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Background: During atrial fibrillation (AF), conventional electrophysiological techniques for
assessment of refractory period or conduction velocity of the atrioventricular (AV) node cannot be
used. We aimed at evaluating changes in AV nodal properties during administration of tecadenoson
and esmolol using a novel ECG-based method.

Methods: Fourteen patients (age 58 + 8 years, 10 men) with AF were randomly assigned to either
75 or 300 ug intravenous tecadenoson. After tecadenoson wash-out, patients received esmolol
continuously (100 ug/kg per min for 10 mins, then 50 ug/kg per min for 50 mins). Atrial fibrillatory
rate (AFR) and heart rate (HR) were assessed in 15-min segments. Using the novel method, we
assessed the absolute refractory periods of the slow and fast pathways (aRPs and aRPf) of the AV
node to produce an estimate of the functional refractory period.

Results: During esmolol infusion, AFR and HR were significantly decreased and the absolute
refractory period was significantly prolonged in both pathways (aRPs: 387 & 73 vs 409 £+ 62 ms,
P < 0.05; aRPf: 490 + 80 vs 529 & 58 ms, P < 0.05). During both tecadenoson doses, HR decreased
significantly and AFR was unchanged. Both aRPs and aRPf were prolonged for a 75 ug dose (aRPs:
322 £ 97 vs 476 & 75 ms, P < 0.05; aRPf: 456 & 102 vs 512 & 55 ms, P < 0.05) whereas a trend
toward prolongation was observed for a 300 pg dose.

Conclusions: The estimated parameters reflect expected changes in AV nodal properties, i.e.,
slower conduction through the AV node for tecadenoson and prolongation of the AV node refractory
period for esmolol. Thus, the proposed approach may be used to assess drug effects on the AV node
in AF patients.
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Electrophysiological effects of antiarrhythmic to assess dose-dependent effect,? and to compare

drugs on the atrioventricular (AV) node can be
assessed invasively during sinus rhythm at dif-
ferent stages of drug development and in clinical
settings. For example, assessment is made to com-
pare response to pharmacological interventions,!

administration method (i.e., oral vsi.v.3). However,
these aspects cannot be assessed in patients
with atrial fibrillation (AF) since an atrial pacing
protocol cannot be applied. Yet, it is highly
desirable to assess the effect of a drug on AV
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nodal electrophysiology during AF, especially for
antiarrhythmic compounds aimed at rate-control
and tested in clinical trials during the initial phases
of drug development. Today, the easily measurable
effect on heart rate (HR) is usually subject to
assessment, whereas the effect on the AV node,
reflected, e.g., by the refractory period, is not
assessed. HR irregularity has been proposed as a
means to assess the effect of drugs in AF patients.*®
The atrial fibrillatory rate (AFR), being the inverse
measure of AF cycle length,® has been found useful
for monitoring drug effects.”

The relationship between atrial and ventricular
rate during AF has recently been investigated in
two studies, suggesting that the length of the
predominant RR intervals is related to AFR,® and
that a higher degree of RR irregularity is associated
with faster AFR.? Both these studies explored the
relationship between the two rates in statistical
terms, and thus made no attempt to describe AV
nodal properties.

We have recently proposed a novel method for
noninvasive assessment of AV nodal function in AF
patients.!%!! Based on information on atrial and
ventricular rates, the method assesses AV nodal
function by estimating parameters that are indirect
measures of the refractory periods of the two AV
nodal pathways, the probability of an impulse
not passing through the fast pathway, and the
prolongation of the refractory periods due to, e.g.,
concealed conduction.

The present study employs the novel method
for investigating changes in AV nodal properties
during administration of tecadenoson and esmolol.
The hypothesis to be explored is that the indirect
estimates of AV nodal refractory periods reflect the
overall changes observed in AV nodal properties,
as reported in studies on drug development
performed during sinus rhythm. In particular, teca-
denoson prolongs the effective refractory period of
the AV node!? and slows down its conduction.!®
Similarly, esmolol prolongs refractoriness and
conduction time in both pathways during AV nodal
reentrant tachycardia.'*

METHODS

Patients

Patient data were collected in a phase II,
open-label, sequential-group, dose-escalation trial

Table 1. Demographic Characteristics and
Cardiovascular History in the Study Population

Variable Group 75 Group 300
Age (years) 57+9 58 + 8
Gender (male/female) 6/1 4/3

AF duration (months) 14 (1-168) 60 (0.5-122)
BMI 274+ 2.8 269 + 35
Heart failure 3 4
Diabetes 0 0
Hypertension 6 4
Dyslipidemia 3 4
Previous Ml 0 0

AF = atrial fibrillation; BMI = body mass index; Ml =
myocardial infarction.

of tecadenoson administered i.v. alone and in
combination with esmolol. The study protocol
is accessible via http://www.clinicaltrials.gov/ct2/
show/study/NCT00713401. The phase II trial as-
sessed the tolerability and safety of a range of i.v.
bolus doses of tecadenoson administered alone to
patients with AF. By study protocol, patients with
AF in need of rate-control treatment, but otherwise
clinically stable, were randomly assigned to receive
different doses of i.v. tecadenoson. During the
protocol, esmolol was also infused and maintained
(100 pg/kg per min for 10 mins, then 50 pg/kg per
min for 50 mins).

In this study, the two subgroups of patients
were analyzed who received the minimum and
maximum doses, i.e., 75 and 300 pug i.v. tecadeno-
son. Each subgroup had 7 patients whose clinical
characteristics are shown in Table 1.

Any concomitant antiarrhythmic therapy (in-
cluding AV nodal blocking agents) were temporar-
ily discontinued from no later than 8:00 pm on the
day prior to studying drug dosing until completion
of the last dose period assessment. Blood samples
for determining plasma levels of antiarrhythmics
and AV nodal blocking agents were collected prior
to the tecadenoson bolus.

The study complied with the Declaration of
Helsinki, the research protocol was approved by
the ethics committee, and informed consent was
obtained from all subjects.

The standard 12-lead ECG was recorded. The
effect of tecadenoson and esmolol was analyzed
separately by comparing the preinfusion segment
(i.e., baseline) to the postinfusion segment, both
having 15-min duration.

Tecadenoson (CVT-510) is a selective Al-
adenosine receptor agonist with an immediate
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onset of action (less than 1 min) and a half-life of
approximately 30 mins. Tecadenoson was
developed specifically to exploit the Al-adenosine
receptor-mediated effect of slowing conduction
through the AV node,*!® while avoiding the
effects mediated by the A2 and A3 receptors
(e.g., vasodilation and bronchospasm as observed
with adenosine).’®1® Esmolol is a short-acting
beta-blocker with a distribution half-life of 2 mins
and an elimination half-life after i.v. infusion
of approximately 9 mins. The major action of
esmolol is on the sinus node: it prolongs the
basic sinus cycle length but has no significant
effect on intrinsic automaticity as reflected by the
corrected sinus node recovery time and sinoatrial
conduction. The direct effects of esmolol on
AV nodal function are reflected by effects on
conduction and refractoriness.*

AV Nodal Function

We have recently proposed a method to non-
invasively estimate five parameters characterizing
the AV node in patients with AF, namely, the
refractory periods of the two AV nodal pathways,
the probability of an impulse not passing through
the fast pathway, and the prolongation of the
refractory periods.!®!! The AV node is treated
as a lumped structure that accounts for both
temporal and spatial summation of the electrical
activity of the cells. Atrial impulses are treated
as if they arrive randomly to the AV node, with
a mean arrival rate proportional to AFR. The
AFR is determined from the f-wave pattern of the
ECG (lead V;), extracted with spatiotemporal QRST
cancellation!” and subjected to spectral analysis
using a noise-resistant method.!®

Impulses arriving to the AV node are assumed
to produce ventricular activations unless blocked
by a refractory AV node. The slow and the
fast AV nodal pathways are characterized by
their absolute refractory period (aRP) and relative
refractory period (rRP); slow or fast pathway is
indicated by appending the letter s or f. All atrial
impulses arriving to the AV node before the end
of the aRP are blocked, whereas no impulses
arriving after the end of the maximally prolonged
refractory period (aRP+rRP) are blocked. The
definition of aRP includes both the effective
refractory period of the AV node and the AV
conduction interval, and therefore aRP may serve
as an indirect estimate of the functional refractory

Table 2. Esmolol Effect: Median (25th-75th
percentile)

Parameter Baseline Esmolol

Atrial and ventricular rate during AF

AFR (fpm) 421 (404-450) 420 (393-445)"
HR (bpm) 85 (79-95) 83 (77-93)"
Estimated AV node parameters

aRPs (ms) 365 (331-444) 403 (356-469)"
aRPf (ms) 478 (435-553) 525 (482-561)°
rRPs (ms) 232 (86-595) 229 (108-356)
rRPf (ms) 287 (250-442) 323 (184-599)
*P < 0.05.

period. The relative refractory period accounts
for both relative refractoriness and concealed
conduction. The probability of an impulse to pass
through the slow pathway is denoted with «.

The block diagram in Figure 1 shows how the
ECG signal is processed to produce the RR series
and the AFR, i.e., the two quantities that constitute
the complete basis for estimation of the AV node
parameters. A brief description of the method for
estimating the above-mentioned five parameters is
found in the Appendix; more details are found in
References!® and.!!

The method is illustrated in Figure 2 by a number
of RR interval histograms associated with different
AV nodal properties. The histograms correspond to
increasing probability of the atrial impulse passing
through the slow pathway (the probabilities are 0,
0.25, and 0.5).

RESULTS
Esmolol Effect

Table 2 shows the effect of esmolol on HR, AFR,
and aRP for the whole population, as the esmolol
dose was the same and the patients of the two
subgroups did not differ in terms of demographic
characteristics and cardiovascular history. As ex-
pected, AFR and HR were significantly decreased
by esmolol. aRP was significantly prolonged in
both pathways, whereas rRP was not significantly
different between baseline and esmolol. The
analysis of individual patients revealed that one
patient had a much larger rRP than all the other
patients; this particular patient had very long RR
intervals, with 15% of all RR intervals longer than
1s.
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Figure 1. Block diagram of the method for estimating AV node parameters. The ECG signal is processed to produce (i)
the RR series and (ii) the AFR (determined by spectral analysis of the atrial signal extracted by QRST cancellation). The
RR series and the AFR form together the basis for estimation of the AV node parameters. AFR = atrial fibrillatory rate;
aRPs = absolute refractory period of the slow pathway; aRPf = absolute refractory period of the fast pathway; rRPs =

relative refractory period of the slow pathway; rRPf = relative refractory period of the fast pathway.

140 : : : 140 140
@
©
c
2
€ 70f ] 70t 70t
o
o
H*
0 0 0
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2

RR intervals (s)

RR intervals (s)

RR intervals (s)

Figure 2. Collection of RR intervals histograms and fitted statistical models (solid line), which reflect different parameter
settings. The histograms derive from data with increasing probability of an atrial impulse to pass through the slow
pathway (probabilities 0, 0.25, and 0.5); the other AV nodal parameters are held constant.

The fast pathway was the most frequently used
in all patients since the probability « was lower
than 0.5, with a median value of 0.35 at baseline
and 0.36 during esmolol, and an interquartile range
of (0.21-0.42) and (0.27-0.43), respectively.

Tecadenoson Effect

Figure 3 illustrates the effect of tecadenoson on
the RR interval histogram and the refractory

periods of a patient receiving a dose of 300 ug.
The top panel shows the refractory periods of
the slow and fast pathways at baseline and after
tecadenoson. A significant prolongation in both
refractory periods can be observed. It is worth
noting that aRPf (represented by the filled part
of the marker) is larger than aRPs and therefore
the fast pathway is more often used. Prolongation
of the refractory periods causes the histogram to
be right-shifted, see the bottom panel of Figure 3.
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Table 3. Tecadenoson Effect: Median (25th-75th Percentile)

Group Taking Dose 75

Group Taking Dose 300

Parameter Baseline

Tecadenoson

Baseline Tecadenoson

Atrial and ventricular rate during AF

AFR (fpm) 434 (417-461) 430 (422-464) 407 (371-419) 408(377—420)
HR (bpm) 95 (86-107) 87 (82-98)" 95 (83-101) 87 (81-95)"
Estimated AV node parameters

aRPs (ms) 304 (252-366) 366 (348-381)" 283 (239-317) 326 (248-435)
aRPf (ms) 435 (395-551) 515 (460-550)" 422 (353-451) 485 (426-522)
rRPs (ms) 324 (143-543) 284 (103-380) 277 (102-459) 171 (128-383)
rRPf (ms) 291 (171-513) 250 (157-813) 168 (130-233) 225 (157-303)
*P < 0.05.
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Figure 3. Example of results from a patient from the
group with 300 ug dose. Top panel: refractory periods
of the slow (black circles) and fast (gray circles) pathways
in the protocol phases: the filled part of the marker is
proportional to the probability of atrial impulses to pass
through that pathway. Bottom panel: the estimated PDFs
from the different protocol phases.

This prolongation is also manifested in the whole
population since HR decreased significantly with
both doses, AFR was unchanged, and the absolute
refractory periods were prolonged, see Table 3.
Figure 4 shows the normalized mean RR, AFR,
and the absolute refractory periods of the slow
and fast pathways for the two subgroups. The

values are normalized to baseline. For both
doses, the mean RR increased significantly after
administration, while AFR remained almost un-
changed. Analogously with both doses, aRP and
aRP increased after administration, the effect of the
300 pg dose being the more pronounced. It is noted
that tecadenoson affects the absolute refractory
periods much more than the HR.

DISCUSSION

Noninvasive estimation of the functional re-
fractory period of the AV node during AF has
been attempted in the past by estimating it as
the shortest RR interval,'®2° the 5th percentile
of the RR series,?! or the lower envelope of the
RR Poincaré plot.?? Talajic et al.?’ showed in
dogs that the minimum RR, determined during
AF, correlated well statistically with the functional
refractory period determined during sinus rhythm,
and therefore used this value as a surrogate
measurement of the functional refractory period.
Hayano et al.?? used the 1.0-s intercept of the
lower envelope and the degree of scatter above
the envelope as surrogate measurements of AV
node refractoriness and concealed AV conduction,
respectively. In contrast to the 5th percentile, the
lower envelope method has not been evaluated on
electrophysiological data.

In the present study, our recently proposed
method!%!! has been considered for noninvasive
estimation of AV nodal properties using ECG data
recorded during administration of the selective
Al-adenosine receptor agonist tecadenoson and
the beta-blocker esmolol. To the best of our
knowledge, the effect of these two drugs on
the refractory periods has never before been
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Figure 4. Normalized heart rate (HR), AF rate (AFR), and absolute refractory period of the slow (aRP) and fast (aRP)
pathways in the two groups of patients (top row dose 75, bottom row dose 300). In each plot, the single patient

response and the average response are shown. *P < 0.05.

assessed noninvasively in patients with AF. Since
an atrial pacing protocol cannot be applied during
AF, a comparison of refractory periods obtained
invasively and noninvasively is not feasible.
Instead, a more qualitative approach has been
pursued in which we assess whether the estimated
parameters reflect expected drug-induced changes
in AV nodal properties.

The present results support the hypothesis that
indirect estimates of refractory periods reflect
changes in AV nodal properties similar to those
reported on in earlier studies on drug development
performed during sinus rhythm. The parameter
aRP, including both the effective refractory period
of the AV node and its conduction interval, was
prolonged for both tecadenoson and esmolol. This
prolongation is in line with a slower conduction
through the AV node for tecadenoson and a
prolongation of AV node refractory period for
esmolol.

The refractory period of the pathways was
estimated during esmolol infusion, with results
that are in agreement with a previous study by
Philippon et al.,'* although their patients were in
sinus rhythm whereas ours were in AF. During
an invasive electrophysiological procedure, they

measured the effect of esmolol on refractoriness
and conduction time for both pathways in patients
with AV nodal reentrant tachycardia. They found
that the anterograde effective refractory period of
the fast pathway increased from 381 + 75 ms at
baseline to 453 + 92 ms during the infusion of
esmolol (P = 0.003), and the anterograde effective
refractory period of the slow pathway increased
from 289 4+ 26 ms to 310 &+ 17 ms (P = 0.005). These
increases agree with our results since the estimated
aRP, being the combination of the refractory period
of the AV node and the AV conduction time, can
serve as an estimate of the functional refractory
period. It should be underlined that the results of
previous studies were limited to patients in sinus
rhythm; no invasive study has been published with
the aim to measure AV nodal refractory period in
AF patients.

In previous studies, esmolol did not affect atrial
function in patients with sinus rhythm,?® or AFR
in patients with induced AF.2* On the contrary,
we found a significant decrease in AFR, suggesting
that esmolol acts on the atrial level as well as on
AV nodal properties.

Tecadenoson was developed specifically to
exploit the Al-adenosine receptor-mediated effect
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of slowing conduction through the AV node.!*!®

Therefore, invasive studies have reported on the
effect of tecadenoson on the AV conduction, i.e.,
the A-H interval.!®!® Tecadenoson also prolongs
AV node effective refractory period.'> These
results agree with ours as we found an increased
aRP of both pathways, suggesting a prolongation
of the effective refractory period, AV conduction
or both. In addition, the present analysis shows
that tecadenoson affects HR but not AFR. This
means that the decrease in HR can be attributed
to tecadenoson effects on AV node.

In addition to refractory periods, the method
assesses the probability of impulses to pass through
each pathway. Therefore, when « is very close to
zero, it suggests that propagation of atrial pulses
through AV node occurs via a single pathway. In
this study, the median alpha was 0.37, being the
interquartile range 0.28-0.37. Five patients had
a<0.15, which is likely a reflection of the lack of
dual AV physiology in those patients.

In conclusion, noninvasive evaluation of AV
nodal electrophysiology during AF has been
explored. The preliminary results show that the
parameter estimates obtained with our novel
method reflect the expected changes in AV nodal
properties, i.e., a slower conduction through the
AV node for tecadenoson and a prolongation of AV
node refractory period for esmolol. The method
may therefore be suitable for assessing the drug
effect on AV nodal electrophysiology during AF,
especially for antiarrhythmic compounds aimed at
rate-control during AF being tested in clinical trials
during initial clinical phases of drug development.

Study Limitations

The ultimate validation of the noninvasively
obtained measures of AV nodal conduction prop-
erties and refractoriness can only be made using
programmed stimulation, which, however, is not
possible during AF. A validation through a pacing
protocol after ablation for AF may be possible,
but very questionable, as pacing may induce AF
again. However, our indirect estimates of AV nodal
properties are in line with data from previous
electrophysiological studies performed in patients
during sinus rhythm and therefore support the
clinical validity of the method.
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Appendix

The main ideas behind the method are briefly
described in the following. The foundation of
the method is a mathematical model in which
atrial impulses are assumed to arrive randomly
to the AV node according to a Poisson process
with mean arrival rate proportional to AFR. The
slow and fast pathways are characterized by their
absolute (aRP) and relative (rRP) refractory periods,
aRPs, rRPs and aRPf, rRPf, respectively. Impulses
result in ventricular activations unless blocked by
a refractory AV node. For both pathways, the
following is assumed: all atrial impulses arriving
to the AV node before the end of aRP are blocked,
then follows an interval with linearly increasing
likelihood of penetration into the AV node. Finally,
no impulses are blocked if they arrive after the

end of rRP. The mathematical characterization of
refractoriness of the slow pathway is thus defined

by

0 0<t<aRPs
Bult) = Bl gRPs <t <aRPs+rRPs (1)
sy 1 t >aRPs +rRPs

where t denotes the time elapsed since the
preceding ventricular activation. The refractoriness
of the fast pathway is also described by (1), but aRPf
and rRPs replacing aRPs and rRPs.

The probability of an atrial impulse to pass
through the slow pathway is equal to «, and
accordingly the fast pathway is used with prob-
ability (I-«a). With the assumption that the AV
conduction interval is incorporated into the aRP,
ventricular activations will occur immediately after
anonblocked atrial impulse. As a result, ventricular
activations occur according to an inhomogeneous
Poisson process, i.e., the rate which characterizes
the Poisson process is not constant but changes
over time, and the distribution of the RR intervals
is an exponential function which depends on the
refractory periods and the AFR.

With these assumptions, the model accounts
for successive RR intervals which are statistically
independent. However, since this property is not
fully valid for observed RR intervals, a simple
linear dependence of the refractory periods to the
previous RR interval is used to preprocess the RR
interval series so that possible interdependence of
successive RR intervals is reduced.?

All model parameters, except AFR, are deter-
mined by maximum likelihood estimation, i.e., the
model parameters aRPs, aRPf, rRPs, rRPf, and
a are estimated by jointly maximizing the log-
likelihood function with respect to # = [aRPs, aRPf,
rRPs, rRPf, «]. The multiswarm particle swarm
optimization is used to optimize the log-likelihood
function.”®



