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Abstract

Introduction—Atrial refractoriness may be an important determinant of atrial fibrillation (AF)
risk, but its measurement is not clinically accessible. Because the QT interval predicts incident AF
and the atrium and ventricle share repolarizing ion currents, we investigated the association
between an individual’s QT interval and atrial effective refractory period (AERP).

Methods—In paroxysmal AF patients presenting for catheter ablation, the QT interval was
measured from the surface 12-lead ECG. The AERP was defined as the longest S1-S2 coupling
interval without atrial capture using a 600 ms drive cycle length.

Results—In 28 patients, there was a positive correlation between QT and mean AERP. After
multivariate adjustment, a 1 ms increase in QT¢ predicted a 0.70 ms increase in AERP.

Conclusions—The QTc interval reflects the AERP, suggesting that the QTc interval may be
used as a marker of atrial refractoriness relevant to assessing AF risk and mechanism-specific
therapeutic strategies.
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Introduction

Atrial fibrillation (AF) is a heterogeneous disease. AF results from multiple

pathophysiological mechanisms that remain incompletely understood.!- 2 One proposed
mechanism involves re-entry determined by the atrial effective refractory period (AERP) and
the conduction velocity.3 Shortened refractory periods are thought to be an important
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component of the multiple wavelet hypothesis for AF,% with evidence that they contribute to
an increased atrial vulnerability for sustained AF.> A prolonged AERP has also been shown
to independently predict the development of AF.5 Despite the possible importance in AF
initiation and maintenance, measurement of the atrial refractory period is not readily
available in clinical practice.

The QT interval is a non-invasive and readily available electrocardiographic measurement.
Both shortened and prolonged QT intervals have been shown to predict incident AF,’- & but
the exact mechanisms responsible remain unknown. Although the QT interval represents
ventricular repolarization, it is possible that these relationships with AF are explained by the
fact that, due to individual-level propensities to particular ion channel characteristics
spanning the atria and the ventricles,® the QT interval might be a marker of an individual’s
atrial repolarization properties. If true, a readily available measurement might not only
unlock an individual’s AF risk, but also provide information regarding the mechanism by
which AF might ultimately occur (such as whether due to a shortened refractory period). In
addition to a better mechanistic understanding of the relationship between the QT interval
and AF, identification of a clinically accessible marker of atrial refractoriness may help to
inform therapeutic strategies based on the underlying AF mechanistic subtype and thus
improve treatment efficacy. We therefore sought to test the hypothesis that the QT interval is
a noninvasive marker of the AERP.

Study design

This was a sub-study of an ongoing, investigator-initiated, NIH/ NIAAA-supported
controlled clinical trial investigating the mechanistic relationship between ethanol and AF
(the HOLIDAY [HOw ALcohol InDuces Atrial TachYarrhythmias] Study; Clinical Trials.gov
Identifier: NCT01996943), which is reflected in the inclusion and exclusion criteria.

Consecutive consenting paroxysmal AF patients ages 21-80 undergoing left atrial catheter
ablation at the University of California, San Francisco (UCSF) were enrolled between
January 2013 and October 2015. All antiarrhythmic medications were held on the morning
of the procedure, and dofetilide was held for at least five half-lives. Antiarrhythmic
medications were ascertained from the medical record and use was defined as a self-reported
dose within 30 days of the procedure. Patients presenting in a rhythm other than sinus, with
a depressed left ventricular ejection fraction (<50%), who had received any amiodarone
within the past 3 months, or with any history of alcoholism or absolute alcohol abstinence
were excluded. Note that the pacing protocol and QT measurements for the current study
were all performed prior to implementing the randomization assignment for the parent study,
resulting in uniform treatment relevant to the baseline AERP versus QT measurements.

All patients were under general anesthesia, and a strict anesthesia protocol was adhered to in
order to avoid drugs that might directly influence electrophysiology properties. Specifically,
the following drugs were avoided until after the pacing protocol: fentanyl, rocuronium,
succinylcholine, ketamine, scopolamine, and inhaled anesthetics with the exception of
nitrous oxide. Allowable agents at induction included propofol bolus, cisatracurium for
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paralysis, remifentanil for analgesia, and nitrous oxide for amnesia; maintenance pre-
transseptal drugs allowed were propofol infusion at 75 mcg/kg/min to 125 mcg/kg/min and
remifentanil at 0.1 mcg/kg/min to 0.5 mcg/kg/min. Following the transseptal puncture and
during the QT measurement and pacing protocol stage, only propofol was allowed (given
sufficient time to assure the absence of any effects due to remifentanil or nitrous oxide).

This study was approved by the UCSF Committee on Human Research and all participants
provided informed written consent.

Electrocardiogram (ECG) measurements

The 12-lead surface ECGs were recorded during the electrophysiology study using a
computer-based recording system (CardioLab, GE Healthcare, USA). The ECG intervals for
all 12 leads were measured from the baseline surface ECG stored in Cardiolab using digital
calipers at a paper speed of 50 mm/sec. A sinus beat occurring at the end of the largest
number of consecutive beats (with a goal of at least five consecutive sinus beats without any
premature atrial or ventricular contractions) was selected for these measurements. The QRS
and QT interval were measured both immediately prior to and during atrial pacing from the
coronary sinus at a cycle length of 600 ms by a single reader blinded to the associated AERP
measurements and the lead with the longest QT interval duration was used. The primary
reader repeated all QT measurements in lead Il in a blinded fashion, revealing intra-observer
agreement of 86%. A second blinded investigator also read all QT measurements in lead 11
to assess for inter-observer variability, demonstrating 97% agreement. The QT interval was
measured from the beginning of the QRS complex to the end of the T wave. If there was a
superimposed U wave, the downslope of the T wave was extended and the intersection of
this line with the isoelectric baseline was considered to be the end of the QT interval per
current consensus guidelines.10 The lead with the longest QT interval duration prior to atrial
pacing was used as the primary predictor and corrected by the Framingham formula to be
consistent with both consensus guidelines and previous literature demonstrating that the QT
interval predicts incident AF.”- 10 The R-R interval of five consecutive sinus beats were
measured and the mean of these measurements was used for correction of the QT interval.
When five consecutive sinus beats were not available, a minimum of three consecutive beats
were used for the calculation.

AERP measurement

The AERP was measured immediately after placement of intra-cardiac catheters and
transseptal access and before any ablation or administration of drugs such as isoproterenol.
The AERP was defined as the longest S1-S2 coupling interval without atrial capture using a
600 ms drive cycle length and a 2 ms pulse width. The AERP was measured at the proximal
bipole of a decapolar catheter at the coronary sinus os, the distal bipole of a decapolar
catheter in the coronary sinus (the most lateral aspect of the coronary sinus), the distal bipole
of a decapolar or quadripolar catheter in the posterior high right atrium, the distal bipole of a
3.5 mm externally irrigated catheter in the right upper pulmonary vein, and the bipole with
the sharpest local signal from a circular duodecapolar catheter in the left upper pulmonary
vein. If a pulmonary vein was electrically isolated from a previous catheter ablation, pacing
was performed as close as possible to the vein where capture could be achieved.
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Measurements were performed using a “step-up” method (first capture, to avoid electrical
conditioning with the step-down approach) at twice pacing threshold beginning with an
atrial extrastimuli of 140 ms and incremental increases of 10 ms; once capture was achieved,
an increment down by 5 ms was employed to assure precision within 5 ms.

Covariate ascertainment

Demographics and medical history were determined through patient self-report and verified
by chart review.

Statistical analysis

Results

Normally distributed continuous variables are presented as means + standard deviation and
non-normally distributed continuous variables are presented as medians and interquartile
ranges (IQR). The QT prior to atrial pacing was used as the primary predictor and the QT
interval during atrial pacing was used in secondary analyses. Pearson’s correlation
coefficient was used to evaluate the correlation between the QT interval and the mean
AERP. The association between QT heterogeneity and AERP heterogeneity was evaluated
using linear regression. Measures of heterogeneity for QT and AERP included range,
standard deviation, and coefficient of variation. The coefficient of variation was calculated
using (standard deviation/mean) *100. The coefficient of variation does not depend on the
measurement unit and therefore is a useful comparison of two different measurements. The
QT interval, both prior to and during atrial pacing, as a predictor of AERP was examined
using mixed-effects linear regression, which accounts for repeated measures within
individuals and was adjusted for AERP measurement site alone and in addition to age, sex,
diabetes, hypertension, coronary artery disease and history of prior catheter ablation.
Confounders were identified a prioribased on biological plausibility. Race was not included
as a covariate because the study sample was predominantly white.

Assuming a mean QTc of 440 ms and standard deviation of 20 ms, we estimated that 28
patients would provide 80% power to detect a statistically significant correlation with AERP
as small as 0.5, justifying use of the selected sample.

Data analysis was completed using Stata 14 (StataCorp, College Station, TX). We
considered a two-tailed P value < 0.05 statistically significant.

After exclusion criteria (ventricular pacing, n=2; QRS = 120 ms, n=1), data were available
for 28 patients. The study population was predominantly older, white, and male (Table I).
Approximately half (46%) of participants had undergone a previous ablation. Patients had
discontinued antiarrhythmic medications a median of 3 days prior to the procedure (IQR 2-4
days). The mean corrected QT (QTc) was 432 + 22 ms and the mean of the AERP from all
locations was 283 + 30 ms. Five individuals (male, n=4) met the definition for a prolonged
QT interval (= 450 ms in men and = 460 ms in women).
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QTc interval and AERP

As shown in Figure 1, there was a positive correlation between the QT interval and mean
AERP (Pearson’s correlation coefficient 0.45, p=0.017). In a mixed effects regression
model, each 1 ms increase in the QT interval predicted a 0.63 ms increase in AERP after
adjustment for atrial site (95% confidence interval [CI] 0.15-1.10, p=0.01). After additional
adjustment for age, sex, diabetes, hypertension, coronary artery disease, and prior ablation, a
1 ms increase in the QT interval predicted a 0.70 ms increase in AERP (95% CI 0.10-1.3,
p=0.02). The relationship between the QT interval and AERP did not vary by atrial site
(interaction P value=0.92). In secondary analyses examining the association between the QT
interval during atrial pacing and the AERP, similar results were found. After adjustment for
atrial site, each 1 ms increase in the QT interval predicted a 0.60 ms increase in AERP (95%
Cl 0.31-0.88, p=0.001). After additional adjustment, each 1 ms increase in the QT interval
was associated with a 0.59 ms increase in the AERP (95% CI 0.30-0.89, p=0.001).

Heterogeneity of QT and AERP

We did not observe any evidence of a relationship between heterogeneity of QT¢ and
heterogeneity of AERP (Table II).

Discussion

In paroxysmal AF presenting for catheter ablation, the QT interval was independently
associated with the AERP both before and after adjustment for demographics,
cardiovascular comorbidities, atrial site of AERP measurement, and history of previous
ablation. There was no evidence of an association between measurements of QT¢
heterogeneity and AERP heterogeneity. These findings suggest that the electrocardiographic
QT interval may be utilized as a non-invasive measure of atrial refractoriness, a possible
key determinant of AF development.!

Although AF is the most common sustained arrhythmia, there are no known prevention
strategies. While there are multiple available therapies, in general, a one-size-fits-all
approach is used irrespective of the distinct underlying pathophysiological processes leading
to AF and treatment remains limited due to low efficacy and side effects.11: 12 There are
likely to be multiple mechanistic subtypes of AF that will need to be better understood in
order to design more effective and individualized treatment strategies. However, the
understanding of mechanistic subtypes of AF remains in its early stages.1! Subtyping of AF
based on clinical features!® and gene expression profiles4 has been proposed. However,
identification of AF subtypes based on the ECG would be particularly valuable because of
its clinical availability as well as relationship to underlying cardiac electrophysiology.1®
Thus, the development of a non-invasive clinical tool to identify distinct mechanisms of AF
is an important step in more tailored therapies for AF. In addition, as strategies targeting AF
prevention become available, the ECG may serve as an important method to identify
individuals who will most benefit from prevention strategies.11: 16

While multiple ECG predictors of AF have been identified, their relationship with AF
pathophysiology remains to be fully understood.1® The ERP is a key determinant of reentry,
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a likely fundamental AF mechanism, at least in some cases.! 3- 17 While there are multiple
frameworks for understanding reentry, such as the leading circle and spiral wave

theories,? 11 as well as single re-entry and multiple re-entry circuits,! alterations in the ERP
remains a key component in each of these models. Potassium channel blockers, a widely
used class of anti-arrhythmic drugs, exert their therapeutic effect by increasing the refractory
period.? Additionally, mutations of genes encoding potassium channels in familial AF likely
lead to AF by shortening action potential durations and the AERP.28 Additionally, AERP has
been shown to increase with age and a prolonged AERP is independently associated with
increased development of AF, possibly due to age-related oxidative stress.® However, despite
the critical role of atrial refractoriness in AF initiation and maintenance, its measurement is
not readily available. Currently, measurement of the AERP requires an invasive
electrophysiology study, but in order to utilize the AERP in determining therapeutic
strategies as well as for its potential future use in preventative strategies, a noninvasive
measurement of atrial refractoriness is critical.

Our study found a positive correlation between the electrocardiographic QT interval and
the AERP. The QT interval represents ventricular depolarization and repolarization.
Shortened and prolonged QT intervals are both associated with AF,” 8 suggesting that the
QT interval may reflect atrial in addition to ventricular electrophysiology and consistent
with previous findings that both shortened and prolonged AERPs are associated with AF
development. Despite differences between atrial and ventricular myocytes, there are
overlapping potassium channels present in both the atria and ventricles.® In a canine model,
administration of a potassium channel blocker induced polymorphic tachyarrhythmias in the
atrium as well as in the ventricle. The induced atrial polymorphic tachycardia degenerated
into atrial fibrillation, suggesting that the mechanisms leading to prolonged ventricular
repolarization may also be operative in the atrium and mediate the development of atrial
fibrillation.1® Additionally, patients with congenital long QT syndrome (LQTS) were found
to have prolonged atrial action potential durations and AERPs compared to controls with
normal QT intervals. Pacing induced polymorphic atrial tachycardia episodes in patients
with LQTS but not in controls, demonstrating that patients with LQTS had altered atrial
electrophysiology and characteristics of an atrial “torsades de pointes.”20

The relationship between the QT interval and AERP suggests that an abnormal QT interval
predicts AF because it reflects alterations in atrial refractoriness. While the correlation
between the QT interval and AERP in our study was not exact, this is unsurprising given the
differences in the electrophysiology of the atria and ventricles.% 21 However, this study
suggests that the QT¢ interval can provide some insight into the underlying atrial
electrophysiology. For example, similarly to patients with congenital LQTS,20 individuals
with a prolonged QT-associated AF may have a longer AERP, causing increased
susceptibility to atrial polymorphic tachyarrhythmias and subsequent AF. In addition to AF
related to an atrial torsades, those with a prolonged QT may have AF related to a leaky late
sodium current, resulting in a longer action potential duration.22: 23 Therefore, treatment
with antiarrhythmic drugs that block sodium, rather than potassium channels, may prove to
be more efficacious in these patients. If a long QT does, in fact, represent a diffuse process
related to ion channels or age-related injury, it may suggest that those with a longer QT will
be less amenable to ablation. In contrast, perhaps those with AF associated with a shorter
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QT (implying a shorter AERP that may be important to their AF) would respond particularly
well to potassium channel blockers. However, future investigations are needed before these
findings can be applied to the clinical treatment of atrial fibrillation patients. Additionally,
future AF ablation or antiarrhythmic trials may consider QT measurements as predictors of
treatment efficacy or toxicity.

We did not find evidence of a relationship between QT heterogeneity and AERP
heterogeneity. In addition, the association between the QT¢ interval and AERP did not vary
based on atrial region. This suggests that the QT interval is a reflection of the overall
AERP, rather than region-specific AERP. This is congruent with the notion that the QT
interval from different ECG leads serves as multiple views of the same electrophysiology.

There are several limitations to our study. This study was in predominantly white individuals
with paroxysmal AF and based on a relatively small sample size in a single medical center.
However, given statistically significant findings (consistent with our power calculations), the
small size does not negate our results—this would have affected our confidence in excluding
an association given negative results and likely affects the precision of our estimates. In
addition, a large number of patients had a history of a previous AF ablation which may
affect the generalizability of these results to other populations. The unadjusted correlation
was relatively weak, calling into question the clinical utility of the QT interval as a marker
of the AERP. Indeed, based on the r value of 0.45, it is clear that the majority of the
variability of the AERP is not explained by the variability of the QT, demonstrating that
likely many other factors influence both independently. However, the strength of the
association improved after multivariable adjustment, suggesting that at least the qualitative
relationship (a longer QT is generally associated with a longer AERP) may be robust. It is
also possible that there were errors in the measurement of the QT interval and AERP.
However, as the measurements of the predictors and outcomes were done independently by
different individuals, it is unlikely that the predictor was measured differentially based on
the outcome and vice versa. Our study was not designed to measure the dynamics of the
QT interval, but rather to study the relationship between the baseline QT and AERP;
therefore, we did not assess changes in the QT interval or QT interval hysteresis as it related
to AERP. Antiarrhythmic medications were taken recently prior to the procedure, which may
have affected the QT measurements. However, the majority of patients had discontinued
antiarrhythmic medications prior to this time. Furthermore, even if both the atria and
ventricles were similarly influenced by these drugs, that would support the QT and AERP as
correlated markers.

Conclusions

We found that the QTc interval from the surface 12-lead ECG reflects the AERP in
paroxysmal AF patients. Because the QT interval is non-invasive and readily available on
the standard 12-lead ECG, this suggests that the QTc interval may be a useful clinical
marker of atrial refractoriness. Future investigations are needed to determine if the QT¢
interval is a clinically useful marker of atrial refractory periods and whether its use can aid
in the selection of mechanism-specific therapy in the treatment of individuals with AF.
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Figurel.
QTc interval versus atrial effective refractory period (AERP). The QT interval was measured

prior to atrial pacing and corrected by the Framingham formula. Mean AERP was calculated
as the mean of the AERP of all atrial sites.
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Characteristics of Study Participants

Characteristic (r310=hgfst
Mean age (y) 61+10
Male 21 (75%)
Race
White 26 (93%)
Black 1 (4%)
East Asian 1 (4%)
Hypertension 7 (25%)
Diabetes 3(11%)
Coronary artery disease 1 (4%)
History of AF ablation 13 (46%)
Antiarrhythmic drug use 22 (79%)
Propafenone 7 (32%)
Flecainide 10 (45%)
Dronedarone 1 (5%)
Dofetilide 2 (9%)
Sotalol 2 (9%)
Mean QT interval (uncorrected), ms 451 + 40
Mean QT¢, ms 432 £ 22
Mean AERP, ms
Overall 283+30
Proximal coronary sinus 289 + 36
Distal coronary sinus 289 + 50
High right atrium 310+ 51
Left pulmonary vein 257 £ 62
Right pulmonary vein 265 + 62

AF = atrial fibrillation; AERP = atrial effective refractory period.
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Table Il

Relationship between heterogeneity of QT¢ interval and AERP

M easurement QT."  AERPT  Pvalue

Range, ms 30(19) 10759 0.53
Standard deviation, ms 8 (6) 45 +23 0.30
Coefficient of variation 1.9 (1.2) 16+8.7 0.33

AERP = atrial effective refractory period.

*
QT measurements were non-normally distributed and presented as median (interquartile range).

fAERP was normally distributed and presented as mean + SD.
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