VA (last 31 complexes)

RR interval 967+141 929+152* 1008+132 914+150* 769+137% %

QT interval 429+51 412+49* 427+40 409+51* 384+36*

QTc interval 434+42 429443 425+30 422+44* 415116

STVqr 0.82+0.26 1.18£0.74"t 118+0.78"t 1.14+0.70%F 2.33£1.25"t

Data are expressed as mean+SD in milliseconds. nsVA indicates nonsustained ventricular arrhythmia; nsVT, nonsustained ventricular tachycardia; STV,
short-term variability of the QT interval; VA, ventricular arrhythmia; and VT, sustained ventricular tachycardia.

*P<0.05 compared with baseline within the group.
P<0.05 compared with control group.
#P<0.05 compared with nsVA.

in baseline, with the exception of patients exhibiting
nsVA. The QT and QTc intervals were shorter before
nsVT and VT compared with baseline, but were the
same before nsVA and their respective baseline val-
ues. In the control group there were no differences in
the RR, QT, and QTc intervals between 3:00 am and
8:00 awm.

STV, Increases Before Ventricular
Arrhythmias

The behavior of STV, before a ventricular arrhythmia
compared with baseline is shown in Figure 4. STV,
did not change in the control group between 3:00 am
and 8:00 amv, from 0.75+0.23 ms to 0.82+0.26 ms,
respectively. STVq; increased significantly before

nsVA and nsVT, from 0.80+0.43 ms at baseline to
1.182£0.78 ms in the last 31 complexes before nsVA
and from 0.90+0.49 ms at baseline to 1.14+0.70 ms
in the last 31 complexes before nsVT. The increase in
STVqr was most pronounced in patients with VT, from
1.05+0.22 ms at baseline to 2.32+1.25 ms in the last
31 complexes before VT. This observation was con-
firmed by comparing the ASTV; between the groups,
whereby ASTVq; was significantly higher in VT com-
pared withnsVT (+1.28+1.05 ms versus +0.24+0.57 ms),
compared with nsVA (+0.34+0.87 ms), and compared
with the control group (+0.07+0.18 ms). The STV in-
creased progressively during the segments preceding
the ventricular arrhythmia, as portrayed in Figure 4c.
Compared with baseline, STV, was increased in the
segment of 62 to 32 beats onward before ventricular

A [ Baseline 8am W Priorto VA B C 5 -= Ventricular arrhythmia n=170
) i ) ' i ’ - Control n=37
' T | & +
4 'T—‘ ;' I—Ti + * 1 *
T [—
. m
— 3 . . 7 2 g
] e E 5 1.0
~ = T
= 2 o 1 - E
: 7 |
2 T S o o O e e Y e
1 pa 0
9* 17 control VA VT vT = 9
ontrol ns ns e ) v N
Control  nsVA nsVT vT = = = o o © o N
n=37 n=32  n=134 n=4 n=s7 n32 Lt n=4 Q@w\\ & & >
< -
Segment of complexes prior to
ventricular arrhythmia
or at 8:00 am in the control group

Figure 4. Behavior of STV, before ventricular arrhythmia.

A, STV, of the last 31 complexes increases before a ventricular arrhythmia. Data are expressed as mean+SD. B, ASTV; is higher
before VT than nsVA and nsVT. Data are expressed as mean+SD. C, STV, is increased from the segment 62 to 32 complexes
before a ventricular arrhythmia and onward. Data are expressed as mean+SEM. *P<0.05 within-group comparison; 7P<0.05 between-
group comparison. ASTV; indicates STV before ventricular arrhythmia minus STV, at baseline; nsVA, nonsustained ventricular
arrhythmia; nsVT, nonsustained ventricular tachycardia; STV, short-term variability of the QT interval; and VT, sustained ventricular

tachycardia.
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arrhythmia. This translates to approximately 60 to
30 seconds before the ventricular arrhythmia based on
the mean heart rate of 65 bpm (RR interval of 929+152;
Table 2). STV was stable in the segments around
8:00 am in the control group and continuously lower
than the overall group with ventricular arrhythmias.

DISCUSSION

The results of the current study in patients with pri-
mary prophylactic ICD can be summarized as follows:
(1) temporal dispersion of repolarization quantified as
STVqr increases before ventricular arrhythmias com-
pared with baseline conditions; (2) in the absence of
ventricular arrhythmias, STV remains stable between
baseline conditions at 3:00 am and at 8:00 awm; (3) the
increase in STV progresses during the minutes pre-
ceding a ventricular arrhythmia and is significantly
higher from the segment of 62 to 32 beats before
the ventricular arrhythmia and onward; and (4) STV,
increases more before VT compared with nsVA and
nsVT, when it is expressed as AST V.

Increase in Temporal Dispersion of
Repolarization Reflects a Compromised
Repolarization Reserve

To our knowledge, this is the first study showing that an
increased temporal dispersion of repolarization, quan-
tified as STV, precedes the imminent occurrence of
ventricular arrhythmias in patients with primary prophy-
lactic ICD. In animal models, the importance of tempo-
ral dispersion of repolarization in arrhythmogenesis has
been studied extensively.®'219 Ventricular remodeling
attributed to volume overload in the canine model of
complete chronic atrioventricular block includes elec-
trical (downregulation of the slowly (I and rapidly (l.,)
activating delayed rectifier potassium channels),?° con-
tractile (altered calcium handling),?™2* and structural
remodeling.?® Electrical remodeling results in a dimin-
ished repolarization reserve, which renders the heart
unable to withstand stressors on repolarization.?® This
repolarization lability manifests itself as a prolongation
of repolarization duration and an increased temporal
dispersion of repolarization.®'> When repolarization
is challenged further by, for example, an I, -blocking
drug, this can act as a final hit on the repolarization
reserve.’® In combination with the altered calcium
handling this gives rise to early afterdepolarizations in
vitro™2" and ventricular ectopy and Torsade de Pointes
arrhythmias in vivo.'>?” These arrhythmias are pre-
ceded by an increase in STV, whereas STV remains
low in nonsusceptible subjects.’®'® Moreover, the se-
verity of the arrhythmic outcome in the chronic atrio-
ventricular block dog is also correlated to the ASTV, as
in this patient population.?® The current study suggests

J Am Heart Assoc. 2020;9:e018133. DOI: 10.1161/JAHA.120.018133
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that a reduced repolarization reserve and triggered
activity play a role in arrhythmogenesis in a broad pa-
tient population with both ischemic and nonischemic
cardiomyopathy.

Proarrhythmic Component of STV That
Is Independent of the QT-Interval Duration
Although STV is based on QT-interval measure-
ments, these parameters show a different circadian
rhythm and behave differently before ventricular ar-
rhythmias. The circadian rhythm of the QT interval
has a cosine curve with a longer QT interval at night
around 3 am and a shorter QT interval in the afternoon
around 2:00 pm.?° This has been attributed to diurnal
changes in potassium ion channel function.®° Similarly,
the QT interval of our current study was the longest at
baseline, between 1:30 and 4:30 am. STV, also ex-
hibits a circadian pattern in patients with a higher bur-
den of ventricular ectopy and nsVT, whereby there is a
peak in STV at 8:00 av and 6:00 Pv."” These peaks
coincide with the circadian distribution of SCD?" and
are consistent with the occurrence of VT in our study
population. It has been hypothesized that the circa-
dian pattern of STV, relies on the autonomic nervous
system.”%2 Interestingly, both peaks of STV, coincide
with the maximum slope in the diurnal cosine curve of
the QT interval, suggesting that these are 2 different,
yet potentially related, parameters.

Moreover, our finding that STV, increases before
ventricular arrhythmias without prolongation of the QT
interval contributes to the hypothesis that there is an in-
dependent proarrhythmic component responsible for
an increase in STV The QT interval is a well-known
and broadly applied electrophysiological parameter
for proarrhythmic assessment. However, preclinical
studies in different animal models indicate that STV
is superior to the repolarization duration in predicting
the development of imminent ventricular arrhythmias
and assessing the efficacy of antiarrhythmic inter-
ventions.'¥33 In the chronic atrioventricular block dog
model, repolarization duration prolonged upon a chal-
lenge of the repolarization irrespective of the arrhyth-
mic outcome, whereas STV only increased in subjects
that were susceptible for ventricular arrhythmias.®'?

Clinical Implications

Preclinical studies have demonstrated that STV can
be used to monitor the risk for imminent ventricular
arrhythmias and initiate a preventive treatment.'#34
This study shows that STV has a similar behavior be-
fore ventricular arrhythmias in patients with a primary
prophylactic indication for ICD therapy. Currently, pa-
tients at risk for ventricular arrhythmias and SCD are
implanted with an ICD. Although the ICD can success-
fully terminate ventricular arrhythmias with anti-tachy
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pacing or a defibrillation shock, the ICD is not able yet
to prevent the arrhythmias from occurring. The detri-
mental effects of ventricular arrhythmias and the re-
duced quality of life as a result of anxiety for shock
therapy give cause to seek further improvement of
the ICD.3% STV can be derived reliably from electro-
gram signals that are continuously recorded by the
ICD."® Therefore, the ICD could be used for continu-
ous monitoring of arrhythmic risk by measuring STV
on intracardiac signals. A preventive therapy has also
been explored in the chronic atrioventricular block dog
model in the form of temporary accelerated pacing,
where the pacing rate was gradually increased from
60 to 100 bpm in 20 seconds, and successfully pre-
vented an electrical storm from occurring in 70% of the
cases.' Our study shows that the increase in STV in
patients is present in the segment 60 to 30 seconds
before the ventricular arrhythmia, which provides suf-
ficient time to initiate the preventive therapy. To imple-
ment this methodology, STV should be determined
automatically by the device and the pacing regimen
initiated once a certain threshold of STV is reached.

Strengths and Limitations

STV determination requires accurate measurement of
the QT interval because of the unit of the variation. This
requirement was addressed in two ways. First, the 24-
hour ECG Holter recordings had a high resolution of
1 kHz. Second, measurement of the QT interval was
done with a validated semiautomated program to mini-
mize errors in measurement."”

The present study also has limitations. The number
of patients with a VT is limited because ECG Holter
recordings were recorded for only 24 hours in pa-
tients without a history of VT. The results in the VT
group should therefore be interpreted with caution.
More patients with VT can be studied when STV is
monitored continuously with an implanted device for a
longer period of time. It is also evident that STV can-
not be measured reliably in patients with an irregular
heart rate attributed to, for example, atrial fibrillation.
Furthermore, STV measurements are influenced by
the quality of the signals; therefore, many patients
were excluded because of noise. When the intracar-
diac electrogram can be used for STV analysis, rea-
sons for exclusion in the current study, such as noise
and a flat T-wave, would be minor issues, and approx-
imately three quarters of the patients would be eligible
for STV analysis.

CONCLUSIONS

This is the first clinical work to demonstrate that STV,
increases before imminent ventricular arrhythmias in
patients with a primary prophylactic ICD indication and
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that the extent of the increase is associated with the
severity of the ventricular arrhythmia. These data set a
precedent that STV, can be used for imminent ven-
tricular arrhythmia risk monitoring.

ARTICLE INFORMATION

Received June 27, 2020; accepted October 7, 2020.

Affiliations

From the Department of Medical Physiology (A.S., V.L., D.J.S., M.AV.) and
Department of Cardiology (A.E.T., M.Meine), University Medical Center
Utrecht, Utrecht, The Netherlands; Department of Medical Informatics,
Erasmus University Medical Center, Rotterdam, The Netherlands (H.J.R.v.);
National Heart and Lung Institute, Imperial College London, London, United
Kingdom (M.Malik); and Medical Klinik und Poliklinik I, Technische Universitat
Munchen, Klinikum rechts der Isar, MUnich, Germany (G.S.).

Sources of Funding

The EU-CERT-ICD (European Comparative Effectiveness Research to Assess
the Use of Primary Prophylactic Implantable Cardioverter Defibrillators) has
received funding from the European Community’s Seventh Framework
Programme FP7/2007-2013 under Grant 602299.

Disclosures
None.

REFERENCES

1. Connoly SJ, Hallstrom AP, Cappato R, Schron EB, Kuck KH, Zipes DP,
Greene HL, Boczor S, Domanski M, Follmann D, et al.; on behalf of the
investigators of the AVID, CASH and CIDS studies. Meta-analysis of the
implantable cardioverter defibrillator secondary prevention trials. Eur
Heart J. 2000;21:2071-2078.

2. Moss AJ, Hall WJ, Cannom DS, Daubert JP, Higgins SL, Klein H, Levine
JH, Saksena S, Waldo AL, Wilber D,et al.; for the MADIT Investigators.
Improved survival with an implanted defibrillator in patients with cor-
onary disease at high risk for ventricular arrhythmia. N Engl J Med.
1996;335:1933-1940.

3. Zabel M, Willems R, Lubinski A, Bauer A, Brugada J, Conen D, Flevari
P, HasenfuB G, Svetlosak M, Huikuri HV, et al. Clinical effectiveness
of primary prevention implantable cardioverter defibrillators: results of
the EU-CERT-ICD non-randomised, controlled, multicentre study. Eur
Heart J. 2020;41:3437-3447.

4. Deo R, Albert CM. Epidemiology and genetics of sudden cardiac death.
Circulation. 2012;125:620-637.

5. Thomsen MB, Truin M, van Opstal JM, Beekman HDM, Volders PGA,
Stengl M, Vos MA. Sudden cardiac death in dogs with remodeled
hearts is associated with larger beat-to-beat variability of repolarization.
Basic Res Cardiol. 2005;100:279-287.

6. Thomsen MB, Oros A, Schoenmaker M, van Opstal JM, Maas JN,
Beekman HDM, Vos MA. Proarrhythmic electrical remodelling is as-
sociated with increased beat-to-beat variability of repolarization.
Cardiovasc Res. 2007;73:521-530.

7. FloréV, Claus P, Antoons G, Oosterhoff P, Holemans P, Vos MA, Sipido
KR, Willems R. Microvolt T-wave alternans and beat-to-beat variability
of repolarization during early postischemic remodeling in a pig heart.
Heart Rhythm. 2011;8:1050-1057.

8. Hinterseer M, Thomsen MB, Beckmann BM, Pfeufer A, Schimpf
R, Wichmann HE, Steinbeck G, Vos MA, Kaab S. Beat-to-beat
variability of QT intervals is increased in patients with drug-in-
duced long-QT syndrome: a case control pilot study. Eur Heart J.
2008;29:185-190.

9. Hinterseer M, Beckmann BM, Thomsen MB, Pfeufer A, Pozza RD, Loeff
M, Nets H, Steinbeck G, Vos MA, K&&b S. Relation of increased short-
term variability of QT interval to congenital long QT syndrome. Am J
Cardiol. 2009;103:1244-1248.

10. Hinterseer M, Beckmann BM, Thomsen MB, Pfeufer A, Ulbrich
M, Sinner MF, Perz S, Wichmann HE, Lengyel C, Schimpf R, et al.
Usefulness of short-term variability of QT intervals as a predictor for



120z ‘€T Afenuer uo Aq Bio'sfeuinofeye//:dny wouy pspeojumoq

Smoczyriska et al

14.

20.

21.

J Am Heart Assoc. 2020;9:e018133. DOI: 10.1161/JAHA.120.018133

electrical remodeling and proarrhythmia in patients with nonischemic
heart failure. Am J Cardiol. 2010;106:216-220.

Qosterhoff P, Tereschenko LG, Van der Heyden MAG, Ghanem RN,
Fetics BJ, Berger RD, Vos MA. Short-term variability of repolarization
predicts ventricular tachycardia and sudden cardiac death in patients
with structural heart disease: a comparison with QT variability index.
Heart Rhythm. 2011;8:1584-1590.

Thomsen MB, Verduyn SC, Stengl M, Beekman HDM, de Pater G, van
Opstal J, Volders PGA, Vos MA. Increased short-term variability of re-
polarization predicts d-sotalol-induced Torsade de Pointes in dogs.
Circulation. 2004;110:2453-2459.

Wijers SC, Sprenkeler DJ, Bossu A, Dunnink A, Beekman HDM,
Varkevisser R, Hernandez AA, Meine M, Vos MA. Beat-to-beat vari-
ations in activation-recovery interval derived from the right ventricular
electrogram can monitor arrhythmic risk under anesthetic and awake
conditions in the canine chronic atrioventricular block model. Heart
Rhythm. 2018;15:422-448.

Wijers SC, Bossu A, Dunnink A, Beekman HDM, Varkevisser R,
Hernandez AA, Meine M, Vos MA. Electrophysiological measure-
ments that can explain and guide temprorary accelerated pac-
ing to avert (re)occurrence of Torsades de Pointes arrhythmias in
the canine chronic atrioventricular block model. Heart Rhythm.
2017;14:749-756.

Zabel M, Sticherling C, Willems R, Lubinski A, Bauer A, Bergau L,
Braunschweig F, Brugada J, Brusich S, Conen D.et al.; for the EU-
CERT-ICD Study Investigators. Rationale and design of the EU-CERT-
ICD prospective study: comparative effectiveness of prophylactic ICD
implantation. ESC Heart Failure. 2019;6(1):182-193.

Priori SG, Blomstrom-lundqgvist C, Mazzanti A, Blom N, Borggrefe M,
Camm J, Elliott PM, Fitzsimons D, Hatala R, Hindricks G,et al.; Group
ESCSD. 2015 ESC guidelines for the management of patients with ven-
tricular arrhythmias 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). Eur Heart J. 2015;36:2793-2867.

Sprenkeler DJ, Tuinenburg AE, Ritsema van Eck HJ, Malik M, Zabel M,
Vos MA. Circadian pattern of short-term variability of the QT-interval in
primary prevention ICD patients — EU-CERT-ICD methodological pilot
study. PLoS One. 2017;12:e0183199.

Ritsema van Eck HJ. Fiducial segment averaging to improve cardiac
time interval estimates. J Electrocardiol. 2002;35:89-93.

Jacobson |, Carlsson L, Duker G. Beat-by-beat QT interval variabil-
ity, but not QT prolongation per se, predicts drug-induced torsades
de pointes in the anaesthetized methoxamine-sensitized rabbit. J
Pharmacol Toxicol Methods. 2011;63:40-46.

Volders PGA, Sipido KR, Vos MA, Spétijens RLHMG, Leunissen
HDM, Carmeliet E, Wellens HJJ. Downregulation of delayed
rectifier K+ currents in dogs with chronic complete atrioven-
tricular block and acquired torsades de pointes. Circulation.
1999;100:2455-2461.

Sipido KR, Volders PGA, De Groot SHM, Verdonck F, Van de Werf F,
Wellens HJJ, Vos MA. Enhanced Ca2+ release and Na/Ca exchange
activity in hypertrophied canine ventricular myocytes. Circulation.
2000;102:2137-2144.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

STV Predicts Ventricular Arrhythmia

Verdonck F, Volders PGA, Vos MA, Sipido KR. Increased Na+ concen-
tration and altered Na/K pump activity in hypertrophied canine ventric-
ular cells. Cardiovasc Res. 2003;57:1035-1043.

Van Borren MMGJ, Vos MA, Houtman MJC, Antoons G, Ravesloot JH.
Increased sarcolemmal Na+/H+ exchange activity in hypertrophied
myocytes from dogs with chronic atrioventricular block. Front Physiol.
2013;4:322.

Sprenkeler DJ, Bossu A, Beekman HDM, Schoenmakers M, Vos MA.
An augmented negtive force-frequency relationship and slowed me-
chanical restitution are associated with increased susceptibility to
drug-induced Torsade de Pointes arrhythmias in the chronic atrioven-
tricular block dog. Front Physiol. 2018;9:1086.

Verduyn SC, Ramakers C, Snoep G, Leunissen HDM, Wellens HJJ, Vos
MA. Time course of structural adaptations in chronic AV block dogs:
evidence for differential ventricular remodeling. Am J Physiol Heart Circ
Physiol. 2001;280:H2882-H2890.

Roden DM. Taking the “idio” out of “idiosyncratic”: predicting torsades
de pointes. PACE. 1998;21:1029-1034.

Vos MA, De Groot SHM, Verduyn SC, Van der Zande J, Leunissen HDM,
Cleutjens JPM, Van Bilsen M, Daemen MJAP, Schreuder JJ, Allessie MA,
et al. Enhanced susceptibility for acquired torsade de pointes arrhythmias
in the dog with chronic complete AV block is related to cardiac hypertrophy
and electrical remodeling. Circulation. 1998;98:1125-1135.

Smoczynska A, Beekman HDM, Vos MA. The increment of short-term
variability of repolarization determines the severity of the imminent ar-
rhythmic outcome. Arrhythm Electrophysiol Rev. 2019;8:166-172.

Du Pré BC, Van Laake LW, Meine M, Van der Heijden JF, Doevendans PA,
Vos MA, Van Veen TAB. Analysis of 24-h rhythm in ventricular repolarization
identifies QT diurnality as a novel clinical parameter associated with previous
ventricular arrhythmias in heart failure patients. Front Physiol. 2017;8:590.
Schroder EA, Burgess DE, Zhang X, Lefta M, Smith JL, Patwardhan A,
Bartos DC, Elayi CS, Esser KA, Delisle BP. The cardiomyocyte molecu-
lar clock regulates the circadian expression of Kecnh2 and contributes to
ventricular repolarization. Heart Rhythm. 2015;12:1306-1314.

Willich SN, Levy D, Rocco MB, Tofler GH, Stone PH, Muller JE. Circadian
variation in the incidence of sudden cardiac death in the Framingham
Heart study population. Am J Cardiol. 1987;60:801-806.

Sprenkeler DJ, Beekman HDM, Bossu A, Dunnink A, Vos MA. Pro-
arrhythmic ventricular remodeling is associated with increased respiratory
and low-frequency oscillations of monophasic action potential duration in
the chronic atrioventricular block dog model. Front Physiol. 2019;10:1095.
Bossu A, Varkevisser R, Beekman HDM, Houtman MJC, Van der
Heyden MAG, Vos MA. Short-term variability of repolarization is su-
perior to other repolarization parameters in the evaluation of diverse
antiarrhythmic interventions in the chronic atrioventricular block dog. J
Cardiovasc Pharmacol. 2017;69:398-407.

Oosterhoff P, Thomsen MB, Maas JN, Atteveld NJ, Beekman HDM, van
Rijen HV, Van der Heyden MAG, Vos MA. High-rate pacing reduces
variability of repolarization and prevents repolarization-dependent ar-
rhythmias in dogs with chronic AV-block. J Cardiovasc Electrophysiol.
2010;21:1384-1391.

Tomzik J, Koltermann KC, Zabel M, Willich SN, Reinhold T. Quality of life
in patients with an implantable cardioverter defibrillator: a systematic
review. Front Cardiovasc Med. 2015;2:34.



