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Abstract

The electric signals detected by intracardiac electrodes provide information on the occurrence and timing of myocardial depolarization,
but are not generally helpful to characterize the nature and origin of the sensed event. A novel recording technique referred to as intracardiac
ECG (iECG) has overcome this limitation. The iECG is a multipolar signal, which combines the input from both atrial and ventricular electrodes
of a dual-chamber pacing system in order to assess the global electric activity of the heart. The tracing resembles a surface ECG lead,
featuring P, QRS and T waves. The time-course of the waveform representing ventricular depolarization (iQRS) does correspond to the timecourse of the surface QRS with any ventricular activation modality. Morphological variants of the iQRS waveform are specifically associated
with each activity pattern, which can therefore be diagnosed by evaluation of the iECG tracing. In the event of tachycardia, SVTs with narrow
QRS can be distinguished from other arrhythmia forms based upon the preservation of the same iQRS waveform recorded in sinus rhythm.
In ventricular capture surveillance, real pacing failure can be reliably discriminated from fusion beats by the analysis of the area delimited
by the iQRS signal. Assessing the iQRS waveform correspondence with a reference template could be a way to check the effectiveness of
biventricular pacing, and to discriminate myocardial capture alone from additional His bundle recruitment in para-Hisian stimulation.
The iECG is not intended as an alternative to conventional intracavitary sensing, which remains the only tool suitable to drive the sensing
function of a pacing device. Nevertheless, this new electric signal can add the benefits of morphological data processing, which might have
important implications on the quality of the pacing therapy.

Introduction

The intracardiac electrograms recorded in right atrium and ventricle
(AEGM, VEGM) play a pivotal role in permanent cardiac pacing
and defibrillation, as pacing inhibition or shock administration
fully rely on the detection of myocardial intrinsic depolarization.
To maximize sensing specificity, bipolar lead technology has been
developed and suitable band-pass filtering is applied. As a result,
conventional AEGM and VEGM are mostly sensitive to local
activity, restricted to the area surrounding the tip electrode, and the
provided information is limited to the occurrence and timing of a
sensing event 1. With this approach, indeed, any activation pattern
gives rise to similar signals and no discrimination is possible between
AV conduction and ectopic generation of the sensed beat.
Although the electric therapy regulation still remains the most
important task, electrogram recording has become, in addition,
a source of diagnostic information on the incidence and nature of
cardiac arrhythmias. In dual-chamber devices, supraventricular and
ventricular tachycardias (SVTs, VTs) can be distinguished from the
presence or absence of a relationship between atrial and ventricular
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signals.2-4 However, the morphological evaluation of ventricular
waveforms can add further insight, and is feasible even with a singlechamber stimulator. To this purpose, the electrogram filter bandwidth
must be enlarged and the sensitivity to remote phenomena increased,
at the expense of specificity. Normally, the electrograms used by the
sensing algorithms are high-pass filtered, while those recorded for
diagnostic applications include lower frequency components. Some
ICDs offer in addition the possibility to record “far-field electrograms”
between the defibrillation coil and the stimulator can, besides the
standard “near-field signals” derived by the pacing electrodes, in the
aim to better recognize wide and narrow QRS complexes, which in
turn would orient the diagnosis toward a VT or SVT, respectively 5,6.
An alternative approach to far-field sensing, which can be
accomplished in pacemakers and. ICDs as well, has recently been
developed and referred to as intracardiac ECG (iECG) 7-10. The
iECG tracing closely resembles a surface ECG lead, featuring
striking different waveforms in case of physiological AV conduction
along the His-Purkinje pathway, left or right bundle branch block
(LBBB, RBBB), idioventricular rhythm or ectopic ventricular beats
(PVC). If the ventricle is paced, the ventricular component of the
iECG depends on the stimulation target, which can therefore be
identified. In the event of a tachycardia, the iECG allows reliable
discrimination of VTs and SVTs, providing in addition detailed
information on pre-excitation and retrograde AV conduction 7,8.
The main properties of the iECG and its actual and potential
applications in the clinical setting are reviewed in the present paper.
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The iECG is a multipolar electric signal derived by the set of
electrodes used in bipolar dual-chamber pacing. It is available in the
most recent DDD, single-lead VDD, and CRT-P devices by Medico
(Padova, Italy). The voltage detected by each electrode is weighted
by an impedance network in order to balance the near and far field

First degree AVB (PQ = 304 ± 2 ms). The iQRS features different
specific morphology in case of AV conduction (*) or each of two
Figure 3:
PVC types (**, ***). Note the overlapping of PVCs and previous iP
waveforms

From top to bottom: surface ECG leads I, II, III, pacemaker
event markers (As: atrial sensing; Vs: right ventricular sensing),
intracardiac ECG (iECG, scaled in arbitrary units). The same tracings
Figure 1: are displayed in the next figures. Sinus rhythm with intrinsic AV
conduction and narrow QRS. Surface QRS and iQRS feature a similar
time-course (iQRS onset and trailing edge are marked by dashed
vertical lines). Full description in the main text.

components and summed to provide a waveform which reflects the
global electric activity of the heart. The information reported in the
literature so far, as well as our Center experience, refer to pacing
systems where the atrial lead was positioned in right appendage and
the right ventricular lead was either in the apex, mid to high septum,
or para-Hisian region 9,10. In addition, the iECG was recorded in the
presence of different tachycardias during EP studies, by means of
temporary leads positioned in ventricular apex and high right atrium,
connected with an external device. 7,8

Sinus rhythm and intrinsic AV conduction with (A) LBBB and (B)
RBBB. The iQRS onset and trailing edge are marked by dashed
Figure 2:
vertical lines. Note the prolonged latency between the iQRS onset
and the ventricular sensing marker (*) in the presence of RBBB.
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In all tested conditions, the iECG signal typically comprises the
3 components of a surface ECG lead, i.e.: atrial depolarization
(iP) and ventricular depolarization (iQRS) and repolarization
(iT). Figures 1 and 2 compare the iECG with the corresponding
surface ECG in different patients with RV apical (Fig. 1 and 2B)

Linear relationship between surface QRS and iQRS duration in 13
patients. Ventricular pacing and different kinds of intrinsic activity
(AV conduction with narrow QRS, LBBB, RBBB, PVCs) are pooled in
Figure 4: the same plot, for a total of 30 paired determinations. The global
least square line demonstrates a high correlation, with slope and
intercept close to 1 and 0, respectively, indicating that the two
variables are equivalent.

or septal implantation (Fig. 2A). All recordings refer to intrinsic
AV conduction in sinus rhythm. In such conditions, discrimination
of iP and iQRS is easy, as iP is the first deflection and generally
corresponds to a biphasic or negative waveform. With cardiac rate
increase and especially in case of a re-entry tachycardia, the iP-iQRS
temporal sequence might result no more apparent and the iP shape
can change. In such instances, cross-matching with the near-field
event markers is advisable for prompt iP and iQRS recognition.
Combining iECG and event markers evaluation is also helpful in
bundle branch diagnosis. Fig. 1 shows a case with Dec
narrow
QRS
(98 2017|
2016
- Jan
± 5 ms; mean ± SD in five consecutive beats) and iQRS (97 ± 5 ms),
where the iQRS onset precedes the ventricular sensing marker by 45
± 3 ms. The iQRS peak occurs close to the marker, which indicates
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Para-Hisian pacing with myocardial capture only. The emission of a
pacing pulse is marked as Vp. A: threshold test in VVI (90 bpm). The
third spike is ineffective and no electric signal but the stimulation
artifact is detected on the iECG tracing. The fourth spike is ineffective
as well, though it falls right at the onset of a QRS complex, as both
the surface ECG and the iECG feature their intrinsic conduction
pattern and the ventricular activity is preceded by a sinus P-wave (*).
The iECG ventricular signal is different in the presence of capture
(1st and 2nd cycles; note the iQRS peak saturation with the applied
Figure 5:
gain) and in this patient it shows a fast deflection at the beginning
of the iT-wave, indicating pacing-induced retroconduction (**). B:
VDD pacing with 200 ms AV delay. This interval is quite similar to the
intrinsic PR detected by the pacemaker, so that pacing inhibition
takes place in the 2nd and 3rd cycle. In contrast, a pacing pulse is
released in the 1st and 4th cycles, resulting in pseudofusion. The
intrinsic iQRS is detected in all instances. In addition, it is noteworthy
that the P-wave recorded in the 2nd cycle (***) is different from the
sinus P-waves (*) both on the iECG and the surface ECG leads.

the time of RV apex activation. Conduction with LBBB (Fig. 2A) is
characterized by a wide iQRS (150 ± 7 ms) featuring a short latency
(35 ± 5 ms) from its onset to the sensing marker (representing septal
activation in this case). The opposite is observed with RBBB (Fig.
2B), where both the onset and main peak of a wide iQRS (130 ±
2 ms) precede the sensing marker (70 ± 4 and 30 ± 3 ms latency,

Same case as in Fig. 5. VDD pacing with AV delay of 150 ms (A),
| Volume 9| Issue
100 ms4(B) and 50 ms (C), with correspondingly lower degree of

Figure 6: fusion. Sequential atrium-driven pacing removed the fast deflection
following the paced iQRS in VVI (Fig. 5), confirming that it actually
was a retrograde P-wave.

www.jafib.com

respectively, in the reported example).
The iQRS waveform is highly sensitive to the pattern of ventricular
activity. The signal shape, amplitude and duration are substantially
modified when the intrinsic AV conduction is interrupted by ectopic
ventricular beats. In the presence of PVCs originating from more than
one site, correspondingly different iQRS subtypes are noticed (Fig.
3). With any ventricular activation modality (AV conduction with or
without bundle branch block, idioventricular rhythm, or PVCs), the
iQRS width closely reflects the duration of the surface QRS (Fig. 4).
Relying on these properties, the iECG has been proposed as a tool to
discriminate SVTs with narrow QRS from other tachyarrhythmias
(VTs or wide complex SVTs). During EP studies, all SVT episodes
with narrow QRS exhibited a iQRS waveform similar to the signal
recorded in sinus rhythm, while all VTs were characterized by a
widened iQRS, morphologically different from the sinus rhythm
reference.7 The information gained from the analysis of either the
iECG or the surface ECG tracings had a comparable diagnostic
value.

The paced intracardiac ECG

Myocardial ventricular pacing entails electromechanical
desynchronization, which can lead to detrimental effects on ventricular
function.11-14 Though careful selection of the best stimulation site in
each patient can reduce these adverse effects, QRS axis and duration
are unavoidably affected by ventricular pacing, unless a substantial
fusion of paced and intrinsic conduction occurs.15-19 Since the iECG
is sensitive to any change in the electric activity of the heart, the signal
can be applied as a surrogate of the surface ECG to distinguish fully
evoked beats from fusions or capture failure in implanted devices.

Single-site myocardial pacing

A comparison of the iECG waveform recorded with ventricular
pacing or intrinsic AV conduction is provided in Fig. 5, which refers
to a case of para-Hisian implantation where only septal-myocardial
stimulation was achieved. Panel A shows a ventricular threshold test
with two paced beats, followed by two ineffective spikes. Capture or
pacing failure are promptly recognized, either in absence or presence
of spontaneous activity. In the former case, no electric activity but
the pacing artifact is recorded (3rd pulse); in the latter, the spike is
associated with a different iQRS waveform, featuring the typical
intrinsic conduction pattern.
If a threshold assessment routine is in progress, the capture loss
can be diagnosed with the same morphological approach usually
applied to the surface ECG. Panel B shows VDD pacing in the
same patient, with the AV delay set very close to the intrinsic PR
interval (200 ms). Ventricular stimulation was inhibited in some
cycles and not in others, where the spike was delivered in the late
portion of the intrinsic QRS, just preceding the expected sensing.
A condition of this type would easily produce false alarms of pacing
failure in most capture surveillance systems relying on the detection
of intracavitary evoked potentials, as the residual signal after the
end of the stimulation artifact is very small. The iQRS, in contrast,
is detected since the beginning of the QRS complex, even before the
spike release.
The effect of progressive AV delay shortening, with corresponding
reduction in fusion degree, is shown in Fig. 6. Morphological
modifications in the iQRS were described as changes in the area
under the waveform, measured by off-line data processing in the
attempt to simulate a potential pacemaker algorithm. The iQRS
area was assessed in the interval from 30 ms before to 70 ms after
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Same case as in Fig. 5. VDD pacing with AV delay set at 200 ms
(A) and 100 ms (B, C). In panel A, ventricular sensing (Vs) and
pseudofusion (Vp) alternates in two consecutive cycles. Panel B and
C show, respectively, effective stimulation with fully evoked QRS and
capture loss, followed by intrinsic conduction. The area delimited by
Figure 7: the iQRS waveform was measured in the interval from 30 ms before
to 70 ms after the ventricular marker (dashed lines), considering the
absolute value of the voltage and removing the stimulation artifact
by a 20 ms blanking triggered by the spike (lowest tracing). Note
that the iQRS area is much smaller in C than in any other condition,
pseudofusion included.

a sensing or pacing marker, blanking the signal to 0 in the 20 ms
following a spike to exclude the stimulation artifact (Fig. 7). The
results were finally expressed as the ratio between the average areas
of paced and intrinsic waveforms, at various AV delays (Fig. 8). The
paced waveform area exceeded that measured with intrinsic AV
conduction (ratio > 1) in case of fusion (150 ms AV delay) or fully
evoked QRS (100 ms AV delay). In the presence of pseudofusion
(200 ms AV delay ending with spike emission), the area was lower
with pacing than with intrinsic conduction (ratio < 1), since the 20

The histogram represents the area under the iQRS signal measured
with different AV delays in VDD pacing mode. Data derived from the
tracings shown in Fig. 5 and 6 are expressed as the ratio between
Figure 8: the average area of the paced and sensed waveforms, ± the standard
error of the quotient according to the error propagation theory. Both
effective and ineffective stimulation (with pulse amplitude set just
below the threshold) were performed at 100 ms AV delay.
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Pacing lead in the Hisian region in a patient with 2:1 AV block.
A: VVI mode with basic rate of 30 bpm (A), resulting in pacing
inhibition. Though ventricular markers only are displayed, iP-waves
are easily recognized on the iECG (*). In addition, hidden iP-signals
Figure 9: are likely fused with the iT waveform, which shows remarkable
beat-to-beat variability (**). B: VVI pacing at 60 bpm, with capture
of the His bundle. Both the iECG and the surface ECG feature the
same ventricular complex as in panel A, demonstrating that the
physiological conduction pattern was maintained.

ms blanking triggered by the spike removed part of the ventricular
signal. Nevertheless, the iQRS area was about 10-times higher in case
of pseudofusion than with real pacing failure independent of tissue
refractoriness (to assess the effects of capture loss in the absence of
intrinsic activity, the AV delay was set at 100 ms and the ventricular
pulse amplitude was temporarily reprogrammed just below the
threshold). As all types of ventricular activity, including fusion and
pseudofusion, entail a iQRS signal featuring a wide safety margin

Pacing lead in the para-Hisian region. Ventricular threshold
test in VVI: all the spikes are effective, but the QRS complex
suddenly changes during the energy scan, when Hisian capture
is lost and fusion is replaced by pure myocardial stimulation.
Figure 10:
Dec 2016
The iQRS waveform is consistently modified (duration
95 ±- 3Jan
ms 2017|
and 110 ± 5 ms, respectively, in presence or absence of Hisian
recruitment). At the same time, the sinus P-waves (*) are replaced
by retroconduction (**).
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dual-side capture should be achieved with the lowest possible energy
expense. As quite different iQRS waveforms are recorded in the
presence of right-, left-, or bi-ventricular stimulation (Fig. 11), a
device could regulate the pacing parameters in both ventricles in
order to maintain the electric evoked response close to the reference
template, representing actual and properly timed biventricular
activity. This strategy would allow checking the stimulation
effectiveness in both right and left ventricle, as well as managing
the AV and VV delays according to the intrinsic conduction timing.
If fully evoked biventricular activity is the clinical goal, the iECGbased information could be useful to prevent fusions, which might
alter the interventricular relationship and reduce the therapy effect
in non-responding patients .28 Conversely, in other instances fusion
is the aim, as for single-side left ventricular stimulation synchronized
to right ventricular intrinsic conduction in LBBB patients. 29-32
Significant synchronization impairment would modify the iQRS
waveform, thereby prompting the necessary AV delay adjustment.
DDD pacing with (A): bipolar right ventricular stimulation; (B):
unipolar left ventricular stimulation; (C): biventricular stimulation;
Figure 11: in a chronic biventricular implant. The iQRS waveform is different
in each ventricular activation modality, featuring a duration of
248, 256, and 170 ms in panel A, B and C, respectively.

versus the “no response” condition, the iECG can be proposed as an
alternative tool in capture monitoring, preventing the undue increase
in pacing energy caused by fusion-related false alarms 20-23.

His bundle pacing

The only pacing technique which can preserve the physiological
ventricular activation pattern is the stimulation of the His bundle
24,25.
When this approach is fully successful and direct His bundle
pacing is achieved, the paced QRS complex is unaltered with respect
to intrinsic conduction in every surface ECG lead. This principle
applies to the iECG as well (Fig. 9), which can provide therefore
valuable insight on the actual effects of a stimulation performed
in the Hisian region. Indeed, in case of para-Hisian capture, only
the myocardium is paced at low energy and both the QRS and
iQRS complexes are wide, with no latency between the spike and
the Q-wave. At increased output, the additional recruitment of
the His bundle is achieved, with corresponding QRS and iQRS
narrowing and more physiological axis orientation 26,27. In this case,
the issue is not the presence or absence of an electric response, but
its nature and quality. Standard capture recognition methods are
useless, as they are designed to detect any signal representing active
myocardial depolarization, independent of the paced substrate.
The iQRS waveform, in contrast, changes in shape, amplitude and
duration according to the kind of ventricular activity, and is therefore
much better suited to the discrimination of myocardial stimulation
from the fusion of myocardial and Hisian responses (Fig. 10). This
might have a relevant impact in the clinical setting, as the safety
margin applied to ensure myocardial capture could be too small for
reliable Hisian pacing. On the other hand, permanent high energy
stimulation would strongly reduce the stimulator expected life. The
analysis of the iECG represents an intriguing alternative, allowing
His-bundle capture monitoring either beat by beat or at proper time
interval, in the aim of keeping the pulse amplitude just above the
| Volume
9|threshold.
Issue 4
Hisian

Biventricular pacing and CRT

Similar considerations apply to biventricular pacing, where reliable
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Clinical Implications

The iECG properties make it suitable to morphological
characterization, similarly to a surface ECG lead. At present, the
tracing interpretation requires the evaluation of an observer, who
must compare the recorded signal with the reference stored in
the pacemaker memory. In the event of tachycardia, the iECG is
automatically acquired and can help exclude a VT, provided that
the iQRS waveforms are similar in sinus rhythm and tachycardia as
well. The reliability of this approach has been confirmed by previous
studies, which suggested in addition a possible application in the
automatic control of shock delivery by an ICD. 7,8
The iECG has proved a valuable diagnostic tool in the analysis of
the patient’s rhythm, which can complement the surface ECG by
emphasizing the relationship between atrial and ventricular events,
with special regard to retroconduction.9,10 The potential applications
in capture surveillance (with fine discrimination of fusion beats from
real failure), in para-Hisian pacing (to recognize true Hisian capture
from myocardial stimulation), and in biventricular pacing (to check
the suitability of stimulation energy and timing) still require the
development of dedicated algorithms of waveform processing, which
should be run by the device during independent routine operation.
This is a realistic goal, since clear-cut waveform changes are expected
on the basis of the available preliminary evidence. Such autoregulation
mechanisms would have a great impact in the clinical setting, ensuring
the stimulation of the appropriate target and reducing the incidence
of false alarms of capture loss, which still affect the performance of
most capture monitoring systems by inducing a useless increase in
energy consumption.21-23 As the care for the quality of the pacing
therapy is progressively rising, the strategic relevance of advanced
control tools like the iECG correspondingly grows.

Conclusion

The iECG is a method of multipolar recording of the electric
cardiac activity, which provides a tracing with properties similar to a
surface ECG lead by means of the implanted electrodes used in dualchamber pacing. The waveform changes according to the ventricular
activation pattern, allowing to distinguish intrinsic AV conduction
from ectopic beats, as well as evoked responses induced by different
pacing modalities. This new cardiac signal can discriminate VT from
SVT episodes and could drive the automatic recognition of ventricular
pacing failure with special sensitivity to fusion and pseudofusion. It
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might be applied, in addition, to the autoregulation of Hisian/paraHisian and biventricularstimulation, substantially contributing to the
progress of the pacing technology.
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