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and Paweł Stefańczyk et al.
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Preface to ”Advances in Heart Electrotherapy”

The introduction of permanent cardiac pacing in the late 1950s began the era of cardiac

electrotherapy. In the 1980s, implantable cardioverter defibrillators (ICDs) were introduced.

These advances created new challenges for cardiac implantable electronic devices (CIEDs). Right

ventricular pacing was the primary breakthrough; however, over the years, it has become apparent

that it can induce cardiac contraction dyssynchrony. Biventricular pacing allowed for the alleviation

of dyssynchrony and improved the survival of patients with heart failure and bundle branch block. In

recent decades, His bundle pacing has become a new strategy for physiological ventricular activation.

However, the use of CIEDs carries several risks, e.g., complications related to transvenous leads. This

led to the development of percutaneous lead extraction techniques as well as the introduction of a

subcutaneous ICD (S-ICD) and leadless pacing. Technological evolution promises an exciting future

in the development of cardiac electrotherapy.

In this Special Issue, readers can find out about the clinical and hemodynamic aspects of right

ventricular, His bundle, and biventricular pacing; ICD therapy; treatment of complications and

technological advances in cardiac electrotherapy.

Ewa Lewicka, Alicja Da̧browska-Kugacka, and Aleksandra Liżewska-Springer

Editors
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Practical Approaches to Transvenous Lead Extraction
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Abstract: Transvenous lead extraction (TLE) is regarded as the first-line strategy for the management
of complications associated with cardiac implantable electronic devices (CIEDs), when lead removal
is mandatory. The decision to perform a lead extraction should take into consideration not only
the strength of the clinical indication for the procedure but also many other factors such as risks
versus benefits, extractor and team experience, and even patient preference. TLE is a procedure
with a possible high risk of complications. In this paper, we present three clinical cases of patients
who presented different indications of TLE and explain how the procedures were successfully
performed. In the first clinical case, TLE was necessary because of device extravasation and suspicion
of CIED pocket infection. In the second clinical case, TLE was necessary because occlusion of the left
subclavian vein was found when an upgrade to cardiac resynchronization therapy was performed. In
the last clinical case, TLE was necessary in order to remove magnetic resonance (MR) non-conditional
leads, so the patient could undergo an MRI examination for the management of a brain tumor.

Keywords: transvenous lead extraction; cardiac implantable electronic devices; clinical cases

1. Introduction

As more people have been living longer in recent decades, the use of cardiac im-
plantable electronic devices (CIEDs) has increased significantly. CIEDs include permanent
pacemakers (PPMs) and implantable cardioverter-defibrillators (ICDs). Since the beginning
of the 21st century, there has been an expansion of the indications for CIEDs. Even more,
device therapy has become more complex, frequently involving multiple leads per patient
and more sophisticated devices [1].

Lead removal is currently a specialized procedure with well-defined indications, as
patients’ longer life expectancy has led to an increase in the number of device-related com-
plications and, consequently, to an increased need to perform lead-removal procedures [2].

Transvenous lead extraction (TLE) is regarded as the first-line strategy for the manage-
ment of complications associated with CIEDs when lead removal is mandatory [3]. Minor
complications of TLE, which include bleeding, pocket hematoma, pneumothorax, venous
thrombosis, and migrated lead fragments, even if they are usually not life-threatening, are
significant and require rapid intervention [4]. Pericardial tamponade is the most common
major complication. Other major complications include hemothorax, thromboembolic
events, vascular laceration, cardiac avulsion, and even death. Some of the considerable
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TLE complications may entail emergent sternotomy and surgical repair, and, in rare cases
of rapid and massive blood loss, death is often the outcome [4]. The rate of the major
complications that require emergent intervention were reported to be low (up to 2.2% of
cases) [5,6], while the mortality rate was reported to be exceedingly low (0.3%) [7]. Male
gender, age during TLE, higher NYHA class, low left ventricle ejection fraction, presence of
atrial fibrillation, and chronic renal failure were identified as the main factors predicting
shorter survival among patients undergoing TLE [8].

The present study aims to highlight the indications and the methods of transvenous
lead extraction and to present some clinical cases where lead extraction was mandatory
and procedures were successfully performed without major or minor complications.

2. Clinical Cases

All the procedures were performed in the electrophysiology room, with patients
in deep analgesia-sedation and monitored by an anesthesiologist. Moreover, a cardio-
thoracic surgeon and a cardiovascular surgery operating room were on stand-by in the
same building.

2.1. First Clinical Case
2.1.1. Patient’s Medical History and Presentation

A 54-year-old male with a history of a chronically implanted ICD (at another center in
a foreign country) was initially admitted to the Cardiology Department because of pocket
erosion and possible pocket infection, as shown in Figure 1.
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Figure 1. The aspect of the pocket erosion with the extravasation of the device and the lead, at the
moment of admission to the hospital.

The medical history of the patient revealed that he has three-vessel coronary artery
disease and that his first ICD, with a passive fixation double-coil lead, was implanted
11 years before this admission, as the primary prevention of sudden cardiac death. After
three years, due to inappropriate internal electric shocks, a diagnosis of lead fracture was
established. A new dual-coil active fixation lead was implanted, and the ICD generator was
replaced without extraction of the old lead. Due to battery discharge, the ICD generator
was replaced again one year later.

At the time of admission to our department, the patient was asymptomatic. The ECG
showed a sinus rhythm with left bundle-branch block. A chest X-ray revealed an increased
cardiothoracic ratio, a pulse-generator ICD placed subcutaneously in the left subclavian
area, and two dual-coil defibrillation leads in the apex of the right ventricle (Figure 2).
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The transthoracic echocardiogram revealed a markedly dilated left ventricle, severe
reduction in global contractility (EF: 21%), a restrictive filling pattern, moderate mitral
regurgitation, and moderate tricuspid regurgitation without visualization of vegetations. A
transesophageal echocardiography was also performed, and no intracavitary vegetation
was identified at the tricuspid valve or leads’ level.

Biochemical evaluation excluded systemic inflammation, as C reactive protein, fibrino-
gen, and the erythrocytes sedimentation rate were all in normal ranges. The blood cultures
and wound-drainage cultures were also negative.

2.1.2. Transvenous Leads Extraction Procedure

The ICD pulse generator was interrogated using a corresponding programmer, which
revealed repeated episodes of fast ventricular tachycardia (VT), interpreted as ventricular
fibrillation (VF), with adequate internal electric shock administration. The last episode
was recorded 10 months ago. Before starting the procedure, the anti-tachycardia therapies
were discontinued. CIED fluoroscopy was performed to identify the position of the ICD
pulse generator in the left subclavian area. One double coil, with an active fixation ICD
lead (dwell time 8 years), was connected to the pulse generator and tracked normally.
Another double coil, with a passive fixation ICD lead (dwell time 11 years), was noted to
be fractured, with the proximal end lead remnant in the ICD pocket. Iodinated contrast
media was injected into the peripheral vein of the left arm, without revealing subclavian or
brachiocephalic vein occlusion.

After deep analgesia-sedation, an incision was made, and the pulse generator was
removed from the pocket. Afterward, the leads were dissected to the level of the anchoring
sleeves, to free them up from the scar tissue. The lead connected to the ICD pulse generator
was disconnected, the tie-down sutures were removed, and gentle traction was initiated to
remove the lead, without success. The connector of the lead was cut off and a Liberator
locking stylet was advanced and locked at the tip of the lead. The Liberator locking stylet
was secured on the lead using a one-tie accessory. With continuous traction, a 13 French
bidirectional, rotational, mechanical lead-extraction sheath (Evolution RL, Cook Medical,
USA) was advanced over the lead, up to its tip, to break up the heavy fibrosis from the
left innominate vein, lateral wall of the left atrium, proximal pole of the lead, and lead’s
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tip. After removing the fibrosis, continuous gentle traction dislodged the lead, and it was
completely removed without difficulty (as shown in Supplementary Video S1).

A similar technique was used for the abandoned lead, and the same 13 French bidirec-
tional rotational mechanical lead extraction sheath was used and advanced over the lead,
up to its tip, to break up the heavy fibrosis near the superior vena cava, lateral wall of the
left atrium, tricuspid valve, the proximal pole of the lead, and lead’s tip. After removing
the heavy fibrosis, continuous gentle traction dislodged the lead, and it was completely
removed without incident (as shown in Supplementary Video S2).

The overall fluoroscopy time for this procedure was 4 min and 13 s.
The extracted leads with extensive fibrosis, especially on the coils of the leads, are

shown in Figure 3.
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Figure 3. Extracted leads with extensive fibrosis.

A transthoracic echocardiogram was performed immediately after the procedure in
the electrophysiology room. No pericardial effusion tricuspid valve dysfunction, or lead
fragments were found. Subsequently, the patient was monitored (also by echocardiography)
for 24 h in the intensive care unit for critical cardiac patients.

After 16 days of antibiotic therapy with Vancomycin, a new ICD was implanted on
the right side of the chest (Figure 4).
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2.2. Second Clinical Case
2.2.1. Patient’s Medical History and Presentation

A 67-year-old male patient with a dual-chamber pacemaker was admitted to the
Cardiology Department for an upgrade to his cardiac resynchronization therapy due to
impaired systolic function. The patient was diagnosed with ischemic cardiomyopathy,
chronic heart failure (HF) with III New York Heart Association (NYHA) functional status,
and a dual-chamber pacemaker for third-degree atrioventricular block had been implanted
seven years before the current admission to the hospital.

At the time of admission to our department, the patient complained of considerable
limitations to physical activity due to shortness of breath and fatigue despite optimal
medical therapy. An ECG showed an atrial sinus rhythm with a ventricular-paced rhythm.
A chest X-ray revealed an increased cardiothoracic ratio, a pulse generator PM placed
subcutaneously in the left subclavian area, and two bipolar active fixation leads—one in
the right atrial appendage and the other on the apex of the right ventricle.

The echocardiogram revealed a mildly dilated left ventricle, a severe reduction in
global contractility (EF: 23%), a restrictive filling pattern, mild aortic regurgitation, mod-
erate mitral regurgitation, moderate tricuspid regurgitation, diffuse hypokinesia, and no
visible vegetations.

A pacemaker interrogation revealed 100% atrial sensed, 100% ventricular paced, and
no underlying rhythm, with both leads having impedance, pacing, and sensing parameters
within normal limits.

2.2.2. Transvenous Leads Extraction Procedure

The first intention was to implant only the left ventricular lead (LV) in a branch of
the coronary sinus (CS), maintaining the pre-existing RA and RV leads for an upgrade to
a CRT-P, although, according to current guidelines [9], the indication was that a CRT-D
would provide the patient maximum benefits.

Iodinated contrast media was injected into the peripheral vein of the left arm, revealing
occlusion of the left subclavian vein, with collateral circulation developed in the chest and
neck and the suspicion of minimal circulation present on the deep subclavian venous axis
(as shown in Figure 5).
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Axillary vein puncture was performed, and a J-tip guidewire was advanced only
up to the subclavian vein, indicating possible occlusion at this level. An Abbott 0.014”
hydrophilic guide was introduced to identify the remaining lumen. The hydrophilic guide
also stopped at this level, demonstrating the impossibility of passage on the deep venous
axis due to occlusion.

As the patient was pacemaker-dependent, temporary cardiac pacing was performed
using the right femoral vein approach, maintaining a stand-by heart rate of 50 beats/min,
and hemodynamically monitoring was assured.

After deep analgesia-sedation, an incision was made, and the pulse generator was
extracted. The two leads were disconnected and dissected up to the sutures at the level of
the cephalic vein, to release them from the scar tissue. Tie-down sutures were removed,
and gentle traction was made to easily mobilize the two leads, without the possibility of
withdrawing them.

At that time, it was decided to extract the RV (dwell time 7 years) lead, being the only
possibility to reach into the heart and to replace it with a single-coil defibrillation lead.

The same technique described in Case 1 was used: a Liberator locking stylet was
advanced up to the top of the lead, locked at this level, and secured using a one-tie accessory.
The right atrium (RA) lead was secured with a guidewire. With continuous traction, a
9 French bidirectional, rotational, mechanical lead-extraction sheath (Evolution RL, Cook
Medical, Bloomington, IN, USA) was advanced with difficulty over the lead, up to the left
brachiocephalic vein, without the possibility of going further (as shown in Supplementary
Video S3). Under these circumstances, the sheath was withdrawn, revealing large deposits
of fibrin on the tip of the sheath. A new 11 French bidirectional, rotational, mechanical
lead-extraction sheath (Evolution RL, Cook Medical, USA) was used and advanced over
the lead up to the RA level. At this level, the RV lead detached from the RV apex was easily
extracted (as shown in Supplementary Video S4).

The extracted lead with the large deposits of fibrin removed from the tip of the 9 French
bidirectional, rotational, mechanical lead-extraction sheath can be seen in Figure 6.
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Two 0.035”/180 cm J-tip guidewires were inserted in the RA through this sheath. After-
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ward, the RA lead was checked, proving to have impedance, pacing, and sensing parameters
within normal limits, which demonstrated that it was functional and could be preserved.

One of the 0.035”/180 cm J-tip guidewires was used to introduce a Biotronik Selectra
Bio 2 45 cm sheath (Biotronik, Berlin, Germany), and a single-coil, DF-4 active fixation
defibrillation lead was inserted in the apical RV apex through this sheath. On the other
remaining 0.035”/180 cm J-tip guidewire, a Biotronik Selectra “Multipurpose EP (MPEP)”
55 cm sheath was used to cannulate the coronary sinus. After standard occlusive coronary
sinus venography was performed, a suitable posterolateral vein was identified, and an IS4,
OTW lead, was placed on that vein. After revision of the pre-pectoral pocket, the three
leads were connected to a CRT-D.

The overall fluoroscopy time for this procedure was 15 min.
Post-procedural echocardiography revealed no pericardial effusion, no additional

tricuspid valve dysfunction, and no lead fragments. The control chest X-ray after the
procedure revealed the leads were in normal positions, as shown in Figure 7.
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2.3. Third Clinical Case
2.3.1. Patient’s Medical History and Presentation

A 37-year-old female patient, with a cardiac resynchronization therapy pacemaker
(CRT-P), was admitted to the Cardiology Department for the extraction of magnetic
resonance non-conditional leads and implantation of a new magnetic resonance (MR)-
conditional CRT-P.

The patient is known to have had a surgical correction of atrial and ventricular septal
defects at 18 years. Right after the surgery, she developed a complete AV block, and a
pacemaker with single unipolar with a passive fixation lead (non-MR-conditional) was
implanted on the right ventricle apex. At the age of 26, the pacemaker had been upgraded
to a dual chamber pacemaker with the implantation of a bipolar active fixation lead (non-
MR-conditional) in the right atrial appendage. Seven years after the upgrade to a dual
chamber pacemaker, she was scheduled for a pacemaker replacement as the battery reached
its elective replacement indicators (ERI). Since the patient complained about shortness of
breath and fatigue at a moderate physical effort, and the ECG revealed a broad QRS complex
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with a left bundle branch block (LBBB)-like aspect, the decision to upgrade the system to
CRT-P was made. A bipolar OTW (MR-conditional) was placed in the posterolateral vein.
In 2020, she presented an epileptic seizure, a left frontal tumor was diagnosed on computed
tomography, and MRI was recommended for a better evaluation and to establish the best
neurosurgical approach.

At the time of admission to our department, the patient was asymptomatic. The ECG
showed a sinus rhythm with biventricular paced activity triggered by the atrial activity. An
echocardiogram revealed normal left ventricle function with preserved ejection fraction,
mild tricuspid regurgitation, and no visible vegetations. A chest X-ray revealed a normal
cardiothoracic ratio, a pulse generator PM placed subcutaneously in the left subclavian
area, and three leads (as shown in Figure 8).
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Figure 8. Chest X-ray at the time of admission at the hospital, with one lead positioned in the right
atrial appendage, one on the apex of the right ventricle, and another one in the posterolateral vein.

Pacemaker interrogation revealed 100% ventricular paced and no underlying ven-
tricular rhythm, with all leads having impedance, pacing, and sensing parameters within
normal limits.

2.3.2. Transvenous Leads Extraction Procedure

Temporary cardiac pacing was performed by the right femoral vein approach, main-
taining a stand-by heart rate of 50 beats/min, as the patient was pacemaker-dependent.

After deep analgesia-sedation, an incision was made, and the pulse generator was
extracted. The three leads were disconnected and dissected up to the sutures to release them
from the scar tissue. The unipolar, passive fixation RV lead was 20 years old; the RA bipolar,
active fixation lead was 12 years old; and the LV bipolar, OTW lead was 5 years old. Gentle
traction was made to mobilize the three leads, without the possibility of withdrawing them.

The connecter of the RA lead was cut off, and a Liberator locking stylet was advanced
up to the top of the lead, locked at this level, and secured using a one-tie accessory. The
RV and LV leads were secured with guidewires. With continuous traction, a 9 French
bidirectional, rotational, mechanical lead-extraction sheath (Evolution RL, Cook Medical,
USA) was advanced over the lead, up to the left innominate vein, where excessive fibrosis
surrounded all three leads. The extraction sheath was advanced with difficulty, and the
lead was extracted (as shown in Supplementary Video S5). The RV and LV leads were
extracted using the same technique (Supplementary Video S6 and Supplementary Video S7,
respectively). After removing the RV lead, the outer sheath was kept at the RA level. One
0.035”/180 cm J-tip guidewire was inserted in the RA through the outer sheath, being used

8



Int. J. Environ. Res. Public Health 2023, 20, 379

to introduce the other two 0.038”/50 cm J-tip guidewires. Figure 9 shows the extracted
leads with excessive fibrous tissue on the distal end of the RA and RV leads.
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The 0.035”/180 cm J-tip guidewire was used to introduce a LV OTW BP lead through
Biotronik Selectra Bio 2 45 cm sheath (Biotronik, Germany) in the posterolateral vein. The
impedance, pacing, and sensing parameters were within normal limits, and the patient did
not have phrenic stimulation at high voltage. The other guidewires were used to introduce
an RV bipolar, active fixation lead on the apex of the RV and an RA bipolar active fixation
lead on the right atrial appendage. All three leads were connected to a CRT pacemaker
placed on the revised left pre-pectoral pocket. All three leads and the pacemaker are
MRI compatible.

During the TLE procedure, the patient remained hemodynamically stable, and the
echocardiography evaluation revealed no pericardial effusion, tricuspid valve lesions, or
remaining lead fragments.

The overall fluoroscopy time for this procedure was 8 min.
One month later, the neurosurgical intervention was performed with complete macro-

scopic ablation of the left frontal tumor formation and gyral resection. Postoperative,
periodic cerebral MRI investigations were required to monitor the patient’s status.

3. Discussion

Transvenous lead extraction, the gold standard for lead removal, is a procedure that
may involve several complications, so the decision to perform it must carefully weigh the
risks and benefits. In this paper, we present three clinical cases of patients who presented
different indications of TLE and explain how the procedures were successfully performed.

3.1. TLE Organizations and Security Measures

Due to organizational problems and economic issues, TLE centers use a different
approach in the application of safety requirements; in some centers, the TLE procedure is
performed in an electrophysiology, catheterization, or laboratory room, with deep analgesia-
sedation, while in other centers, TLE is performed in an operating room/hybrid room, with
general anesthesia and additional monitoring of the procedure (transesophageal echocar-
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diography and arterial line), in the presence of a cardiac surgeon [10,11]. Transesophageal
echocardiography, when used as a monitoring tool during TLE, was observed to provide
higher rates of complete procedural success and a reduced risk of major complications [12].

The location where TLE procedure is performed is less important than the immediate
availability of cardiothoracic surgical intervention. The time to surgical intervention is the
most important factor in preventing death due to a major complication; therefore, organiza-
tional conditions should ensure the possibility of performing an emergency sternotomy
within 5–10 min from the onset of the first symptoms of major complication [13,14].

Nowadays, personalized medicine, adapted to the particular situation of each patient,
is the correct attitude. There are complex cases (with a large number of abandoned leads,
very old leads, elderly or frail patients, and multiple comorbidities). In these situations, it
is safer to start the procedure under general anesthesia and with transesophageal echocar-
diographic guidance. There are also cases, with only one or two leads to be extracted, in
which general anesthesia and transesophageal ultrasound are usually not necessary during
the procedure, knowing that many leads, especially those with a few years of dwell time,
can be extracted by free traction without needing extraction materials. However, it is true
that during the TLE procedure, the interventional team must have the ability to quickly
change the work strategy depending on the case’s evolution.

3.2. Particularities of the Cases

For the first clinical case, biochemical evaluation excluded systemic inflammation,
and the blood cultures and wound-drainage cultures excluded local infection, but given
the risk of underlying endocarditis, the pocket erosion associated with skin retraction was
a clear indication for the total removal of the entire ICD system [15]. In this case, due
to an abandoned lead in the tissues from many years ago, it was necessary to remove
two dual-coil ICD leads. This complicated the procedure and extended the fluoroscopy
time. Safe deactivation of the anti-tachycardia therapies of the ICD device was required
before the procedure, since electrocautery was used close to the device. Electrocautery can
cause electrical interference that may interfere with the function of implanted devices and,
for patients with ICDs, it can even cause inappropriate internal electric shocks [16]. The
extent and nature of the scar tissue structure in the CIED pocket walls was correlated with
the relative position of cardiac lead loops concerning the device itself. Lead movements
underneath the device can lead to pocket-wall irritation in the capsule-formation phase,
resulting in more extensive scarring formation [17].

In the second case, the simple upgrade from a dual-chamber system to cardiac resyn-
chronization therapy was initially desired, which would have involved only the introduc-
tion of a new lead for LV pacing. The impossibility of passing through the deep venous axis
due to occlusion of the left subclavian vein during the procedure determined the decision
to remove the RV lead and replace it with a single-coil defibrillation lead. In this way, all
the guidelines’ recommendations for patients with ischemic cardiomyopathy were fulfilled,
knowing that CRT-D has been associated with a significant reduction in the risk of all-cause
mortality compared with CRT-P in these patients [9].

Studies reported that total occlusion of the subclavian or brachiocephalic vein can
occur on average in 12% (range 2–22%) of patients without an infection and with normally
functioning leads [18]. Moreover, several hypotheses support the idea that more leads
within a vein may be associated with a higher rate of occlusion [18]. Thus, this complication
is not uncommon after CIED implantation [19]. In this case, the fluoroscopy time was
slightly longer due to the complexity of the procedure. The outer sheath of the extraction
system was kept at the RA level and used as a path for the two guidewires. They were
utilized to introduce the single-coil defibrillation lead in the RV and to cannulate the
coronary sinus for the LV lead.

The main interaction between the MRI and the non-MR-conditional pacemaker lead
occurs due to the radiofrequency (RF) field generated by an MRI machine. If exposed to an
MRI field, it causes adverse effects such as inappropriate device function due to interaction
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with the magnetic reed switch, device reset, pacing or sensing problems, changes in sensing
or capture thresholds, and even lead perforation due to heating at the lead tip [9].

The advancement of MR-conditional technology has led to more complex clinical
issues and better options for patient management. The current MR-conditional pacing
technology provides solutions to some specific issues related to MR scanning [20]. In the
case of the third patient, with repeated upgrades over time, the CRT pacemaker worked very
well. However, the diagnosis of severe neurosurgical pathology required the replacement
of the entire system with a new MRI-conditional one, to allow for a brain MRI examination
and better management of the brain tumor. The TLE procedure was not without risks in a
young patient who is completely pacemaker-dependent, but it was necessary and beneficial
for MRI access, not only for the first evaluation before surgery but also for several periodic
brain MRI investigations for follow-up.

It was reported that patients with a non-MRI-conditional CIED can perform an MRI
at a field strength of 1.5 tesla without significant adverse events [21,22]. Even the cur-
rent European Society of Cardiology guideline states that 1.5 tesla MRI scans (limited to
SAR < 1.5 W/kg) may be considered in selected patients. The scans should be extrathoracic,
and patients should not be pacemaker-dependent, taking into account the risk–benefit
ratio of each patient [9]. For the patient in the third clinical case, a 3 tesla MRI brain
examination was recommended for the evaluation of the tumor; since the patient was
pacemaker-dependent, we decided to extract the leads and implant a new MR-conditional
CRT-P, to avoid any risk during the MRI scanning or afterward.

Dual-coil leads are associated with more fibrosis and tissue in-growth, increasing the
difficulty of extraction. The presence of two dual-coil implantable cardioverter-defibrillators
causes significantly increased procedural risks [23].

Fibrotic scar tissue develops in areas where the leads are in contact with the endothe-
lium. The first step is characterized by the thrombus formation along the lead at the time
of implantation. The second step is characterized by the fibrosis of the thrombus result-
ing in almost complete encapsulation of the lead with a fibrin sheath, within 4–5 days
of the implant procedure [24,25]. The venous entry site, the superior vena cava, and the
electrode–endocardial interface are the most commons sites of adhesion formation [26]. In
many patients, multiple areas of scar tissue are found, and this fibrotic tissue resists lead
extraction, which may complicate the extraction procedure [27].

Increased precautions should be taken when scheduling patients with venous oc-
clusion for TLE, as the lead extraction may be more difficult in these patients, requiring
more advanced tools and more time. Older occlusions consisting of heavy fibrosis or even
calcified tissue may require advanced extraction tools such as dilator sheaths and evolution
sheaths [28].

Even if dual-coil leads are associated with greater procedural extraction risk due to
fibrotic tissue in-growth into the proximal coil, another dual-coil lead was used in the first
clinical case, since it provides superior defibrillation for a right-sided implant [29].

During extraction, uncoiling of the leads can happen, which results in retained compo-
nents or failed extraction. To prevent this, a locking stylet was used to pull the lead from
the tip and seal the tip of the lead during extraction. A one-tie compression coil was used
for all procedures to aid in the removal of the lead, by binding the proximal components
together and to the engaged locking stylet [23].

3.3. Advantages of Rotational, Mechanical Extraction Devices

The first generation of rotational, mechanical extraction devices had a unidirectional
rotation mechanism, which was found to cause a phenomenon known as ‘lead wrapping’
in the presence of companion leads. Thus, the second generation of rotational, mechanical
extraction devices have been designed to address this issue. The bidirectional, rotational
mechanism seems to have a less aggressive tip, reducing the risk of damage to vascular
structures, leads, or myocardial tissue [30].
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Very commonly used bidirectional, rotational mechanism sheaths are the Evolution
mechanical dilator sheath and TightRail™ mechanical dilator sheath.

The Evolution mechanical dilator sheath (Cook Medical, Bloomington, IN, USA) uses
a rotational mechanism with a stainless-steel bladed tip to overcome fibrosis and cut
adherences. The outer sheath covers the cutting edge when cutting activity is not desired,
so venous walls are protected from damage. In addition, a shorter Evolution dilator sheath
(Shortie) has been designed with a sharper blade to facilitate venous access in cases with
extensive calcification under the clavicle [31].

The TightRail™ mechanical dilator sheath (Spectranetics Corp., Colorado Springs,
CO, USA) has a more flexible shaft with a shielded metal blade at the distal tip. The
flexible shaft facilitates progression through tortuous vascular structures and fibrotic and
calcific attachments. Moreover, the dilating metal blade at the distal tip is shielded until
activated [32].

Results from a multicenter Italian registry that enrolled 124 patients with 238 lead
extracts reported a clinical success rate of 100%, with no deaths or major complications
and only five minor complications (4%), when an Evolution R bidirectional, rotational me-
chanical lead-extraction sheath was used [30]. Other studies that evaluated the TightRail ™
reported the same kind of results. Choi et al. successfully and safely used a TightRail ™
Evolution R bidirectional, rotational, mechanical lead-extraction sheath to extract 131 leads
from 86 patients, whose longest lead age was less than 10 years [33]. A more recent study by
Mazzone et al. reported the safety and efficacy of the bidirectional, rotational, mechanical
sheath TightRail™ for 57 lead extractions in 26 patients [34].

When comparing the two types of rotational, mechanical dilator sheaths regarding
the efficacy and safety of transvenous lead extraction in different clinical indications for
163 lead extractions in 98 consecutive patients, the conclusion was that using the Evolution
and the TightRail rotational, mechanical dilator sheaths was similarly effective and safe [35].

For all three cases presented, the fluoroscopy time was reduced. These bidirectional
powered-extraction sheaths with rotating sharp blades at the tip are a safe method that
allows for both fluoroscopy and the overall procedural time to be reduced and ensures
better patient comfort [35].

3.4. Practical Approaches When Performing TLE Using Rotational, Mechanical Extraction Devices

In order to reduce the risk of complications during TLE procedures, we suggest paying
special attention to the following steps:

- a contrast dye injection should be performed on the peripheral vein of the involved
region to highlight the deep venous and collateral circulation;

- it is essential to insert the locking guide (locking-stylet type) up to the tip of the lead
in order to stiffen the lead as much as possible;

- it is essential to always perform a light traction of the assembly that indicates use in
the fixation areas: subclavian vein, left brachiocephalic vein or only at the tip of the
lead in RA and RV;

- it is essential to choose the extraction sheath well, usually 2 French larger than the
lead’s diameter;

- it is essential to exert a continuous and constant traction force to achieve an optimal
rotational sheath’s rail, without rash tractions;

- in certain situations, it is profitable to use a short sheath and to release the lead at
the level of the subclavian vein and the brachiocephalic vein, which should then be
replaced with a long sheath in order to release the lead up to its tip;

- the use of a counterattraction sheath, handled by a second operator, might be useful
to fix the fibrin ties and to facilitate their cutting as well as to prevent inversion of the
ventricular wall at the lead’s tip and to facilitate its release.
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4. Conclusions

Transvenous lead extraction is regarded as the first-line strategy for the management
of complications associated with cardiac implantable electronic devices when lead removal
is indicated. The decision to perform a lead extraction should take into consideration not
only the clinical indication for the procedure but also many other factors such as risks
versus benefits, extractor and team experience, and even patient preference. Bidirectional,
rotational mechanism sheaths can be safely used for these procedures.
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Abstract: We compared the effects of right ventricular (RVP; n = 26) and His bundle (HBP; n = 24)
pacing in patients with atrioventricular conduction disorders and preserved LVEF. Postoperatively
(1D), and after six months (6M), the patients underwent global longitudinal strain (GLS) and peak
systolic dispersion (PSD) evaluation with 2D speckle-tracking echocardiography, assessment of
left atrial volume index (LAVI) and QRS duration (QRSd), and sensing/pacing parameter test-
ing. The RVP threshold was lower than the HBP threshold at 1D (0.65 ± 0.13 vs. 1.05 ± 0.20 V,
p < 0.001), and then it remained stable, while the HBP threshold increased at 6M (1.05 ± 0.20 vs.
1.31 ± 0.30 V, p < 0.001). The RVP R-wave was higher than the HBP R-wave at 1D (11.52 ± 2.99
vs. 4.82 ± 1.41 mV, p < 0.001). The RVP R-wave also remained stable, while the HBP R-wave
decreased at 6M (4.82 ± 1.41 vs. 4.50 ± 1.09 mV, p < 0.02). RVP QRSd was longer than HBP QRSd
at 6M (145.0 ± 11.1 vs. 112.3 ± 9.3 ms, p < 0.001). The absolute value of RVP GLS decreased at 6M
(16.32 ± 2.57 vs. 14.03 ± 3.78%, p < 0.001), and HBP GLS remained stable. Simultaneously, RVP PSD
increased (72.53 ± 24.15 vs. 88.33 ± 30.51 ms, p < 0.001) and HBP PSD decreased (96.28 ± 33.99 vs.
84.95 ± 28.98 ms, p < 0.001) after 6 months. RVP LAVI increased (26.73 ± 5.7 vs. 28.40 ± 6.4 mL/m2,
p < 0.05), while HBP LAVI decreased at 6M (30.03 ± 7.8 vs. 28.73 ± 8.7 mL/m2, p < 0.01). These
results confirm that HBP does not disrupt ventricular synchrony and provides advantages over RVP.

Keywords: His bundle pacing; ventricular synchrony; 2D speckle-tracking echocardiography; global
longitudinal strain; left atrial volume

1. Introduction

Cardiac electrotherapy is a rapidly developing field of medicine. Modern biomedical
technology provides opportunities to create devices that are small, durable and safe, with
complex delivery systems or even leadless. Stimulation methods have also changed
with the development of new technologies. Previously, we sought effective methods of
stimulation, but we now seek methods that are both effective and physiological.

Right ventricular pacing (RVP) is common and easy to use. It requires no extraordi-
nary surgical skills, allows practitioners to obtain adequate sensing and pacing parameters
and causes minimal periprocedural complications. Unfortunately, it can cause both elec-
trical and mechanical ventricular dyssynchrony, which diminishes the left ventricular
(LV) function and may result in more frequent atrial fibrillation, heart failure and even
death [1,2].

A significant milestone in electrotherapy was the introduction of biventricular stimula-
tion, which partially restores the synchrony of contractions in both ventricles and improves
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LV systolic function—benefits that are especially noticeable in patients with reduced LV
ejection fraction (LVEF) and left bundle branch block. However, this method requires an
additional pacing lead and is not suitable for all patients [3].

His bundle pacing (HBP), first described in 2000 by Deshmukh et al., appears to be
the most physiological (and, therefore, optimal) form of cardiac stimulation. By pacing
the native His-Purkinje system, HBP provides direct and synchronous stimulation of
both ventricles [4,5]. Recent studies have shown that, although this is not a flawless
method (it is technically difficult, generates low R-wave amplitudes, has a high rate of
electrode dislocation and involves a high and often unstable stimulation threshold), it is
feasible, produces a narrow QRS duration and prevents the development of pacing-induced
cardiomyopathy [6]. Notably, in some cases, HBP efficiently corrects pre-existing bundle
branch block, shortening the QRS duration and restoring the physiological synchrony of
contractions [7].

Two-dimensional speckle-tracking echocardiography (2D STE) enables quantitative
analysis of the degree of deformation in myocardial segments, as well as the scale of
contraction dyssynchrony. Previous studies have shown that global longitudinal strain
(GLS) and peak systolic dispersion (PSD) enable a more objective, accurate and reproducible
assessment of myocardial dysfunction compared with tissue doppler imaging (TDI) or
measurement of LVEF [8], which, so far, have been mainly used to assess the hemodynamic
effects of HBP [9,10]. Left atrial volume is a recognised indicator of LV diastolic dysfunction,
and it is a good predictor of atrial fibrillation [11]. The aim of this study was to analyse the
safety and hemodynamic effects of chronic HBP compared with RVP using 2D STE.

2. Materials and Methods

This single-center, prospective, observational study was performed in Pomeranian
hospitals. The participants (n = 50) were consecutive patients scheduled for permanent
pacing therapy according to the current guidelines. The protocol was approved by the
local ethics committee (KB-35/21) and all participants provided written informed consent.
Patients at least 18 years of age, with a need for frequent (≥70%) or continuous ventricular
pacing, and with normal left ventricular systolic function (EF ≥ 50%) were considered for
enrollment in the study. Exclusion criteria were chronic congestive heart failure, acute
coronary syndrome, cardiomyopathy, advanced kidney or liver disease and any infectious
disease. Patients with previously implanted cardiac pacing devices were also excluded.

Patients were divided into two groups: Group I (n = 26) underwent pacemaker
implantation with RVP; Group II (n = 24) underwent pacemaker implantation with HBP.
Right ventricular leads were implanted in standard mode. If required, the atrial lead
was typically placed in the right atrial appendage. His bundle leads (Select Secure 3830,
69 cm, Medtronic Inc., Fridley, MN, USA) were placed with the appropriate delivery
sheath (C315HIS, Medtronic Inc., Fridley, MN, USA) using an electrophysiology system for
His potential mapping. Eight patients in Group I were diagnosed with permanent atrial
fibrillation and high-degree atrio-ventricular block (AVB), and 18 were diagnosed with
sinus rhythm and AVB. Thirteen patients in Group II were diagnosed with permanent atrial
fibrillation and high-degree AVB, and 11 were diagnosed with sinus rhythm and AVB.

Pacing threshold and R-wave amplitude were recorded using the Medtronic system
analyser (model 2090) immediately after the procedure (1D) and after six months (6M). QRS
complex duration (QRSd) was obtained via electrophysiological equipment with electronic
calipers at a sweep speed of 100 mm/s. QRSd was measured in lead V6 from the onset of
intrinsic/paced QRS to the end of the QRS complex, before pacemaker implantation (0D),
immediately after the procedure (1D) and at the 6-month follow-up visit (6M).

All patients underwent transthoracic echocardiography (VIVID S70 with M5Sc trans-
ducer, GE Healthcare System, Chicago, Il, USA) before, immediately after implantation (1D)
and six months later (6M). This procedure was performed by one experienced sonographer
(JM). Only echocardiograms of good quality and with frame rates between 40 and 80 frames
per second were included for analysis. Left atrial volume index (LAVI) was calculated
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by dividing the endsystolic left atrial volume (measured with the area-length method) by
the body surface area of patients. Estimation of global longitudinal peak systolic strain
and peak systolic dispersion by 2D speckle tracking was performed in standard apical
two-, three- and four-chamber views and calculated automatically (automated function
imaging) offline using GE EchoPAC software (PC version 201). Moreover, AV delay was
programmed postoperatively using echocardiography in order to provide the longest left
ventricular diastolic filling time without atrial wave truncation, if applicable, separately for
the sensed and the paced mode [12].

Statistical analysis was performed using IBM SPSS Statistics 18 software (SPSS Inc.,
Chicago, IL, USA) and Microsoft Excel 2007 software. Continuous data are expressed as
mean ±SD, and the statistical significance of differences between the groups was assessed
using the Student’s t-test (or the Mann–Whitney test if the data were not normally dis-
tributed). Categorical data are expressed as percentages, and the statistical significance
of differences between the groups was assessed using the χ2 test. All p values under 0.05
were considered significant.

3. Results

The study cohort consisted of 50 consecutive patients (28 men and 22 women), ran-
domly assigned to one of the two pacing sites. HBP was attempted in 26 patients; however,
we failed in two cases, due to an unmappable His signal (1) and an unacceptably high His
pacing threshold, respectively (1; overall success rate: 92%). In all, we included 24 patients
with HBP (13 men and 11 women; 73.0 ± 14.4 years) and 26 with RVP (15 men and 11
women; 77.2 ± 6.7 years). All patients had high-degree atrioventricular conduction disor-
der, so we anticipated high rates of ventricular pacing (>70%). All the procedures were
denovo implantations. Patient characteristics are presented in Table 1. There were no
differences in demographic parameters, rates of comorbidities or indication for cardiac
pacing between the groups.

Table 1. Clinical characteristics of patients with right ventricular pacing (RVP) and His bundle
pacing (HBP).

RVP
(n = 26)

HBP
(n = 24) p-Value

Demographics
Age (years) 77.2 ± 6.7 73.0 ± 14.4 n.s.
Sex (male, n/%) 15/58 13/54 n.s.

Indication for Pacing
Sick Sinus Syndrome (n/%) 0/0 0/0 n.s.
Sinus Rhythm with AVB (n/%) 18/69 11/46 n.s.
Permanent Atrial Fibrillation with High-Degree AVB (n/%) 8/31 13/54 n.s.

Comorbidities
Hypertension (n/%) 17/65 16/67 n.s.
Diabetes (n/%) 11/42 8/33 n.s.
Coronary Artery Disease (n/%) 8/31 6/25 n.s.
Chronic Kidney Disease (n/%) 8/31 5/21 n.s.
Atrial Fibrillation (n/%) 10/38 17/71 n.s.
LBBB/RBBB (n/%) 1/4 6/25 n.s.

At baseline (0D), RVP QRSd was shorter than HBP QRSd (108.1± 15.6 vs. 121.7± 23.4 ms,
p < 0.05), but it significantly increased immediately after pacemaker implantation (108.1 ± 15.6
vs. 143.4 ± 9.2 ms, p < 0.001) and over the following six months (108.1± 15.6 vs. 145.0± 11.1 ms,
p < 0.001). HBP QRSd did not significantly change during this time (121.7 ± 23.4 vs.
112.3 ± 9.3 ms, n.s.). In the 6-month follow-up visit, RVP QRSd was noticeably longer than
HBP QRSd (145.0 ± 11.1 vs. 112.3 ± 9.3 ms, p < 0.001). These data are presented in Figure 1.
The 12-lead ECG data of selected pacing are presented in Figure 2.
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Figure 1. QRS complex duration (QRSd) in patients with right ventricular pacing (RVP) and His bundle pacing (HBP),
at baseline (0D), immediately after pacemaker implantation (1D) and 6 months later (6M). Statistical analysis presented:
(a) within and (b) between the studied groups of patients.

Figure 2. Comparison of 12-lead ECG recorded at a sweep speed of 25 mm/s before (0D) and
6 months after (6M) pacemaker implantation in selected patients treated with right ventricular pacing
(RVP), His bundle pacing (HBP) and His bundle pacing in patients with pre-existing LBBB (HBPLBBB).
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There were significant differences in pacing threshold and R-wave amplitude between
the RVP and HBP groups (Table 2). Immediately after pacemaker implantation (1D),
the pacing threshold in the RVP group was lower than in the HBP group (0.65 ± 0.13
vs. 1.05 ± 0.20 V, p < 0.001); then, it remained stable until the 6-month follow-up visit.
Meanwhile, the pacing threshold in the HBP group significantly increased (1.05 ± 0.20 vs.
1.31 ± 0.30 V, p < 0.001). The R-wave amplitude measured at 1D was higher in the RVP
group than in the HBV group (11.52 ± 2.99 vs. 4.82 ± 1.41 mV, p < 0.001). It also remained
stable until the 6-month follow-up visit, while the R-wave amplitude in the HBP group
significantly decreased (4.82 ± 1.41 vs. 4.50 ± 1.09 mV, p < 0.02).

Table 2. Comparison of selected variables between (and within) RVP and HBP groups of patients immediately after
pacemaker implantation (1D) and at 6-month follow-up visit (6M). Abbreviations: RVP—right ventricular pacing; HBV—
His bundle pacing; GLS—global longitudinal strain; PSD—peak systolic dispersion; LAVI—left atrial volume index.

RVP1D HBP1D
p-

Value RVP1D RVP6M
p-

Value HBP1D HBP6M
p-

Value RVP6M HBP6M
p-

Value

Threshold (V) 0.65 ± 0.1 1.05 ± 0.2 <0.001 0.65 ± 0.1 0.66 ± 0.2 n.s. 1.05 ± 0.2 1.31 ± 0.3 <0.001 0.66 ± 0.2 1.31 ± 0.3 <0.001
R-wave (mV) 11.52 ± 3.0 4.82 ± 1.4 <0.001 11.52 ± 3.0 11.41 ± 2.3 n.s. 4.82 ± 1.4 4.50 ± 1.1 <0.02 11.41 ± 2.3 4.50 ± 1.1 <0.001

GLS (-%) 16.32 ± 2.6 14.85 ± 2.5 =0.051 16.32 ± 2.6 14.03 ± 3.8 <0.001 14.85 ± 2.5 14.98 ± 2.0 n.s. 14.03 ± 3.8 14.98 ± 2.0 n.s.
PSD (ms) 72.53 ± 24.2 96.28 ± 34.0 <0.01 72.53± 24.2 88.33 ± 30.5 <0.001 96.28 ± 34.0 84.95 ± 29.0 <0.001 88.33 ± 30.5 84.95 ± 29.0 n.s.

LAVI (mL/m2) 26.73 ± 5.7 30.03 ± 7.8 n.s. 26.73 ± 5.7 28.40 ± 6.4 <0.05 30.03 ± 7.8 28.73 ± 8.7 <0.01 28.40 ± 6.4 28.73 ± 8.7 n.s.

Postoperatively (1D), the absolute value of global longitudinal strain (GLS) was greater
in the RVP group than in the HBP group (Table 2); however, this difference fell slightly
short of significance (16.32 ± 2.57 vs. 14.85 ± 2.52%, p = 0.051). After six months, GLS
significantly decreased in the RVP group (16.32 ± 2.57 vs. 14.03 ± 3.78%, p < 0.001) and
remained stable in the HBP group. No significant difference was found in GLS between
the two groups six months after pacemaker implantation (14.03 ± 3.78 vs. 14.98 ± 1.96%,
n.s.). Additionally, we analysed whether there were any differences in GLS between
patients with sinus rhythm and AVB (SR+AVB) vs. patients with atrial fibrillation and AVB
(AF+AVB). Postoperatively (1D), the absolute value of GLS in the RVP group was greater
in the SR+AVB patients than in the patients with AF+AVB (16.93 ± 2.5 vs. 14.7 ± 2.1%,
p < 0.05), and this difference was maintained after 6 months of follow-up (15.00 ± 3.5 vs.
11.68 ± 3.3%, p < 0.05). There were no significant differences in the absolute value of GLS
SR+AVB vs. AF+AVB in the HBP group at 1D or 6M. It is worth noting that the absolute
value of GLS in the RVP group decreased over 6 months in both SR+AVB and AF+AVB
patients (16.93 ± 2.5 vs. 15.00 ± 3.5%, p < 0.005; 14.70 ± 2.1 vs. 11.68 ± 3.3%, p < 0.005;
respectively), while it remained stable in both analysed groups of patients if the His bundle
was paced. The data are presented in Table 3.

Table 3. Comparison of global longitudinal strain (GLS) between patients with sinus rhythm and atri-
oventricular block (SR+AVB) vs. patients with atrial fibrillation and atrioventricular block (AF+AVB)
immediately after pacemaker implantation (1D) and at 6-month follow-up visit (6M). Abbreviations:
RVP—right ventricular pacing; HBV—His bundle pacing.

1D 6M p-Value

RVP (SR+AVB) 16.93 ± 2.5 15.00 ± 3.5 <0.005
RVP (AF+AVB) 14.70 ± 2.1 11.68 ± 3.3 <0.005

p-value <0.05 <0.05

HBP (SR+AVB) 14.37 ± 2.9 15.20 ± 2.1 n.s.
HBP (AF+AVB) 15.76 ± 2.3 15.18 ± 1.9 n.s.

p-value n.s. n.s.

Immediately after implantation (1D), peak systolic dispersion (PSD) was greater in the
HBP group than in the RVP group (96.28 ± 33.99 vs. 72.53 ± 24.15 ms, p < 0.01). After six
months, PSD significantly increased in the RVP group (72.53 ± 24.15 vs. 88.33 ± 30.51 ms,
p < 0.001) and significantly decreased in the HBP group (96.28 ± 33.99 vs. 84.95 ± 28.98 ms,
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p < 0.001). No significant difference was found in PSD between the two groups at the
six-month follow-up visit (88.33 ± 30.51 vs. 84.95 ± 28.98 ms, n.s.). The data are presented
in Table 2. GLS and PSD bull’s eye diagrams are presented in Figure 3.

Figure 3. Echocardiographic assessment of left ventricular function using 2D speckle-tracking technique: bull’s eye diagram
of global longitudinal strain and peak systolic dispersion of selected patients with right ventricular pacing (RVP) and His
bundle pacing (HBP) obtained immediately after pacemaker implantation (1D) and at 6-month follow-up visit (6M).

The left atrial volume index (LAVI) was also measured (Table 2). There was no differ-
ence in LAVI between the two groups postoperatively (26.73 ± 5.7 vs. 30.03 ± 7.8 mL/m2,
n.s.). Over the next six months, LAVI in the RVP group significantly increased (26.73 ± 5.7
vs. 28.40 ± 6.4 mL/m2, p < 0.05), while it significantly decreased in the HBP group
(30.03 ± 7.8 vs. 28.73 ± 8.7 mL/m2, p < 0.01). However, there was still no difference be-
tween the groups at the 6-month follow-up visit (28.40 ± 6.4 vs. 28.73 ± 8.7 mL/m2, n.s.).

4. Discussion

HBP is a natural step in the development of cardiac electrotherapy that enables the
physiological stimulation of the heart. Recent research has demonstrated that HBP is justi-
fied both theoretically and practically. Physiological stimulation of the heart is supposed to
improve electrocardiographic and echocardiographic parameters and provide beneficial
effects in terms of quality of life, morbidity and even mortality. We demonstrated that HBP
provides significant benefits over the commonly used RVP in terms of its electrocardio-
graphic and echocardiographic parameters, which can be assumed to improve quality of
life and reduce morbidity and mortality over the long term.

HBP is assumed to be more difficult to install than RVP, and, furthermore, HBP’s
achieved pacing/sensing parameters are worse than RVP’s. Our results confirm these
assumptions. The stimulation threshold in the HBP group immediately after implantation
was fully acceptable, but it was higher than the RVP group’s pacing threshold. Moreover,
this threshold increased slightly over the six-month follow-up period, while it remained
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stable in the RVP group. The R-wave in the RVP group was also high and stable. In
the HBP group, the R-wave was significantly lower immediately after the procedure,
and it decreased further after six months. Similar differences were noticed in previous
studies [13,14]. Group differences in the observed values do not, however, arouse any
practical concern. While the above data are more favourable in the RVP group, which
could be better in terms of pacemaker battery life, the data from both groups fall within
ranges that ensure safe and effective pacing. However, the expected clinical benefits should
outweigh the risk of greater energy loss and presumably faster battery consumption.

Electromechanical left ventricular systolic dyssynchrony causes most of the negative
consequences associated with RVP, including pacing-induced cardiomyopathy [15]. This is
not a common phenomenon in cardiac electrotherapy, but it is one of the most important
reasons that researchers have focused more on physiological stimulation. QRSd is a
good indicator of electrical synchrony. Our results show that, unlike RVP, HBP does not
disrupt QRSd, triggering a simultaneous depolarization of the ventricles. QRSd in the
RVP group significantly increased immediately after the procedure and (although less
significantly) over the following six months. On the other hand, QRSd in the HBP group
did not change significantly after the procedure, remaining relatively stable throughout
the observation period. The stimulation mode influenced not only electrical but also
mechanical synchrony, as evidenced by the peak systolic dispersion (PSD) measurements
obtained using 2D STE. PSD adequately reflects the degree of mechanical dyssynchrony
accompanying electrotherapy [16] and is used to assess left ventricular dysfunction in other
pathologies as well [17,18]. Our PSD results are consistent with our findings for QRSd.
During the six months of follow-up, PSD in the RVP group significantly increased, along
with the prolonged QRSd, indicating electromechanical dyssynchrony in these patients.
On the other hand, PSD in the HBP group significantly decreased. Similar conclusions
have been presented in previous studies. Tang et al. showed a significantly greater PSD
in the RVP group than in the HBP group as early as one week after the procedure [14].
Sun et al. observed significantly greater PSD values in the RVP group compared with the
left bundle branch pacing (LBBP) group [19]. Bednarek et al. noted higher PSD values in
patients with nonselective LBBP compared with patients with selective LBBP [16]. These
studies support the hypothesis that the more physiological the stimulation, the lower the
PSD values (thus, the lower the mechanical dyssynchrony).

Global longitudinal strain (GLS) is currently perceived as a highly valuable tool for
assessing myocardial contractility disorders, much more sensitive than LVEF [8,20]. It is a
good predictor of adverse events in patients with heart failure [21]. Studies show that the
absolute value of GLS is significantly reduced when RVP is used [22]; GLS helps to predict
the development of pacing-induced ventricular dysfunction [23]. Prakash et al. showed
that GLS did not change during the six-month follow-up in patients with HBP, regardless
of whether HBP was selective or nonselective [24]. In a study by Fehske et al., GLS in the
RVP group was significantly reduced, while GLS in the HBV group did not change [25].
Our study corroborates these findings. GLS decreased significantly in the RVP group and
did not change in the HBP group. There was no significant difference between the groups
at the 6-month follow-up visit. We assume that extending the observation period would
allow us to obtain a statistically significant difference. The observed effects were similar in
patients with both sinus rhythm and permanent atrial fibrillation.

RVP adversely affects the structure and function of the left atrium [26]. In this study,
we compared changes in LAVI, which reflect LV diastolic dysfunction. Increased LAVI
is also a risk factor for the development of atrial fibrillation [11,27]. LAVI increased
significantly in the RVP group and decreased in the HBP group. Pastore et al. also noted
that RVP resulted in increased left atrial volume parameters compared with HBP [28]. This
is another important feature of the hemodynamic disruptions accompanying RVP—one
that can be avoided by changing the method of stimulation. Further studies are necessary
to determine whether this intervention leads to a reduction in the incidence of clinical
atrial fibrillation.
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5. Limitations of the Study

This was a prospective, observational study with all the limitations characteristic
for single-center studies. The number of patients and follow-up duration were limited
and therefore the results should be interpreted with caution. Nevertheless, we demon-
strated that HBP, when compared to RVP, maintains electrical and mechanical ventricular
synchrony, preventing heart muscle systolic and diastolic function disorders. A larger, ran-
domized, multicenter trial comparing RVP to HBP, with long-term follow-up, is necessary
to confirm our findings.

6. Conclusions

The present study confirms the feasibility of HBP, with a high success rate (92%).
This method provides adequate pacing and sensing parameters. Above all, unlike RVP,
HBP does not disrupt electrical and mechanical ventricular synchrony, which can pre-
vent the remodeling of the heart muscle that leads to systolic and diastolic dysfunction
disorders. Thus, HBP maintains the hemodynamic balance, the lack of which leads to
arrhythmias, heart failure and an increase in mortality. It is expected that, in the coming
years, HBP/LBBP will become a commonly used method of cardiac pacing.
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Abstract: Patients with cardiac amyloidosis (CA) have an increased risk of sudden cardiac death.
(SCD). However, the role of an implantable cardioverter-defibrillator in the primary prevention
of SCD in this group of patients is still controversial. We present a case with CA with recurrent
syncope and non-sustained ventricular tachycardia. In order to further stratify the risk of SCD, an
electrophysiological study with endocardial electroanatomic voltage mapping was performed prior
to the ICD placement.

Keywords: cardiac amyloidosis; implantable cardioverter-defibrillator; sudden cardiac death; elec-
trophysiological study mapping

1. Introduction

We present a patient with cardiac amyloidosis (CA) resulting from clonal produc-
tion of immunoglobulin light chains (AL amyloidosis), with recurrent syncope and non-
sustained ventricular tachycardia (nsVT), who underwent electrophysiological study with
endocardial electro-anatomic voltage mapping, and was finally referred for implantable
cardioverter-defibrillator (ICD) placement for primary prevention of sudden cardiac
death (SCD).

Two main types of CA are: immunoglobulin light chain (AL) amyloidosis (AL-CA)
and transthyretin (ATTR) CA. There has been a steady increase in the diagnosis of CA over
the past decade. This is largely due to the development of non-invasive imaging modalities,
such as strain echocardiography and scintigraphic nuclear imaging. The prevalence of
AL-CA is 8–12 per million per year and it accounts for almost 70% of all newly diagnosed
patients with CA [1].

The prognosis in CA is poor, patients typically show symptoms and signs of progres-
sive heart failure. Cardiac arrhythmias, particularly atrial fibrillation are well-documented,
but there is less data on ventricular arrhythmias. It has been reported that SCD accounts
for up to 50% of all cardiac-related deaths in CA patients [2]. However, a study of AL-CA
patients with implanted cardiac rhythm recorder revealed bradycardia with subsequent
pulseless electrical activity (PEA) as a terminal rhythm in 62% of deaths [3]. Among
272 loop recordings, only one nsVT was found.

Therefore, the role of ICDs in the primary prevention of SCD in patients with CA
is still controversial. On the one hand, there is an increased risk of SCD in CA patients,
but other studies do not confirm that they benefit from ICD. It has been most frequently
reported in the literature that, despite fairly frequent adequate interventions, ICD therapy
does not provide a survival benefit in this patient group. Ventricular arrhythmias can be
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life-threatening, but these are the electromechanical disruptions or conduction disturbances
that are considered the most common causes of SCD in patients with CA.

Thus, the role of ICD is uncertain and there are no clear guidelines for such treatment
in CA patients. To date, several factors (including cardiac biomarkers and renal function
parameters) have been documented to predict overall mortality. However, little is known
about risk factors for the arrhythmic cause of SCD in CA patients. Furthermore, little is
known about the pathophysiology of ventricular arrhythmias in CA patients, including
invasive electrophysiological studies, which is essential for risk assessment [2].

In the presented patient, the endocardial voltage mapping was performed for the first
time, which may be important for understanding the causes of arrhythmias in these patients.

2. History of Presentation

A 51-year-old Caucasian male was admitted to the cardiology department for syncope
episodes and nsVT recorded on 7-day ambulatory Holter electrocardiographic (ECG)
monitoring. On admission, the patient presented with symptoms of heart failure of class
II according to the New York Heart Association (NYHA) classification, and occasional
chest pain during strenuous exercise. He reported three episodes of syncope during
normal activity in the last four months, the course of which could suggest arrhythmias
or orthostatic hypotension. Pulse rate was 68 bpm with a regular rhythm, systemic blood
pressure 108/69 mm·Hg, a third heart sound was audible on auscultation, but there were
no signs of lung congestion or peripheral edema. The medications the patient was taking
were diuretics (furosemidum 2 × 40 mg daily, spironolactone 50 mg daily) and ramipril
5 mg daily. The latter was withdrawn on admission due to low BP.

2.1. Past Medical History

Fifteen months earlier this patient was diagnosed with multiple myeloma and con-
comitant renal and CA resulting from AL fibrils deposit composed of monoclonal im-
munoglobulin lambda-type light chains (AL amyloidosis). The abdominal fat tissue biopsy
revealed amyloid deposits after Congo red staining. Transthoracic echocardiography (TTE)
showed biatrial enlargement, concentric left ventricular (LV) and right ventricular (RV)
myocardial hypertrophy, preserved LV ejection fraction (LVEF) of 55%, and LV diastolic
dysfunction. Cardiac magnetic resonance imaging (cMRI) revealed a spectrum of typical
features of CA. The patient was referred for chemotherapy and underwent four cycles ac-
cording to the MPV regimen (melphalan, prednisone, bortezomib), and later the treatment
was changed to VCD (bortezomib, cyclophosphamide, dexamethasone). After one year
of treatment, based on the haematological response criteria, a good partial response was
obtained (free light chain normalization, significant reduction of proteinuria).

2.2. Investigations

Upon admission blood tests revealed an increased N-terminal pro-brain natriuretic
peptide (NT-proBNP) level of 1700 pg/mL (normal: <40 pg/mL) and hs-cTnI concen-
tration of 0.134 ng/mL (normal: <0.034 ng/mL), creatinine level was 1.08 and eGFR
79 mL/min/1.73 m2 and electrolyte levels were normal.. The patient was classified in
stage III according to the Mayo 2004 staging system [4]. ECG showed sinus rhythm with
low voltage QRS complexes in limb leads, right axis deviation and right bundle branch
block. There was no narrowing of coronary arteries in coronary computed tomography
angiography, and the Agatston score was 0. Seven-day ambulatory Holter ECG monitoring
revealed three nsVT episodes with two different morphologies (the fastest of 169 bpm,
and the longest of 7 s and including 20 beats). During Holter monitoring, the patient
reported dizziness and worsening of exercise intolerance. TTE demonstrated, as previously,
enlargement of the left (36 mL/m2) and right atrium (28 cm2), LV hypertrophy (interven-
tricular septum up to 14 mm), mildly reduced LVEF of 50%, a restrictive filling pattern
and a significantly abnormal LV global longitudinal strain (GLS) of −10.4% with an apical
sparing pattern (Figure 1A,B).
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Figure 1. (A) Transthoracic echocardiography (TTE Vivid S95, GE Healthcare, Chicago, IL, USA): 4- chamber apical view
demonstrating ventricular hypertrophy and atrial enlargement; (B) TTE (Vivid S95, GE Healthcare, Chicago, IL, USA): Left
ventricular (LV) global longitudinal strain showing LV “apical sparring” pattern; (C) Cardiac magnetic resonance imaging
(cMRI; Siemens Aera, 1.5 T, Erlangen, Germany): Phase-sensitive inversion recovery sequence showing the extent and distribution
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of late gadolinium enhancement (LGE) in the 4-chamber plane. Generalized, diffuse LGE is shown, involving the entire
left and right ventricles as well as atrial walls; (D) cMRI (Siemens Aera, 1.5 T, Erlangen, Germany): Modified Look-
Locker inversion recovery (MOLLI) sequence showing very low post-contrast T1 values, similar to the blood pool values,
corresponding to the markedly increased myocardial extracellular volume (ECV) of 70% (reference range: 26 ± 3%);
(E,F) Bipolar endocardial voltage map of the right ventricle (RV) (3D electroanatomical system CARTO 3, ThermoCool
SmartTouch catheter -Biosense Webster Inc, Irvine, CA, USA) obtained in the presented patient with AL cardiac amyloidosis
(E), and in the patient without any heart disease (F). Both patients exhibit normal myocardial bipolar voltages as indicated
by a purple color representing normal myocardium with a voltage > 1.5 mV.

The cMRI showed very high native T1 and T2 relaxation times, markedly increased
extracellular volume fraction (ECV) of 70% and generalized transmural late gadolinium
enhancement (LGE) involving the entire LV and RV myocardium as well as the atrial
walls (Figure 1C,D). Microvolt T-wave alternans (MTWA) testing was performed on a
treadmill, and the result was negative. After approval by a local ethics committee and
the patient’s written informed consent was obtained (ethical approval reference number:
NKBBN/725/2020), an invasive electrophysiology study (EPS) was performed and re-
vealed abnormal sinoatrial and atrioventricular (AV) conduction. The corrected sinus node
recovery time (cSNRT) was significantly abnormal: with the first pause at 4.6 s and the
second pause at 5.5 s (normal value < 1.5 s). The His bundle-ventricular (HV) interval was
prolonged to 62 ms (normal range 35–55 ms). Programmed ventricular stimulation was
performed in accordance with the local protocol: up to three extrastimuli at two paced
cycle lengths: 600 ms and 400 ms and the pacing site was the RV apex. No arrhythmia
was induced. Then, bipolar endocardial electro-anatomic voltage mapping of RV and right
atrium was performed with the use of ThermoCool SmartTouch catheter (Biosense Webster
Inc., Irvine, CA, USA) and 3D electroanatomical system CARTO 3. It revealed normal
voltage of endocardial potentials and no low voltage areas were recorded (Figure 1E). This
image was similar to that of a patient without any heart disease, who had intracardiac right
heart mapping prior to ablation for ventricular arrhythmia originated from the RV outflow
tract (Figure 1F).

Finally, a dual-chamber ICD was inserted (Rivacor 5 DR-T, Biotronik, Germany).
During the 12-month follow-up, there were no episodes of arrhythmia in the routine
ICD controls.

Currently, the patient is after an autologous stem-cell transplant.

3. Discussion

Among patients with CA, SCD accounts for up to 50% of all cardiac deaths [5].
However, the frequency of arrhythmic SCD is unknown, and electromechanical dissociation
or (less commonly) AV conduction disturbances are considered the most common cause
of SCD in CA patients. nsVT is commonly found in patients with CA, but has a low
predictive value as a risk factor for malignant ventricular arrhythmias [2]. Consequently,
the role of ICD is controversial in this group of patients and there are currently no European
guidelines on ICD treatment for primary prevention in patients with CA. According to the
2019 Heart Rhythm Society consensus statement, a prophylactic ICD implantation may
be considered in patients with AL cardiac amyloidosis and nsVT in whom the expected
survival is longer than 1 year [6]. However, this is only a class IIb recommendation.
Furthermore, a syncope is a common finding in CA patients, but is a non-specific symptom
and may result from various causes, not only arrhythmias, such as orthostatic hypotension,
autonomic dysfunction, the use of diuretics or vasodilating drugs, and AV conduction
disturbances [2].

In the presented patient, EPS was performed in order to further stratify the risk of
SCD. It should be emphasized that EPS is rarely performed in CA patients, and we found
only two studies reporting electrophysiological abnormalities among CA patients in EPS.
So far, there are no studies that have performed intracardiac mapping in this patient group.
Reisinger at al. [5] indicated that markedly prolonged HV interval (≥80 ms) in patients
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with CA was the only independent predictor for SCD; however, this did not occur in the
presented case (HV interval of 62 ms). The HV interval > 55 ms is frequently found in CA
patients [2,5]. Its significant prolongation (≥80 ms) may indicate, on the one hand, a risk of
complete AV block occurrence due to amyloid infiltration of the conduction system, and on
the other hand, a significant infiltration of the myocardium by amyloid fibrils and thus an
increased risk of death due to electromechanical dissociation or ventricular arrhythmias [5].
However, ventricular tachyarrhythmias are rarely induced in EPS in CA patients [2,5] and
also have not been induced in the presented patient. In turn, low-voltage areas detected
during endocardial electro-anatomical mapping may indicate the presence of potential
arrhythmogenic substrate for ventricular tachycardia (VT) [7]. However, to our surprise,
the results of right heart voltage mapping our patient did not reveal any abnormalities,
suggesting that the substrate for VT (if any) may be difficult to identify. Additionally, we
found no correlation between the electro-anatomical mapping (absence of low voltage areas
in the right heart) and LGE (diffuse, involving most of the myocardium). Furthermore,
the MTWA testing, which was previously considered a predictor of increased risk of SCD
in patients with heart failure, was negative in the presented case [8]. Nevertheless, based
on the current knowledge and the proposed algorithm (Figure 2), the final decision was
to implant an ICD. The patient reported recurrent syncope, nsVT was documented, but
was in a relatively early stage of heart disease as indicated by the mildly elevated cardiac
biomarkers and preserved LVEF. However, the patient was diagnosed with reduced LV
GLS and diffuse transmural LGE, which are considered markers potentially identifying
CA patients that may benefit from ICD implantation [2].
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ICD: implantable cardioverter-defibrillator; LVEF: left ventricular ejection fraction; NT-proBNP: 
N-terminal pro brain natriuretic peptide; nsVT: non-sustained ventricular tachycardia; LV GLS: 
left ventricular global longitudinal strain; LGE: late gadolinium enhancement. 

4. Conclusions 
Data on the role of EPS in CA patients are limited. Normal voltage of endocardial 

potentials, found for the first time in a patient with AL amyloidosis, in combination with 
a negative result of programmed ventricular stimulation, may indicate a small potential 
arrhythmogenic substrate in patients with CA. This is in line with the observation that 
patients with CA do not benefit from ICD for primary prevention. Further prospective 
studies are needed to understand the pathophysiology of arrhythmias in CA patients and 
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Figure 2. The algorithm proposed for qualifying cardiac immunoglobulin-derived light chains
amyloidosis (AL) patients for ICD implantation in primary prevention of sudden cardiac death
(2). ICD: implantable cardioverter-defibrillator; LVEF: left ventricular ejection fraction; NT-proBNP:
N-terminal pro brain natriuretic peptide; nsVT: non-sustained ventricular tachycardia; LV GLS: left
ventricular global longitudinal strain; LGE: late gadolinium enhancement.
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On the other hand, there were no abnormalities in endocardial voltage mapping of
RV and right atrium, and supposing that in AL amyloidosis, amyloid fibrils infiltrate both
left and right ventricles, it can be assumed that the result of LV endocardial mapping
would be similar. The significance of these findings is evidenced by the fact that during the
12-month follow-up, the patient did not develop any ventricular arrhythmias. However,
the occurrence of arrhythmias with a slower rate than the programmed detection rate of the
ICD cannot be excluded. This could potentially cause an underestimation of arrhythmia
burden. Therefore, EPS testing may be considered to better stratify the risk of SCD in
patients with CA and nsVT.

4. Conclusions

Data on the role of EPS in CA patients are limited. Normal voltage of endocardial
potentials, found for the first time in a patient with AL amyloidosis, in combination with
a negative result of programmed ventricular stimulation, may indicate a small potential
arrhythmogenic substrate in patients with CA. This is in line with the observation that
patients with CA do not benefit from ICD for primary prevention. Further prospective
studies are needed to understand the pathophysiology of arrhythmias in CA patients and
thus to better stratify the risk of arrhythmic SCD.
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original draft preparation, A.L.-S.; writing—review and editing, E.L., A.D.-K.; visualization, G.S.;
supervision, E.L., T.K.; All authors have read and agreed to the published version of the manuscript.
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Paweł Stefańczyk 1 , Jarosław Kosior 5, Krzysztof Duda 5, Maciej Polewczyk 6,7 and Andrzej Kutarski 8

Citation: Tułecki, Ł.; Polewczyk, A.;
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Abstract: Background: Transvenous lead extraction (TLE) is the preferred management strategy for
complications related to cardiac implantable electronic devices. TLE sometimes can cause serious
complications. Methods: Outcomes of TLE procedures using non-powered mechanical sheaths were
analyzed in 1500 patients (mean age 68.11 years; 39.86% females) admitted to two high-volume
centers. Results: Complete procedural success was achieved in 96.13% of patients; clinical success
in 98.93%, no periprocedural death occurred. Mean lead dwell time in the study population was
112.1 months. Minor complications developed in 115 (7.65%), major complications in 33 (2.20%)
patients. The most frequent minor complications were tricuspid valve damage (TVD) (3.20%) and
pericardial effusion that did not necessitate immediate intervention (1.33%). The most common major
complication was cardiac laceration/vascular tear (1.40%) followed by an increase in TVD by two
or three grades to grade 4 (0.80%). Conclusions: Despite the long implant duration (112.1 months)
satisfying results without procedure-related death can be obtained using mechanical tools. Lead
remnants or severe tricuspid regurgitation was the principal cause of lack of clinical and procedural
success. Worsening TR(Tricuspid regurgitation) (due to its long-term consequences), but not car-
diac/vascular wall damage; is still the biggest TLE-related problem; when non-powered mechanical
sheaths are used as first-line tools.

Keywords: transvenous lead extraction; minor and major complications; cardiac laceration/vascular
tear; epicardial fluid; tricuspid valve damage

1. Introduction

Transvenous lead extraction (TLE) is considered an integral part of the management
strategy for complications related to the presence of cardiac implantable electronic devices
(CIED) [1–5].Due to the foreign body reaction and extensive fibrotic scarring around the
leads [6,7], TLE can sometimes cause severe damage to the veins and heart as manifested
by bleeding into the mediastinum or right pleural cavity, or acute pericardial effusion
depending on the location of the tear [1–5,8–12].Another problem we face in TLE is the
real risk of tricuspid valve damage (TVD) with worsening tricuspid regurgitation (TR).
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The problem of TVD was omitted in the older guidelines [1–4] and addressed only just
in the recent ones [4,5]. There are several reports concerning the role of cardiac surgery
and cardiac anesthesiology in the management TLE-related cardiovascular injuries [8–12]
and TLE effectiveness [13–18], but there is no comprehensive investigation of cardiac
laceration/vascular walltear (CVWT) and TVD as major and minor complications of
lead extraction. Some investigators reported TR increase without any reference to minor
and major TLE complication [19–25]. At our center all cases of symptomatic cardiac
tamponade were managed with sternotomy, therefore we were able to provide more
precise information about the location of tears. Additionally, continuous TEE (Trans
esophageal echocardiography) monitoring enabled a more rapid and accurate assessment
of worsening TR.

The aim of the present study was to determine the occurrence and describe in detail
cardiac/vascular wall rupture and TV damage as a form of major and minor complications
related to TLE. Particular attention was paid to the worsening of tricuspid regurgitation
and the difficulty in classification.

2. Material and Methods
2.1. Study Population

This study was a post hoc analysis of the clinical data of 1500 patients undergoing
transvenous lead extraction at two high-volume TLE centers between June 2015 and April
2021. All extraction procedures were performed by the same first operator and nurses in
compliance with the same optimal safety regulations. All information relating to patients
and procedures was entered into a computer on an ongoing basis. Conventional mechan-
ical sheaths were the first-line tools; powered rotational mechanical sheaths and other
instruments were used as the second option. Laser sheaths were not used at our centers.

2.2. Lead Extraction Procedure

Lead extraction procedures were defined according to the most recent guidelines on
the management of lead-related complications (HRS 2017 and EHRA 2018) [4,5]. Indications
for TLE and type of periprocedural complications were defined according to the 2017
HRS Expert Consensus Statement on Cardiovascular Implantable Electronic Device Lead
Management and Extraction [4].

Most removal procedures were performed using non-powered mechanical systems
such as polypropylene Byrd dilator sheaths (Cook® Medical, Leechburg, PA, USA), if
only possible via the implant vein. If technical difficulties arose, additional tools such
as Evolution (Cook® Medical, Leechburg, PA, USA), TightRail (Spectranetix, Colorado
Springs, CO, USA), lassos, basket catheters and/or alternative venous approaches were
utilized. The excimer laser was not applied.

All TLE procedures were performed following the same organizational model. The
operating team consisted of a very experienced TLE operator, cardiac surgeon, anesthe-
siologist and echocardiographist. The procedures were performed in a hybrid room or
an operating room on the cardiac surgery ward, with a full range of equipment for an
emergency rescue.

The SAFeTY TLE score was used to assess the risk for the occurrence of major compli-
cations related to TLE [26] using an online calculator, available at http://alamay2.linuxpl.
info/kalkulator/ (accessed on 11 September 2021).

2.3. TEE Monitoring during TLE

Echocardiography, especially continuous transesophageal echocardiography (TEE) is
a very useful tool that improves the safety of TLE procedures [27]. In this study, TEE was
performed by two experienced echocardiographers using Philips iE33, GE Vivid S 70 and
GE Vivid E-95(GE Vivid S 70 and GE Vivid E-95—both GE Medical Systems, San Francisco,
CA, USA) machines equipped with X7-2t Live 3D or 6VT-D probes. All examinations
were archived and information was stored in a computer database. The applications of
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TEE included preprocedural assessment of lead position with particular emphasis on the
presence of additional masses on the leads, evaluation of tricuspid valve function and
navigation of lead removal, whereas postoperative TEE was used to determine procedure
effectiveness and possible complications [28–30].

Intraoperative TEE allowed visualization of direct pulling on the heart during lead
extraction, helping explain a frequent drop in blood pressure due to right ventricular col-
lapse [27–29]. A very important role of TEE is to rapidly detect accumulation of blood in the
pericardial sac. If the walls of the heart are damaged, TEE can help locate the perforation
site by identifying the segment of the wall on which the greatest pulling force is exerted.
Additionally, TEE provides information not only on the volume of blood in the pericardial
sac and the diastolic function of the right ventricle, but also on the location of fluid and
blood clots in terms of the chances of successful pericardial puncture [28,29]. The postoper-
ative phase of TLE includes the evaluation of tricuspid valve function and the assessment
of lead remnants, residual vegetations and free-floating fragments of fibrous encapsulation.

2.4. Management of Symptomatic Cardiac Laceration/Vascular Wall Tear

From the very beginning all TLE procedures in the two hospitals have been performed
in compliance with the available recommendations [2–5] in terms of the venue, participation
of cardiac surgeons and anesthesia teams, continuous blood pressure monitoring, TEE
monitoring and measurements of partial pressure of carbon dioxide in the expired air.
The availability of cardiac surgeons with surgical instruments and nursing staff made
an attempt at pericardiocentesis unreasonable, therefore the preferred choice was proper
surgery without further delay (except one patient with borderline hemodynamic values).
With this strategy, all urgent interventions were successful and effective, none of the patients
died. Only in 2 out of 21 patients with cardiac laceration/vascular wall tear (CVWT)
in our series required the use of cardiopulmonary bypass pump (CPB) to support the
circulation. One patient required simultaneous urgent tricuspid valve repair and another
one reconstruction of the superior vena cava together with TV repair and replacement. In
the remaining 19 patients CPB was not necessary.

2.5. Assessment of Tricuspid Valve Damage

The postprocedural phase of TEE monitoring includes reassessment of cardiac/vascular
wall injuries and as exact as possible reevaluation of TV function (including the comparison
with baseline findings). The mid-esophageal, inferior esophageal and modified transgastric
views were applied to visualize the right heart chambers and the tricuspid valve [30]. For
visualization of the entire cardiac anatomy and assessment of the course of the lead non-
standard imaging planes were sometimes required. The projections and consecutive stages
of echocardiographic monitoring were described in detail in previous publications [27–30].

2.6. Presentation of Study Results

Categorical variables were presented as numbers and percentages, and continuous
variables were expressed as the mean and standard deviation (SD)

Approval of the Bioethics Committee

The study was carried out in accordance with the ethical standards of the 1964 Decla-
ration of Helsinki. All patients gave their informed written consent to undergo TLE and
to use anonymous data from their medical records, which was approved by the Bioethics
Committee at the Regional Chamber of Physicians in Lublin no. 288/2018/KB/VII.

3. Results

The study population consisted of 1500 patients (mean age 68.11 years, 39.86% of
women). The mean dwell time of the oldest extracted lead per patient was 112.1 months,
the sum of lead dwell times was 17.01 years. The total number of major and minor
complications was 33 (2.20%) and 115 (7.67%), respectively. Complete procedural success
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was obtained in 96.13%, partial radiographic success in 3.07%, whereas clinical success in
98.93% of the 1500 patients/procedures (Table 1).

Table 1. Clinical characteristics of the study population.

Characteristics of the Study Population Count/Average %/SD

Patient age at TLE [years] 68.11 14.02

Patient age at first system implantation [years] 58.81 15.77

Sex (% of female patients) 598 39.86%

Etiology: IHD, MI 979 65.27%

Underlying disease: cardiomyopathy, valvular heart disease 277 18.47%

Underlying disease: congenital, channelopathies, neurocardiogenic
indications, cardiac surgery 243 16.20%

LVEF average [%] 49.26 15.92

Renal failure: patients with creatinine concentration > 2.00/dL 375 25.00%

Previous sternotomy 214 14.27%

Charlson comorbidity index [points] 5.10 3.76

Systemic infection (with or without pocket infection) 230 15.33%

Local (pocket) infection 90 6.00%

Lead failure (replacement) 865 58.33%

Change of pacing mode/upgrading, downgrading 110 7.33%

Other: Abandoned lead/prevention of abandonment, (AF, redundant
leads), threatening/potentially threatening lead (loops, free ending, left

heart, LDTD) Other (MRI indications, cancer, painful pocket, loss of
indication for pacing/ICD) regainingvenous access (symptomatic

occlusion, SVC syndrome, lead replacement/upgrading)

193 12.87%

System: pacemaker (any) 1008 67.08%

System: ICD (VVI, DDD) 359 23.97%

System: CRT-D 133 8.87%

Dwell time of the oldest lead per patient [months] 112.1 78.16

Sum of lead dwell times [years] 17.01 13.75

Major complications 33 2.20%

Minor complications 115 7.66%

Complete procedural success 1442 96.13%

Partial radiographic success 46 3.07%

Clinical success 1484 98.93%

Abbreviations: CRT-D—cardiac resynchronization therapy defibrillator, DDD—dual-chamber antibradycardia pacing, ICD—implantable
cardioverter defibrillator, IHD—ischemic heart disease, LDTD—lead-dependent tricuspid dysfunction, LVEF—left ventricular ejection
fraction, MI—myocardial infarction, SVC—superior vena cava, TLE—transvenous lead extraction, VVI—ventricular demand pacing.

The most important reason for the absence of clinical and procedural success was the
lack of complete procedural success (a non-extractable tip of the lead or lead fragments
< 4 cm left behind in the heart). However, even the presence of lead remnants can be
regarded as clinically acceptable, if procedure indications are non-infectious. In infectious
cases incomplete lead removal is considered as failure to achieve clinical success despite
the absence of negative effects on the course of infection. The second reason for no
clinical and procedural success was a severe increase in tricuspid regurgitation meeting
the echocardiographic criteria for cardiac surgery. Severe deterioration of TV function not
necessitating surgery was categorized as minor complications. Despite the need to perform
21 surgical rescue interventions there was no procedure-related death that otherwise would

36



Int. J. Environ. Res. Public Health 2021, 18, 10416

be the reason for no clinical or procedural success. It should be emphasized that contrary
to popular opinion, the leading TLE-related problem is still worsening TR (due to its long-
term consequences) but not cardiac/vascular wall damage when non-powered mechanical
sheaths are used as the first-line option (Table 2).

Table 2. Effectiveness and safety of TLE.

Causes of Clinical Failure Patients %

Clinical success 1484 98.93%

Lead tip left behind– infection 4 0.27%

Significant TLE-related TV damage 12 0.80%

Procedure-related death (intra- or postprocedural) 0 0.00%

All patients 1500 100.0%

Causes of procedural failure

Procedural success 1442 96.13%

Lead tip left behind 16 1.07%

Lead remnant (<4.0 cm) 30 2.00%

Significant TLE-related TV damage 12 0.80%

Procedure-related death (intra-, postprocedural) 0 0.00%

All patients 1500 100.0%
Abbreviations: TLE—transvenous lead extraction, TV—tricuspid valve.

Minor complications after TLE were observed in 115 (7.67%) patients. The most
frequent complication was tricuspid valve damage (worsening by two or three degrees
but not to grade 4) detected in 43 patients (2.91%). Worsening by one degree only was not
considered minor complication because such a difference may be very subtle leading to an
error caused for instance by fluid oversupply. Another minor complication in the present
study was pericardial effusion not requiring pericardiocentesis or surgical intervention. It
was detected in 24 patients (1.60%). Hemodynamic monitoring (TEE, arterial line, breath
gas analysis) helped avoid pericardiocentesis despite a transient drop in blood pressure.
The third minor complication (1.33%) was blood transfusion related to blood loss during
surgery (the need for transfusion of more than one unit of red blood cells). Hematoma
at the surgical site requiring drainage (13 patients, 0.87%) and pneumothorax requiring
a chest tube (3 patients, 0.20%) or not (1 patient, 0.067%) were less common (Table 3).
This study reveals that worsening TR (12 categorized as major complication, 43 as minor
complication and 106 not classified as minor complication) remains the biggest challenge
in lead extraction technology (Table 3).

Major complications were observed in 33 (2.20%) patients. The rate appears slightly
higher than reported by other investigators but one should bear in mind the prolonged
lead dwell time per patient (112.1 months) and the sum of lead dwell times (17.01 years) in
the present study. The most common major complication in the 33 patients was cardiac
laceration/vascular wall tear (22 lesions in 21 patients, 1.40%) followed by severe tricuspid
valve damage (by 2 or 3 degrees to grade 4 in 12 patients, 0.80%). Table 4 summarizes the
types of cardiac laceration/vascular wall tear (CVWT) in the 21 patients. Right atrial ap-
pendage (RAA) rupture (one double) occurred in 8 patients (0.53%), tear of the connection
of the right atrium (RA) to the superior vena cava (SVC) in 5 (0.33%) and SVC laceration in
3 patients (0.20%) (in 2 patients caused by a guidewire or a new lead that passed into the
right pleura after lead removal). Other injuries were sporadic and included lateral wall tear
(double), RA tear and injury to the coronary sinus (CS) ostium and tear of the connection of
the RA to the inferior vena cava (IVC), tear of the right ventricular (RV) wall. Summing up,
the connection of the SVC to the RA, RAA wall, and the SVC alone was the most common
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location of CVWT (16 cases out of 21 requiring surgical repair = 76.19%) but the ventricular
wall was affected only in 4.8% of all CVWTs (Table 4).

Table 3. Analysis of minor complications.

Minor Complications Patients %

Number of minor complications 115 7.67%

Tricuspid valve damage by 2 degrees but not to grade 4 43 2.91%

Pericardial effusion not requiring pericardiocentesis or surgical intervention 20 1.33%

Blood transfusion related to blood loss during surgery 17 1.13%

Hematoma at the surgical site requiring drainage 13 0.87%

Arm swelling or lead-induced venous thrombosis resulting in medical intervention 4 0.29%

Pneumothorax requiring a chest tube 3 0.20%

Blood transfusion related to blood loss during surgery 1 0.067%

Arm swelling or lead-induced venous thrombosis 1 0.067%

Tricuspid valve damage + pericardial effusion not requiring pericardiocentesis 1 0.067%

Tricuspid valve damage + hemothorax not requiring a chest tube 1 0.067%

Pericardial effusion + pneumothorax not requiring intervention 1 0.067%

Pericardial effusion not requiring pericardiocentesis + blood transfusion 1 0.067%

Pericardial effusion not requiring pericardiocentesis + vascular repair at lead venous entry site + blood
transfusion 1 0.067%

Migrated lead fragment without sequelae 1 0.067%

Femoral vein thrombosis 1 0.067%

Other mixed 5 0.34%

All patients 1500 100.000%

Table 4. Analysis of major complications.

Major Complications Patients %

Number of major complications 33 2.20%

Hemopericardium:rescue cardiac surgery 17 1.13%

Hemopericardium drainage (pericardiocentesis) 1 0.067%

Hemothorax:rescue cardiac surgery 2 0.13%

Acute heart failure (decrease in BP and contractility as a reaction to guide wire in
mediastinum) 1 0.067%

Severe tricuspid valve damage (by 2 or 3 degrees to grade 4) 11 0.733%

Double (hemopericardium rescue cardiac surgery, tricuspidvalve damage) 1 0.067%

All patients 1500 100.0%

Types of cardiovascular damage in 21 patients

RAA wall tear (one double) 8 0.53%

Tear of connection of RA to SVC 5 0.33%

Tear of VCS (in 2 symptoms occurred after lead removal and when guide wire or new
lead passed to right pleura) 3 0.20%

Rupture of connection of RAA to RV (partial RAA rupture) 1 0.067%

Tear of lateral wall (double) 1 0.067%

Tear of RA and CS 1 0.067%

Tear of connection of RA to IVC 1 0.067%

Tear of RV 1 0.067%

All patients requiring surgical intervention (one pericardiocentesis only) 21 100.0%

Abbreviations: BP—blood pressure, CS—coronary sinus, IVC—inferior vena cava, RA—right atrium, RAA—right atrial appendage,
RV—right ventricle, SVC—superior venacava.
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Table 5 provides a succinct description of the TEE findings that preceded the buildup
of pericardial fluid, i.e., blood pooling around the heart, changes in arterial blood pressure
and CO2 in exhaled air since the onset of CVWT to the cessation of bleeding.

Table 5. Description of the symptoms of cardiac and vascular damage during TLE.

Clinical Course and Hemodynamic
Changes since Symptom Onset to

Bleeding Cessation

Number
of

Patients

Max Drop in Blood
Pressure [mmHg]

Max HR Change
[per minute]

Max Decrease in
CO2 [mmHg]

Global Loss of
Blood Volume [mL]

RAA wall tear (one double) 8 52.82 ± 25.13 6.15 ± 13.81 3.82 ± 2.82 1628.8 ± 2164.8

Rupture of connection of RAA to RV
(partial RAA rupture) 1 30 5 5 800

Tear of connection of RA to SVC 5 53.73 ± 25.92 18.32 ± 7.62 7.01 ± 2.03 2200.0 ± 1881.4

Tear of lateral wall: double 1 70 −20 1 1500

Tear of RA and CS wall 1 55 10 5 5000

Tear of connection of RA to IVC 1 73 0 3 600

Tear of SVC wall (in 2 cases after lead
removal and when a guide wire or

new lead passed to the right pleura)
3 65.33 ± 27.23 10.32 ± 3.37 4.12 ± 3.27 3200.4 ± 1453.2

Tear of RV wall 1 75 0 6 1100

Abbreviations: BP—blood pressure, CS—coronary sinus, HR—heart rate, IVC—inferior vena cava, RA—right atrium, RAA—right atrial
appendage, RV—right ventricle, SVC—superior vena cava.

The amount of pericardial fluid depends mainly on the size of the rupture but the
rapidity with which the bleeding may be stopped depends on the location of the tear. The
present study shows that an injury to structures other than the RA (CS, SVC, connection of
RA to IVC) was associated with a higher drop in arterial blood pressure and CO2 in exhaled
air and a much higher blood loss (blood volume drained during rescue operation) than in
cardiac tamponade caused by RA damage. All these findings confirm the differences in the
clinical manifestations between damage to the RA and injury to other structures, which
seem to be more serious and difficult to manage (Table 5).

The less frequently addressed problem is TLE-related TV damage. Worsening TR is a
common term for a wide spectrum of echocardiographic images [19–25]. This procedure-
related TV damage is often superimposed on the previously existing TV dysfunction and
it may be difficult to discern the new from the old. The role of an echocardiographer
is relatively simple: to describe as exactly as possible TV function and changes from
baseline. However, physicians generating inputs to medical databases and preparing
discharge summaries may face the problem of how to categorize the worsening of TR: as a
non-significant phenomenon (the borderline diagnosis)? minor complication? or major
complication? All major complications have to be discussed with the cardiac surgeon
regarding the TV replacement.

In the present study, mild TR (grade 1) wasa very frequent finding (49.43% of patients)
prior to TLE. Moderate (grade 2), intermediate (grade 3) and severe (grade 4) forms of TR
were less common (21.75%, 17.24% and 7.68%, respectively). Changes in the severity of
regurgitation after TLE included both an increase (in 10.09% of patients) and a decrease in
TR (in 10.30% of patients). The most common finding about TV function after TLE was
either worsening or improvement by one degree. It may indicate that the differences by one
degree (both directions) are very subtle and are not only “examiner-dependent” but also
condition-dependent (rapid fluid intake). On the other hand worsening from grade 3 to
grade 4 may have clinical consequences. Lead-dependent TV dysfunction (LDTD) was not
the subject of this paper so we did not tackle the issue. Rupture of the chordae tendineae
was an additional finding which was observed in moderate and severe TV worsening
(43 patients, 2.91%). A moderate increase in TR by 2 or 3 degrees, but not to grade 4
(31 patients 2.10%) was considered minor complication and a significant increase in TR by
2 degrees to grade 4 was considered major complication (Table 6).
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Table 6. Analysis of tricuspid valve function before and after TLE.

Tricuspid Regurgitation Before TLE

Degree of tricuspid regurgitation No. of patients %

Lack (grade 0) 58 3.91%

Mild (grade 1) 734 49.43%

Moderate (grade 2) 323 21.75%

Intermediate (grade 3) 256 17.24%

Severe (grade 4) 114 7.68%

All 1485 100.0%

Lack of examination, not described 15

Mild (0,1) 792 53.33%

Moderate/intermediate (2,3) 579 38.99%

Severe (4) 114 7.68%

All 1485 100.0%

Lack of examination, not described 15

Changes in TR after TLE

Direction of changes in TR No. of patients %

No changes 1175 79.61%

Increase by 1 degree 106 7.18%

Increase by 2 degrees 35 2.37%

Increase by 3 degrees 8 0.542%

Decrease by 1 degree 131 8.87%

Decrease by 2 degrees 21 1.42%

All examined patients 1476 100.0%

Lack of examination, not described 24

Worsening tricuspid regurgitation after TLE

No. of patients %

Rupture of chordae tendineae 47 3.18%

Moderate increase in TR by 2 or 3 degree but not to
grade 4 31 2.10%

Significant (by 2 degrees) increase in TR to grade 4 12 0.813%

Management of TV damage as TLE major
complication No. of patients % among 12

(% among 1500)

TV replacement (2 acute, 3 late) 5 41.67%
(0.33%)

Classified as refused operation but general condition
unchanged 3 25.00%

(0.20%)

Not classified, remained under observation 3 25.00%
(0.20%)

Disqualification—cancer disease 1 8.33%
(0.067%)

All 12 100.0%
Abbreviations: TLE—transvenous lead extraction, TR—tricuspid regurgitation, TV—tricuspid valve.

In 12 patients worsening TR was classified as major complication. TV replacement
(2 acute, 3 late) was performed in 5 patients (41.67% out of 12 i.e., 0.33% out of 1500). Three
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patients were not classified (slight improvement in control TTE examination) and remained
under observation (25.00% out of 12, 0.20% out of 1500). The same number of patients
refused TV replacement and they also remained under observation (Table 6).

Table 7 summarizes the occurrence of worsening TR as no complication, minor or
major complication after TLE. The data suggests that the worsening of TR by one degree
to grade 1 and 2 may be disregarded as a complication. The worsening of TR by one
degree from grade 2 to 3 and from grade 3 to 4 remains controversial. Such worsening may
be symptomatic.

Table 7. Classification of tricuspid regurgitation after TLE.

Worsening TR
after TLE

Number
of Patients TR before TLE TR after TLE % (n = 149) % (n = 1476) Present

Classification
Suggested

Classification

Increase by 1
degree

27 0 1 18.12% 1.83% Lack Lack

38 1 2 25.50% 2.57% Lack Lack

25 2 3 16.78% 1.69% Lack Minor

16 3 4 10.74% 1.08% Lack Minor

Increase by 2
degrees

1 0 2 0.671% 0.067% Minor Minor

30 1 3 20.13% 2.10% Minor Minor

4 2 4 2.68% 0.27% Major Major

Increase by 3
degrees 8 1 4 5.37% 0.54% Major Major

All (n, %) 149 100.0%

Lack—lack of complication, Minor—minor complication, Major—major complication.

4. Discussion

Transvenous lead extraction is an integral part of the management of CIED-related
problems [1–5]. Cardiac and venous injuries during lead extraction are complications with
potentially serious consequences. So far there has been no in-depth analysis that would go
beyond injury to the SVC/other vessels and attempt to identify TLE-related TV damage
(TVD) as minor and major complications of lead extraction.

Despite the long implant duration major complications occurred in 33 out of 1500
(2.20%) patients, whereas minor complications in 115 (7.67%) patients. Complete procedu-
ral success was obtained in 96.13%, partial radiographic success in 3.07%, clinical success
in 98.93% of 1500 patients/procedures. The most important reason for the absence of
clinical and procedural success was the lack of complete radiographic success. The second
reason was severe worsening of tricuspid regurgitation meeting echocardiographic criteria
for cardiac surgery. Marked deterioration in TV function but not requiring surgery was
classified as minor complication. Despite the need for rescue surgery in 21 cases there
was no procedure-related death that otherwise would account for the lack of clinical or
procedural success. Tricuspid valve damage was the most common minor complication
(3.07%). The second minor complication was pericardial effusion not requiring pericar-
diocentesis or surgical intervention (1.60%). Less frequent minor complications included
blood transfusion related to blood loss during surgery (1.33%), hematoma at the surgical
site requiring drainage (0.87%) and pneumothorax requiring a chest tube (0.20%) or not
(0.067%). Major complications occurred in 2.20% of cases but one should bear in mind
that the dwell time of the oldest lead per patient was 112.1 months. The most common
major complication was cardiac laceration/vascular wall tear (1.47%) followed by severe
tricuspid valve damage (0.80%). The most frequent location of the tear was RAA (0.53%),
connection of RA to SVC (0.33%) and SVC (0.20%). Other locations were rare (lateral RA,
CS ostium, connection of RA to IVC). There was only one rupture of RVA wall. An injury
to structures other than RA (CS, SVC, connection of RA to IVC) was associated with higher
drops in arterial blood pressure and CO2 in exhaled air and much higher blood losses
(blood volume drained during rescue operation) than in tamponade caused by RA damage.
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All these findings confirm the differences in the clinical manifestations between damage
to the RA and injury to other structures, which seem to be more serious and difficult to
manage. The worsening of TR related to TLE is a common term for a wide spectrum of
echocardiographic images. TR after TLE can either worsen (10.09%) or improve (10.30%).
The most frequent finding was worsening or improvement by one degree. Rupture of
chordae tendineae was detected as an additional finding in moderate and severe TR wors-
ening (3.21%). Moderate increases in TR by 2 degrees, but not to grade 4 (2.37%) were
considered minor complications and significant (by 2 degrees) increase in TR but to grade
4 was considered major complication. In 12 patients worsening TR was classified as major
complication. TV replacement was performed (2 acute, 3 late) in 5 patients (41.67% among
12), 3 pts were not selected for surgery (slight improvement in control TTE examinations)
and remained under observation. The same number of patients refused TV replacement
and they also remained under observation. In terms of classification as lack, minor or
major complication after TLE this study suggests that the worsening of TR after TLE by
one degree from grade 1 and 2 may be disregarded as a complication. The worsening of TR
by one degree from grade 2 to 3 and from grade 3 to 4 remains controversial. Once again,
contrary to popular opinion, the leading TLE-related problem is still worsening TR (due
to its long-term consequences) but not cardiac/vascular wall damage when non-powered
mechanical sheaths are used as the first-line tools.

If excimer laser energy is not applied, major complications other than tear of the
SVC and anonymous vein seem to be more frequent [18]. The available guidelines and
medical literature describe all forms of cardiovascular wall tear but not worsening TR after
TLE [1–5,16–18].

There are two large reports concerning vascular and cardiac wall damage during lead
extraction using laser technique. Brunner et al. found out that the rate of complications
requiring rescue intervention was 0.8% (mean implant duration time 4.9 years in overall
cohort). SVC laceration was most frequent (80%), whereas RA and RV wall damage was
rare. Hospital mortality was 36% in the group of patients undergoing rescue intervention.
Only 44% of patients survived in a good condition and were discharged home [8]. Bashir
et al. reported cardiac or venous injuries in 3% of TLE patients, but mean implant duration
time was much longer than in the previous study, i.e., 10.8 years. Overall, cardiac tam-
ponade as a devastating injury was detected in 84.8% of cases but no one of the surgeons
used pericardiocentesis as a therapeutic modality and urgent sternotomy was performed.
Mortality rate in this report was 12.1% [10].

The organization of our TLE teamwork in compliance with maximum patient safety
regulations may explain the absence of procedure-related deaths among 1500 patients in
spite of the very long mean implant duration time and a relatively frequent need for rescue
surgery. Mandatory continuous TEE monitoring during all TLE procedures and measure-
ments of vital signs such as direct arterial blood pressure and capnography allowed us to
recognize a serious complication very early, gaining time for proper rescue intervention.
The excellent TLE organizational model solves the problem of complication-related deaths
but has no or only a small influence on the development of major complications.

Damage to the tricuspid valve during extraction is estimated to range from 3.5% to
15%, and even to 19% [4,5,19–25]. In this study a clinically insignificant valve dysfunction
was detected in 7.18% of cases, whereas significant TV damage that caused worsening
TR by 2 or 3 degrees as compared to baseline (before TLE) occurred in 2.91% of patients,
which is less than previously reported [4,5,19–25]. The need for surgical intervention in
such cases is rare [19–25,31].

This study and available evidence [19–25,31] show that one of the most important
TLE safety challenges is still the unsolved problem of TLE-related TV damage which is
caused by fibrous adhesion of the lead to the TV leaflet. Excessive pulling on the lead
may cause leaflet disruption, but also wrapping of the leaflet around the dilating sheath
during rotational lead extraction. Excellent teamwork combined with TEE monitoring may
help warn the extractor about potentially harmful situations leading to TV damage [27–30].
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One should also bear in mind that the lead to be removed can be fused to the chordae
tendineae or even to the head of the papillary muscle and damages to these structures may
go unnoticed.

Continuous TEE monitoring during TLE facilitates the imaging of lead adhesion to
the walls of the superior vena cava, tricuspid valve and walls of the right atrium and
right ventricle, as well as assessing lead-to-lead adhesion [27]. In this aspect, real time
transesophageal echocardiography for the guidance of transvenous lead extraction informs
the operator about the danger of manipulations close to delicate cardiac structures and
whether immediate modification to the plan of lead removal is necessary in order to
prevent the occurrence of unwanted events [28,29]. In turn, postoperative TEE provides
information about the results of TLE and helps establish further management [30].

5. Study Limitations

There are some limitations of this study. It is the experience of two high-volume centers
and the same first operator. The database was prospectively integrated, but analysis was
performed retrospectively. The TLE organizational model has not changed since 2015 and
takes into account a comprehensive list of safety precautions (hybrid room, cardiac surgeon
as co-operator, TEE monitoring, general anesthesia, arterial line etc.). All procedures were
performed using all types of mechanical sheaths, but not laser powered sheaths. On the
basis of our previous experience (2006–2014) we abstained from pericardiocentesis as a
rule to avoid additional risk of complications and delay in open heart surgery as the most
effective option.

6. Conclusions

Despite the long implant duration time (112.1 months) satisfying outcomes of lead
extraction without procedure-related deaths (clinical success 98.93%, procedural success
96.13%) can be achieved using mechanical tools on condition that optimal safety precau-
tions (immediate diagnosis of the event and rescue surgery) are taken into account. The
absence of clinical and procedural success is caused by lead remnants or severe worsening
of tricuspid regurgitation.

Major complications of TLE are unavoidable and may develop even in 2.20% of cases,
minor complications are more frequent (7.67%). Major complications include cardiac
laceration/vascular wall tear (1.40%) and severe tricuspid valve damage (0.80%).

The most frequent location of cardiac laceration/vascular wall tear is RAA(Right atrial
appendage) (0.35%), connection of RAto VCS (0.33%) and VCS (0.20%). Other tear locations
are rare. RAA, connection of RAto VCS and VCS are most frequent locations of CVWT
requiring surgical repair (76.19% of cardiovascular wall injury).

Injury to structures other than RA (CS, SVC, connection of RA to IVC) was associated
with higher drops in arterial blood pressure and CO2 in exhaled air and much higher
blood losses.

The most frequent minor complications were tricuspid valve damage (3.07%), peri-
cardial effusion not requiring pericardiocentesis or surgical intervention (1.60%). Less
frequent was blood transfusion related to blood loss during surgery, hematoma at the
surgical site requiring drainage and pneumothorax.

Worsening of TR after TLE by one degree is a frequent finding (7.18%), worsening by
2 degrees (2.37%) and 3 degrees (0.542%) is rare, but the latter two may require surgery
(leaflet repair with TV replacement) or strict follow-up.

The main TLE-related problem is still worsening TR (due to its long-term conse-
quences) but not cardiac/vascular wall damage when non-powered mechanical sheaths
are used as the first-line tools.
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Abstract: Background: Little is known about lead-related venous stenosis/occlusion (LRVSO), and
the influence of LRVSO on the complexity and outcomes of transvenous lead extraction (TLE) is
debated in the literature. Methods: We performed a retrospective analysis of venograms from 2909
patients who underwent TLE between 2008 and 2021 at a high-volume center. Results: Advanced
LRVSO was more common in elderly men with a high Charlson comorbidity index. Procedure
duration, extraction of superfluous leads, occurrence of any technical difficulty, lead-to-lead binding,
fracture of the lead being extracted, need to use alternative approach and lasso catheters or metal
sheaths were found to be associated with LRVSO. The presence of LRVSO had no impact on the
number of major complications including TLE-related tricuspid valve damage. The achievement
of complete procedural or clinical success did not depend on the presence of LRVSO. Long-term
mortality, in contrast to periprocedural and short-term mortality, was significantly worse in the
groups with LRSVO. Conclusions: LRVSO can be considered as an additional TLE-related risk
factor. The effect of LRVSO on major complications including periprocedural mortality and on
short-term mortality has not been established. However, LRVSO has been associated with poor long-
term survival.

Keywords: lead-related venous obstruction; transvenous lead extraction; lead extraction complica-
tions; lead extraction complexity

1. Background

Permanent cardiac pacing remains the leading treatment for patients with various
rhythm disorders, conduction disturbances and ventricular arrhythmias. In recent years,
we have also observed an increase in the implantation of more complex devices used in
the prevention of sudden cardiac death and in the treatment of severe heart failure. In
spite of technological progress over the last decade, conventional pacemakers, implantable
cardioverter-defibrillators and cardiac resynchronization therapy (PM/ICD/CRT) devices
still have endocardial leads. However, after the beginning of the endocardial pacing era only
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a few studies have investigated lead-related venous stenosis/occlusion (LRVSO) [1–20].
Various lead-related problems (infectious and non-infectious) are an inherent component
of permanent endocardial pacing, and transvenous lead extraction (TLE) is considered
an essential technique in lead management strategy [21–24]. TLE is a complex procedure
that sometimes may lead to fatal complications such as venous or cardiac injury. Carrying
out the procedure is often associated with technical problems and requires additional
approaches and tools [22–25]. There are numerous reports on the estimation of the real
risk of the TLE [26–29] but none of them considered LRVSO as a predictor of procedure
difficulties. Among twenty reports on LRVSO [1–20], only three papers analyzed the
occurrence of LRVSO before TLE [2,6,14], and only two considered the influence of LRVSO
on procedure complexity providing at the same time conflicting results. Among 20 reports
on LRVSO only two studies were carried out in populations over 200 patients [1,2], 10
in 100–150 participants [3–12] and the remaining eight studies in populations consisting
of 30–89 patients [13–20]. In this study, a total of 2909 TLE procedures were preceded
by venography and LRVSO was documented in 2138 venograms. Ipsilateral venography
before TLE is an integral part of the procedure (in the absence of contraindications for
contrast intake).

Goal of the Study

The aim of this study was to determine the incidence of varying degrees of LRVSO and
to examine the influence of LRVSO on procedure difficulty, complexity, major complications
related to TLE, procedure effectiveness as well as mid- and long-term mortality after TLE.

2. Methods
2.1. Study Population

A post-hoc analysis of clinical data from 2909 patients undergoing transvenous lead
extraction (TLE) between June 2008 and March 2021 at a single high-volume center was
performed. All information regarding the patients and the procedures were entered into
the computer database on a current basis. Patients with medical contraindications for
venography (contrast intake) were excluded from the study.

Table 1 summarizes the most important information regarding the study population.

Table 1. Characteristics of the study group.

All Patients (2909) Mean/Number SD/%

Patient age during TLE [years] 66.90 13.99

Patient age at first implantation [years] 58.51 15.67

Sex (% of female patients) 1147 39.43%

Etiology: IHD, MI 1676 57.61%

Etiology: cardiomyopathy, valvular heart disease 448 15.40%

Etiology: congenital, channelopathies, neurocardiogenic, post
cardiac surgery 784 26.95%

LVEF [%] 48.89 15.21

Renal failure (any) 607 20.87%

Previous sternotomy 435 14.95%

Charlson comorbidity index [number of points] 4.775 3.625

Systemic infection (with pocket infection or not) 599 20.59%

Local (pocket) infection 253 8.70%

Lead failure (replacement) 1505 57.74%

48



Int. J. Environ. Res. Public Health 2021, 18, 9634

Table 1. Cont.

All Patients (2909) Mean/Number SD/%

Change of pacing mode/upgrading, downgrading 176 6.05%

Other (abandoned lead/prevention of abandonment (AF,
superfluous leads), threatening/potentially threatening lead
(loops, free ending, left heart, LDTD), other (MRI indications,

cancer, painful pocket, loss of indications for pacing/ICD),
regaining venous access (symptomatic occlusion, SVC

syndrome, lead replacement/upgrading)

374 12.86%

System: pacemaker (any) 2013 69.20%

System: ICD-V, ICD-D 281 22.93%

System: CRT-D 667 7.80%

Dwell time of the oldest lead per patient before TLE [months] 101.5 75.57

Cumulative lead dwell time before TLE [years] 15.31 12.925

Major complications: all 61 2.10%

Major complications (with rescue cardiac surgery) 35 1.20%

Major complications (without rescue cardiac surgery) 7 1.20%

Minor complications 174 5.98%
AF—atrial fibrillation, CRT-D: implantable cardioverter-defibrillator with resynchronization function, ICD—
implantable cardioverter-defibrillator, ICD-D—dual chamber implantable cardioverter-defibrillator, ICD-V—
single chamber implantable cardioverter-defibrillator, IHD—ischemic heart disease, LDTD—lead-dependent
tricuspid dysfunction, LVEF—left ventricular ejection fraction, MI—myocardial infarction, MRI—magnetic
resonance imaging, SVC—superior vena cava, TLE—transvenous lead extraction.

The current study uses data from a high-volume center that performs more than
200 TLE per year.

The percentage of serious complications is relatively higher compared to other reports,
however, in the presented center, the most difficult procedures in the country are performed.

The first line tools used in study center are conventional mechanical sheaths, powered
rotational mechanical sheaths and other instruments are second-line tools. Excimer laser
sheaths are not used.

2.2. Venography

Preoperative venography was performed in 2909 patients submitted for transvenous
lead extraction between June 2008 and March 2021 at our high-volume center. A peripheral
intravenous catheter was placed in the peripheral arm vein on the side (or both sides of
the chest) to be examined. All patients received an injection of 20–40 mL high-quality
contrast medium (350 mg iodine/mL) Iomeron 350 into the peripheral arm vein on the
side of endocardial lead implantation. Venous blood flow in the upper arm, neck and
chest was recorded by cine-angiography. All images were acquired in the anteroposterior
view. The venograms were obtained in a single plane (anterior–posterior) and stored on
CD-ROM discs. An experienced cardiologist and experienced (trained by an interventional
radiologist) cardiac surgeon reviewed the venograms, and venous patency was graded
on a five-degree scale from normal flow to complete occlusion. All venograms were
obtained in the same manner. Venographic analysis: at baseline, the narrowest and widest
points of the target vessel for lead placement were identified by visual inspection to
obtain minimum and maximum venous diameters, and measurements from two to three
individually calibrated frames were averaged to determine the final status of the vein
as no stenosis, mild stenosis (<50% narrowing), moderate stenosis (50–80% narrowing),
severe stenosis (≥80% narrowing) and complete occlusion of the axillary (AxV), subclavian
(ScV), innominate (brachiocephalic) (AnV) veins and superior vena cava (SVC). In spite of
contrast injection in the arm vein on the side of the endocardial lead, regional collateral
blood vessels and venous collateral blood flow in the neck enabled evaluation of the
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brachiocephalic vein on the opposite side of the chest. What is the significance of this
classification of vessel narrowing in clinical practice? LVRSO was graded according to
our own, arbitrarily estimated, criteria, which rely to the remaining effective vein lumen
necessary for different electrodes/catheters safe passage.

Mild narrowing: possible insertion of a new/additional lead using standard introduc-
ers, central venous catheters, permanent catheters for hemodialysis and there is a chance
that the arteriovenous (AV) fistula will work properly.

Moderate narrowing: probable insertion of a new lead but hydrophilic guide wires
and longer introducers are necessary, possible insertion of central venous catheters (troubles
possible), possible insertion of permanent catheters for hemodialysis and there is a small
chance that the AV fistula will work properly.

Severe narrowing: impossible insertion of a new lead, hydrophilic guide wires and
longer introducers might be helpful, insertion of central venous catheters may be risky,
chances to pass a catheter for hemodialysis without venoplasty are very small and there is
no chance that the AV fistula will work properly.

Complete occlusion: no chance to pass a hydrophilic guide wire; only lead extraction
and regaining venous access enables the insertion of a new lead.

Reuse of occluded veins and technical aspects of lead extraction/replacement depend
not only on maximal venous narrowing but also on the length of the narrowing (the number
of the affected vessels, too).

2.3. Lead Extraction Procedure

Lead extraction procedures were defined according to the most recent guidelines on
management of lead-related complications (HRS 2017 and EHRA 2018) [21–23]. Indications
for TLE and type of periprocedural complications were defined according to the 2017
HRS Expert Consensus Statement on Cardiovascular Implantable Electronic Device Lead
Management and Extraction [22].

All procedures were performed using non-powered mechanical systems such as
polypropylene Byrd dilator sheaths (Cook® Medical, Leechburg, PA, USA), mainly via
the implant vein. If technical difficulties arose, alternative venous approaches and/or
additional tools such as Evolution (Cook® Medical, Leechburg, PA, USA), TightRail (Spec-
tranetix, Colorado Springs, CO, USA), lassos, basket catheters were used. Excimer laser
sheaths were not used.

All extraction procedures were performed following different organizational models
spanning 25 years of experience. In the initial era of lead extraction, the procedures were
performed in the electrophysiology laboratory using intravenous analgesia/sedation; then
the recommended safety precautions were observed to perform more complex and risky
procedures in the operating theater, and finally in the hybrid room under general anesthesia.
The core extraction team has consisted of the same very experienced TLE operator and a
dedicated cardiac surgeon with an experienced echocardiographist over the last six years.

2.4. TEE Monitoring during TLE

TTE, pre- and postoperative TEE were mandatory (excluding contraindications) from
the very beginning. Continuous transesophageal echocardiographic (TEE) monitoring
has been an important standard tool over the last six years [30–32]. TEE in our series was
performed using Philips iE33 or GE Vivid S 70 machines equipped with X7-2t Live 3D or
6VT-D probes. All recordings were archived and consisted of pre-procedural examination,
navigation of lead removal and post-procedural evaluation of the efficacy of the procedure
with an assessment of possible complications [30–32]. The intra-procedural phase of TEE
monitoring allowed visualization of pulling on the cardiac walls and invagination of the
right ventricle during lead removal, followed by a drop in systolic blood pressure in
response to this maneuver. Continuous monitoring made it possible to clarify the cause of
blood pressure fall during TLE [30–32].
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2.5. Statistical Analysis

The Shapiro–Wilk test showed that most continuous variables were normally dis-
tributed. For uniformity, all continuous variables are presented as the mean ± standard
deviation. The categorical variables are presented as number and percentage. In the first
step the Kruskal–Wallis ANOVA test was used to determine whether there were statisti-
cally significant differences between groups. Next, the variables achieving p < 0.1 were
compared using the nonparametric Chi2 test with Yates correction (dichotomous data)
or the unpaired Mann–Whitney U test (continuous data), as appropriate. Comparisons
were made between Groups 1 and 2 vs. Groups 4 and 5. A p-value less than 0.05 was
considered as statistically significant. In order to assess the effect of LRVSO on mortality,
Kaplan–Meier survival curves were plotted, the course of which was assessed using the log
rank test. Statistical analysis was performed with Statistica version 13.3 (TIBCO Software
Inc., Palo Alto, CA, USA).

2.6. Approval of the Bioethics Committee

All patients gave their informed written consent to undergo TLE and use anonymous
data from their medical records, approved by the Bioethics Committee at the Regional
Chamber of Physicians in Lublin No. 288/2018/KB/VII. The study was carried out in
accordance with the ethical standards of the 1964 Declaration of Helsinki.

3. Results
Patient Groups

For the purposes of analysis, the study population was divided into five groups
according to venogram results, namely Group 1—no stenosis (499 patients), 2—mild
stenosis (574 pts), 3—moderate stenosis (605 pts), 4—severe stenosis (581 pts) and 5—total
occlusion (650 pts). Only maximal venous narrowing was considered as a criterion in
patient selection.

Tables 2–4 summarize specific patient-, system- and procedure-related risk factors for
procedure complexity, efficacy, complications and long-term mortality after TLE.

Analysis of the clinical factors demonstrated that lead-related stenosis/occlusion cor-
related with patient age during TLE, male gender and Charlson comorbidity index. Other
patient-related risk factors for major complications, i.e., indications for CIED implantation,
functional NYHA class III and IV, decreased LVEF, renal failure and previous sternotomy
were not related to LRVSO (Table 2).

Analysis of CIED systems and history of pacing showed that venous stenosis or lead-
related (LR) total venous occlusion were more frequent in CRT-D recipients. Patients with
ICD (VVI, DDD) were less likely, albeit insignificantly to have total venous occlusion.

Patients with redundant loops of the lead before TLE, leads with proximal end in the
coronary sinus vein (CSV) and a higher number of CIED-related procedures before lead
extraction were more likely to have severe venous stenosis or total occlusion.

Patients with severe venous stenosis or LR total venous occlusion had more risk factors
for major complications (MC) and higher procedure complexity estimated with the SAFeTY
TLE calculator [26]. These patients also had multiple leads to be removed (including three
or more leads), they were more likely to require venous approach on both sides of the chest,
extraction of leads with redundant loops in the heart, extraction of abandoned lead (s) and
extraction of lead (s) with long or very long implant duration (Table 2).
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Analysis of TLE complexity and degree of LRVSO showed that procedure duration
(sheath-to-sheath), extraction of non-functional superfluous leads, occurrence of any tech-
nical problem during TLE, lead-to-lead binding, lead fracture during extraction, need to
change venous approach, coincidence of three or more technical problems and necessity
of using metal sheaths and lasso catheters/snares were associated with the presence of
LRVSO (Table 3).

The occurrence of any major complication, urgent rescue cardiac surgery, partial radio-
graphic success (remained tip or <4 cm lead fragment), damage to chordae tendineae, other
forms of TLE-related TV dysfunction/damage, complete clinical success and complete pro-
cedural success as well as procedure-related death (intra-, post-procedural) did not show
any relationship with LRVSO, similar to mortality in the first day, first month and first year
after TLE. In contrast, mortality at more than one-year follow-up was significantly higher
among patients with severe venous stenosis and complete venous occlusion (Table 4).

Analysis of mortality using the Kaplan–Meier curve confirmed the relationship be-
tween LRVSO and long-term survival after TLE (Figure 1).
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4. Discussion

Venous obstruction is a well-known complication after implantation of a permanent
transvenous pacemaker. The incidence of venous obstruction reaches 30–45% with com-
plete occlusion rates of 12% on average and 1–3% for symptomatic occlusion [1–20]. In
the current study, severe venous obstruction was identified in 19.94% (40.77% if moderate
occlusion was included) whereas complete occlusion in 22.34% of patients. The higher
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incidence rate of total occlusion in the present study may be a result of long implant
duration: cumulative dwell time of the extracted leads was 15.31 ± 12,925 years. Closer
evaluation of the clinical factors showed that LVRSO was more common in elderly males
with a higher Charlson comorbidity index. Several investigators confirm the contribution
of various clinical factors to the occurrence of venous complications [4–6], others show no
association between LRVSO and the clinical condition of the patient [7,11]. Analysis of
the system/procedure-related factors in the present study demonstrated that the number
of extracted leads, lead extraction on the left side or both sides of the chest, extraction of
the lead with redundant loop in the heart, extraction of abandoned leads, extraction of
leads with long implant duration and a higher risk of MC estimated using the SAFeTY
TLE calculator [26] were related to the presence of severe venous stenosis or total venous
occlusion. LRVSO was also more common in patients with CRT, having leads with their
proximal end in the CVS and a higher number of CIED-related procedures before lead
extraction. A similar relationship, especially between the number of extracted leads/long
implant duration and LRVSO has been shown in previous reports [5,11].

Out of 20 reports, only four described LRVSO diagnosed just before the TLE pro-
cedure [2,6,13,14], and only two assessed the influence of LRVSO on the complexity of
TLE [2,6]. The last two studies provide contradicting results. Li et al. in a study of 202 pa-
tients concluded that the presence of LRVSO made it more difficult to extract the leads,
requiring advanced tools and more time [2]. In contrast, Boczar et al. in a group of 133
pts demonstrated that LRVSO did not influence the effectiveness, safety, and the use of
additional tools during TLE procedures [6]. In the present study, the indicators of procedu-
ral difficulty and complexity such as procedure duration, extraction of superfluous leads,
occurrence of any technical problem, lead-to-lead binding, fracture of the extracted lead,
need to change venous approach, coincidence of three or more so-called technical problems
and need to use metal sheaths or lasso catheters were related to the presence of LRVSO. The
occurrence of any major complication was insignificantly higher in groups with LRVSO as
compared to groups without significant stenosis: 2.754 and 2.461% vs. 1.603% and 1.742%,
respectively. The need to perform urgent rescue cardiac surgery, partial radiographic
success and damage to chordae tendinae during TLE were not significantly associated
with the degree of LRVSO. The occurrence of TLE-related TV damage, achievement of
complete clinical success and complete procedural success as well as procedure-related
death (intra-, post-procedural) were unrelated to LRVSO, similar to mortality in the first
day, first month and first year after TLE. This study, however demonstrated a link between
TLE difficulty/complexity and the degree of LRVSO, which may be a reflection of implant
duration and the total number of extracted leads. Thus, the real problem is only with
implantation of new lead (s) because of lead dysfunction or necessity of upgrading the
CIED system.

The pathophysiology of LRVSO is not well understood. It is likely that lead-related
endothelial trauma incites an inflammatory response of the vessel wall with subsequent
thrombosis and scarring. Early (days, weeks) LRVSO seems to be a result of thrombosis
which can be treated with low-molecular heparin [16–20]. The role of thrombosis in delayed
(months) or late (years) LRVSO is less clear. The inflammatory response of the vessel wall
probably induces the formation of scar tissue similar to lead adhesion to the vessel and heart
structures, observed on the extracted leads and during TEE [33]. The process of natural
maturation makes lead-related fibrotic scar harder and harder leading to its mineralization
and calcification. It is well-known that scar tissue in the SVC and in the heart makes lead
dissection more difficult [34]. However, so far, nobody has considered scar tissue causing
LRVSO and scar tissue around the leads detected during TEE/ICS as the same phenomenon.
Looking at narrowing or occlusion of implant veins from this viewpoint we can explain
the relationship between LRVSO and TLE complexity, difficulty and complications. Lead
dissection in scarred veins is more effort-consuming and sometimes requires stronger
pulling on the lead to be extracted. It can also explain the mechanism of TV damage during
TLE (fortunately rare). It seems to confirm the concept of simultaneous lead traction from
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above and below during dissection; it can protect both the SVC wall and the TV [35]. Our
results seem to confirm the significance of routine venography before TLE and considering
LRVSO as still another risk factor for TLE complexity and major complications.

In the present study, worse long-term survival was demonstrated in patients with a
higher degree of LRVSO. The reason for the worse survival rate in this group is not clear
and is probably related to other factors as well (possibly a higher Charlson index).

5. Study Limitations

Our study has several limitations worth noting. Routine venography before TLE was
performed in all patients except those with contraindications, mainly renal failure. For
this reason, an interesting patient subpopulation had been excluded from the study. The
database was prospectively integrated, but analysis was performed retrospectively. For the
purposes of this study, the population of patients was divided into groups according to
maximal venous narrowing without taking into account the site of narrowing/occlusion
and the length of venous stenosis/occlusion. Therefore, the present analysis of venograms
includes maximal venous narrowing but not the volume of the phenomenon (the number
of vessels affected). The classification of patients we used in the study not only enabled
comparison of our results with the findings of other investigators, but also maximal venous
narrowing was considered a practical marker for predicting the usefulness of veins for
implantation of a new lead/catheter.

6. Conclusions

The occurrence of significant venous stenosis/occlusion in patients undergoing TLE
is related to some clinical factors (age, male gender, high Charlson comorbidity index) and
numerous procedure-related factors, especially long implant duration, extraction of leads
with redundant loop in the heart, extraction of abandoned leads, presence of leads with
proximal end in the coronary sinus vein and a higher number of CIED-related procedures
before lead extraction. LRVSO can be considered as an additional risk factor for TLE
complexity. Further research is required to provide evidence for the relationship between
scar tissue density encapsulating the leads visible in TEE and the degree of LRVSO. Lead-
related venous stenosis/occlusion has no influence on mortality at one-year follow-up,
but the presence of severe forms of LRVSO is associated with worse prognosis of patients
undergoing TLE at more than one-year follow-up.
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AnV innominate (brachiocephalic) vein
AxV axillary vein
CIED cardiac implantable electronic device
CRT cardiac resynchronization therapy
EF ejection fraction
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FU follow-up
ICD implantable cardioverter-defibrillator
IVC inferior vena cava
LR lead-related
LRVSO lead-related venous stenosis/occlusion
LV left ventricle
LVEF left ventricular ejection fraction
NYHA The New York Heart Association (functional class)
Pts patients
PM pacemaker
RA right atrium
RV right ventricle
TEE transesophageal echocardiography
TLE transvenous lead extraction
ScV subclavian vein
SVC superior vena cava
TV tricuspid valve
VSO venous stenosis/occlusion
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Abstract: In patients with idiopathic ventricular fibrillation (VF), recurrent implantable cardioverter-
defibrillator (ICD) shocks might increase mortality risk and reduce patients’ quality of life. Catheter
ablation of triggering ectopic beats is considered to be an effective method. We present a patient
with recurrent VF, caused by the “R on T” premature ventricular complexes. In the presented case
radiofrequency catheter ablation efficiently eliminated arrhythmia trigger, which was possible to
detect thanks to the intracardiac electrocardiograms (ECG’s) stored in the ICD.

Keywords: ventricular fibrillation; R on T phenomenon; catheter ablation; mapping

1. Introduction

Idiopathic ventricular fibrillation (VF) occurs in healthy individuals without structural
heart disease. Although most sudden cardiac deaths (SCDs) are associated with identifiable
causes, idiopathic VF accounts for 5% to 10% of out-of-hospital cardiac arrest [1]. In such
patients, the gold standard treatment for either primary or secondary prevention of VF
is the insertion of an implantable cardioverter-defibrillator (ICD). The goal is however to
determine the mechanism of spontaneous arrhythmia. Intracardiac electrocardiograms
(IECGs) stored in ICD provide information about cardiac rhythm preceding arrhythmic
events and may be helpful to reveal their mechanism [2].

Mapping during VF reveals few sources triggering the arrhythmia. In patients with
idiopathic VF, premature ventricular complexes (PVCs) triggers usually arise either from
right ventricular outflow tract region or from the Purkinje network [3]. The Purkinje
network fibers originate from the bundle branches, whose function is to distribute the
depolarization wavefront to the left and right ventricles, allowing for their simultaneous
activation. However, Purkinje cells have shown to have abnormal automaticity and trig-
gered activity, what may play a significant role in the initiation of VF in patients with both
structural heart disease and normal hearts [4–6].

As recurrent ICD shocks might increase mortality risk and reduce patients’ quality of
life, anti-arrhythmic drugs are recommended [7]. According to the Optimal Pharmacologi-
cal Therapy in Cardioverter Defibrillator Patients (OPTIC) trial, which included patients
with secondary prevention ICD indication, amiodarone compared to b-blocker reduced the
risk of both appropriate and inappropriate shocks [8]. However, if pharmacological treat-
ment is not successful or the patient experiences drug-related side effects, radiofrequency
(RF) ablation can be considered if VF is triggered by PVCs [3–5].

2. Case Report

We present the history of a 62-year-old male with recurrent VF triggered by the
“R on T” ventricular premature beats. In 2006, he underwent cardiac arrest and was
diagnosed with idiopathic VF, as no apparent structural cardiac disease or other cause of the
arrhythmia was found. Twelve-lead surface electrocardiogram (ECG) showed sinus rhythm,
with normal QRS complexes and repolarization, while 24-hour ECG monitoring revealed
multiple monomorphic PVCs (<1000) and no other abnormalities. In the echocardiographic
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examination good left ventricular ejection fraction (LVEF) of 70%, without any segmental
hypo/akinesis was found. A coronary angiogram revealed no narrowing in the coronary
arteries. Cardiac magnetic resonance was not performed in 2006, as it was not widely
available at that time. The patient was implanted with a single-chamber ICD for secondary
prevention of sudden cardiac death. At hospital discharge, anti-arrhythmic treatment with
amiodarone 200 mg and metoprolol 50 mg daily was prescribed.

Within the next year, amiodarone was withheld due to thyreotoxicosis. Thyroid func-
tion was normalized, metoprolol dose was increased to 175 mg daily, but VF episodes
occurred about one to two times per year and were terminated by ICD shock. As presented
on Figure 1, the 12-lead ECG revealed singular PVCs with morphology of right ventricular
free wall origin. The initial ICD was replaced in 2016 due to battery replacement indica-
tions. Stored IECGs revealed VF episodes initiated by the “R on T” PVCs and terminated
spontaneously, by anti-tachycardia pacing (ATP) or high-voltage shocks (Figure 2A,B).
To reduce the number of painful ICD interventions, as pharmacological treatment was
not efficient, the patient was referred for elective electrophysiological study (EPS) and RF
ablation of ectopic beats. Pre-ablation 24-hour ECG monitoring showed sinus rhythm,
1629 single monomorphic PVCs with around 300 qualified as “R on T”.
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Figure 2. Ventricular fibrillation (VF) episodes resulting in implantable cardioverter-defibrilator (ICD) interventions,
from the time of ICD reimplantation to the decision to perform radiofrequency ablation (A); ICD intracardiac recording
showing the premature ventricular complex (PVC) triggering VF. VF initiating PVC is similar to the previously regis-
tered PVC (arrows) (B); Right anterior oblique 30◦ view of right ventricular endocardial activation map obtained during
spontaneous PVCs: the earliest activation site was located in the antero-lateral right ventricular free wall (red area) (C).
ATP—antitachycardia pacing, IEGM—intracardiac electrocardiogram, RR—consecutive R waves on the IEGM.

Ablation catheter (Thermocool Smarttouch SF, Biosense Webster, Johnson and Johnson
Medical, Ltd., Irvine, CA, USA) was introduced to the right ventricle through a femoral
approach under fluoroscopic guidance. Using CARTO 3 mapping system (version 7.1,
Biosense Webster, Irvine, CA, USA) three types of right ventricular endocardial maps
were created: the bipolar map during sinus rhythm, the correlation map of pace-mapping
(using PaSo module), the activation map during clinical PVCs. The bipolar map revealed
no abnormalities. The earliest endocardial activation site and maximal pace-mapping
correlation (93% according to PaSo module) was found in the antero-lateral right ventricular
free wall (Figure 2C). RF ablation current was delivered at 30 W of power-controlled mode
with a temperature of 43 ◦C for 30–60 sec. Clinical spontaneous PVCs were eliminated, but
pacing delivered from right ventricular lead of ICD occasionally induced single PVCs with
slightly different morphology compared to the clinical PVCs.

In the follow-up, until June 2021 the patient remained asymptomatic and without
episodes of VF or ventricular tachycardia in the ICD control. The patient’s quality of life
increased significantly. 24-hours ECG monitoring revealed sinus rhythm and only eight
PVCs. Metoprolol was gradually reduced to 50 mg daily.

3. Discussion

Our case demonstrates the efficacy of RF ablation in a patient with recurrent idiopathic
VF, and ineffective antiarrhythmic treatment. IECGs from the ICD provided information
about the mechanism of the arrhythmic episodes, which in the presented case was the “R
on T” phenomenon. Indeed, electrocardiogram stored in the ICD devices is comparable to
continuous Holter monitoring. Information, such as the day and time of the episode, the
preceding heart rate, the influence of preceding premature beats and their morphology can
be obtained from the IECG records analysis. In other words, it enables the physician to
identify the arrhythmia trigger, underlying recurrent VF or ventricular tachycardia, and
consequently, to apply the most appropriate treatment [2].

In up to 70% of patients after ICD implantation antiarrhythmic agents need to be
initiated, in order to treat atrial tachyarrhythmias, terminate ventricular arrhythmias and
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decrease the frequency of ICD shocks. Class III antiarrhythmic drugs, such as amiodarone
and sotalol, are widely considered to be effective in preventing ICD shocks [9]. However,
potential cardiac and drug-related adverse effects of antiarrhythmics should be taken into
consideration, as apart from ICD/drug interactions, these are the most frequent causes
of drug discontinuation. In our case amiodarone was withheld due to thyreotoxicosis.
The concomitant pharmacological therapy turned out insufficient to prevent recurrent
ventricular tachyarrhythmias.

To reduce the number of ICD shocks, catheter ablation of the triggering PVCs was
recommended. Pace-mapping allowed identification of the PVCs’ origin. According to
recent reports, PVCs triggering VF arise either from the myocardium (right or left ventricu-
lar outflow tract) or from the distal Purkinje network [4]. In the study on 27 patients with
recurrent episodes of idiopathic VF, PVCs originated from the Purkinje conducting system
in 23 patients, while from right ventricular outflow tract only in 4 study counterparts [3].
There is a growing body of evidence that the Purkinje network, consisting of a single branch
on the right and 2 larger branches on the left heart side, plays a significant role in both the
initiation and maintenance of VF. It has been proved that RF ablation of arrhythmia triggers
effectively prevent VF recurrence in a high-risk population [5,6]. Decreasing the incidence
of ventricular arrhythmias catheter ablation may reduce defibrillation requirement and
improve the patient’s quality of life.

4. Conclusions

In conclusion, implantation of ICD is the gold standard treatment for both primary and
secondary prevention of SCD. The primary goal is to identify the mechanism underlying
the spontaneous arrhythmia. In the presented case, RF ablation efficiently eliminated the
arrhythmia trigger, which was identified thanks to the stored intracardiac electrograms. RF
ablation is considered an effective method of arrhythmia termination, in case of antiarrhyth-
mic drugs intolerance or inappropriate ICD shocks. Although the long-term results are
very encouraging, ablation of triggering PVCs for VF does not replace ICD implantation.
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Abstract: Background: Transvenous lead extraction (TLE) is a relatively safe procedure, but it may
cause severe complications such as cardiac/vascular wall tear (CVWT) and tricuspid valve damage
(TVD). Methods: The risk factors for CVWT and TVD were examined based on an analysis of data
of 1500 extraction procedures performed in two high-volume centers. Results: The total number
of major complications was 33 (2.2%) and included 22 (1.5%) CVWT and 12 (0.8%) TVD (with one
case of combined complication). Patients with hemorrhagic complications were younger, more often
women, less often presenting low left ventricular ejection fraction (LVEF) and those who received
their first cardiac implantable electronic device (CIED) earlier than the control group. A typical
patient with CVWT was a pacemaker carrier, having more leads (including abandoned leads and
excessive loops) with long implant duration and a history of multiple CIED-related procedures. The
risk factors for TVD were similar to those for CVWT, but the patients were older and received their
CIED about nine years earlier. Any form of tissue scar and technical problems were much more
common in the two groups of patients with major complications. Conclusions: The risk factors for
CVWT and TVD are similar, and the most important ones are related to long lead dwell time and
its consequences for the heart (various forms of fibrotic scarring). The occurrence of procedural
complications does not affect long-term survival in patients undergoing lead extraction.

Keywords: transvenous lead extraction; lead extraction-related major complications; cardiac/vascular
wall tear; worsening tricuspid regurgitation

1. Introduction

Transvenous lead extraction (TLE) is now an integral part of the lead management
strategy [1–5]. Fibrotic scarring around the leads [6] places the patient at risk of fatal
complications such as venous or cardiac injury with severe bleeding [7–11] or worsening
tricuspid regurgitation [12–18]. The problem of tricuspid valve damage was overlooked
in several previous guideline revisions [1–4] and addressed only in the recent ones [4,5].
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Up to date, several attempts have been made in search of the risk factors predictive
of major complications [19–22]. Such knowledge is useful to plan the strategy of TLE
including selection of the center, venue, first operator, organizational model (staging of
safety precautions). Analysis of the well-and lesser-known factors facilitates the calculation
of the real risk of major complications [23–27]. It also helps better prepare and provide
preoperative information to the patient and family members. However, most of the
available risk calculators had been invented, when worsening tricuspid regurgitation
was not accepted officially as major complication of lead removal (before 2017). Recently,
more and more investigators have paid attention to inadvertent tricuspid valve damage
during TLE [12–18], and an analysis of risk factors that are specifically associated with
this complication seems to be justified. Their identification, especially a history of pacing
and previous lead management strategies may change our current routine and update the
guidelines in the future.

The aim of this study was to determine circumstances of occurrence and risk factors
(patient-dependent, pacing history-related, procedure-related) of cardiac/vascular wall
tear (CVWT) and TV damage (TVD) considered as TLE major complication with focus on
the utility of information obtained in monitoring by transesophageal echocardiography
(TEE) during lead extraction.

2. Materials and Methods

This study was a post-hoc analysis of the clinical data of 1500 patients undergoing
transvenous lead extraction at two high-volume centers between June 2015 and April
2021. We compared the clinical and procedure-related factors as well as echocardiographic
findings in patients with major complications during lead extraction (with particular
emphasis on cardiac/vascular wall damage and tricuspid valve damage) and in individuals
without TLE-related complications.

The following clinical variables were taken into account: age, gender, NYHA class,
renal failure and infectious indications for TLE. The procedure-related variables included
type of the implanted system, the number and type of leads being extracted, as well as the
risk for the occurrence of major complications measured as the SAFeTY TLE score [23]. The
echocardiographic variables considered for the analysis included left ventricular ejection
fraction (LVEF), the degree of tricuspid valve (TV) dysfunction before and after TLE, mean
right ventricular systolic pressure (RVSP), the presence of fibrotic scarring, lead thickening,
lead-to-lead binding, lead adherence to any heart structure and right ventricular wall
perforation by the lead. The study subgroups were also compared with regard to the
course of the procedure measuring TLE duration time (skin-to-skin and sheath-to-sheath
duration), presence of lead-to-lead adhesions, occurrence of any technical problem during
TLE, block at lead venous entry site, extracted lead fracture, Byrd dilator torsion/collapse,
utility of specific tools such as Evolution, TightRail, lasso catheters/snares and need for
temporary pacing during the procedure. Of the echocardiographic and hemodynamic
monitoring parameters we compared pulling on the cardiac walls and other leads as well
as a drop in blood pressure during TLE. This study also analyzed complete procedural
and clinical success as well as short-and long-term survival (mortality at 1 month, 1 year, 3
years and >3 years after TLE).

2.1. Lead Extraction Procedure

Lead extraction procedure was defined according to the most recent guidelines on the
management of lead-related complications (HRS 2017 and EHRA 2018) [2–5]. Indications
for TLE and type of periprocedural complications were defined according to the 2017
HRS Expert Consensus Statement on Cardiovascular Implantable Electronic Device Lead
Management and Extraction [4].

Most procedures were performed using nonpowered mechanical systems such as
Byrd polypropylene dilator sheaths (Cook® Medical, Leechburg, PA, USA), if only pos-
sible via the implant vein. If technical difficulties arose, alternative venous approaches
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or additional tools such as Evolution (Cook® Medical, Leechburg, PA, USA), TightRail
(Spectranetix, Sunnyvale, CA, USA), lassos, basket catheters were utilized. The excimer
laser was not applied.

All extraction procedures were performed following the same organizational model in
accordance with the current guidelines. The operating team consisted of a very experienced
extractor, cardiac surgeon, anesthesiologist and echocardiographist. The procedures were
performed in a hybrid room or a cardiac surgery operating room, with a full range of
equipment for an emergency rescue.

The SAFeTY TLE score was used to assess the risk for the occurrence of major compli-
cations related to TLE [23] using an online calculator, available at http://alamay2.linuxpl.
info/kalkulator/ (accessed on 27 August 2021). The calculator is available on the website
www.usuwanieelektro.pl. (accessed on 27 August 2021).

The following terms were used to assess the duration of the procedure: skin-to-skin
time and sheath-to-sheath time. The skin-to-skin time is time in minutes from the cutting
to the sewing of the skin. It includes not only dissection of the lead (s), but also lead
re-implantation for non-infectious indications. The sheath-to-sheath time (in minutes) is
total time for dissection and removal of all scheduled leads.

2.2. TEE Monitoring during TLE

Transthoracic examinations (TTE) and transesophageal echocardiography monitoring
were performed using Philips iE33 or GE Vivid S 70 machines equipped with X7-2t Live
3D or 6VT-D probes. All recordings were archived and, in accordance with the guidelines,
included a preoperative examination, navigation during TLE, and postoperative evaluation
of the effectiveness of the procedure with an assessment of possible complications. [28–31].
The projections and consecutive stages of echocardiographic monitoring were described
in detail in previous publications [28–31]. The preoperative monitoring phase (TTE and
TEE) included assessment of lead position, lead-to-lead binding and adhesions between
the leads and the walls of the heart, the presence of additional masses on the leads, and
evaluation of tricuspid valve function.

The intraoperative phase of TEE monitoring allowed visualization of direct pulling
on the heart and the right ventricular cavity during lead removal. Often, a drop in blood
pressure is observed, and monitoring makes it possible to clarify the cause of this phe-
nomenon [28–31]. Additionally, it is possible to quickly assess damage to the heart wall
with accumulation of excess fluid in the pericardial sac [29,30]. The post-procedural phase
of TTE and TEE monitoring includes reassessment of cardiac/vascular wall injury and
tricuspid valve function, detection of lead remnants and residual vegetations.

2.3. Statistical Analysis

The Shapiro–Wilk test showed that most continuous variables were normally dis-
tributed. For uniformity, all continuous variables are presented as the mean ± standard
deviation. The categorical variables are presented as number and percentage. The study
population was divided into the following groups: A—patients with hemorrhagic com-
plications due to cardiac/vascular wall tear; B—patients with tricuspid valve damage,
C—patients from groups A and B, and D—patients without complications. The significance
of differences between groups (A, B, C vs. D) was determined using the nonparametric
Chi2 test with Yates’s correction or the unpaired “U” Mann–Whitney test, as appropriate.
The Spearman r correlation was determined for pulling on vascular or cardiac structures
during TLE and maximal drop in blood pressure. A p-value less than 0.05 was considered
as statistically significant.

Statistical analysis was performed with Statistica version 13.3 (TIBCO Software Inc.,
Palo Alto, CA, USA).
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2.4. Approval of the Bioethics Committee

All patients gave their informed written consent to undergo TLE and to use anony-
mous data from their medical records, approved by the Bioethics Committee at the Regional
Chamber of Physicians in Lublin no. 288/2018/KB/VII. The study was carried out in
accordance with the ethical standards of the 1964 Declaration of Helsinki.

3. Results

The study population consisted of 1500 patients, mean age 68.11 years, 39.87% of
females. The mean left ventricular ejection fraction (LVEF) was 49.26%, renal failure
occurred in 25.00% of patients, the Charlson comorbidity index was 5.10. The indications
for lead extraction included systemic infection (with pocket infection or not) in 15.33% of
patients, local (pocket) infection in 6.00%, lead failure (replacement) in 57.67%, change
of pacing mode/upgrading/downgrading in 7.33%, other in 12.87% of patients. Overall,
67.07% of patients had a pacemaker, 23.93% cardioverter-defibrillator (ICD), and 8.87%
resynchronization device (CRT-D). The dwell time of the oldest lead per patient before TLE
was 112.1 (months), the cumulative lead dwell time before TLE was 17.01 (years).

Patients with hemorrhagic complications (cardiac/vascular wall tear) were signif-
icantly younger and received their first cardiac implantable electronic device (CIED)
15 years earlier than in the control group. There were twice as many women as men,
and significantly fewer patients with low LVEF and in NYHA class III or IV. The Charlson
comorbidity index was much lower as compared to the control group. The indications for
TLE were comparable to the remaining groups of patients (Table 1).

Patients with TV damage (TVD group) were older compared to the other subgroups
but received their first CIED nine years earlier. There were fewer women, and similarly
to CVWD group, there were fewer patients with low LVEF and in NYHA class III or IV.
The Charlson comorbidity index was slightly lower as compared to the control group.
The indications for TLE were comparable to CVWD and control groups. TVD patients
frequently had an abandoned lead, more CIED-related procedures and more often longer
implant duration similar to CVWT patients (Table 1).

The number of extracted leads per patient (p = 0.056), the need to extract three or
more leads, extraction of leads with redundant loops, extraction of abandoned lead (s) and
extraction of atrial leads were regarded as intraprocedural risk factors for CVWT and TVD.
There was one exception, however. Atrial lead extraction was strongly associated with
CVWT but not with TV damage, and extraction of abandoned leads was more likely to be
related to CVWT (Table 2).

Implant duration was the strongest predictor of both CVWT and TVD. An interesting
finding was the value of the SAFeTY TLE score estimating the risk of procedure. The calcu-
lator had been created before 2017 when TVD was not considered as major complication; it
works excellently and the calculated (automatically) risk of CVWT and TVD was 5.2-fold
and 3.4-fold higher than in the control group.

Passive fixation leads were also predictors of CVWT and TVD (RAA tear was the most
frequent finding) (Table 2).

Preoperative TTE and TEE demonstrated that the state of the tricuspid valve was
similar in groups with major complications of TLE. These groups were characterized by
higher LVEF and lower RVSP. TEE before TLE provided much more valuable information.
Oscillating scar tissue on the leads, lead thickening, lead-to-lead binding, lead adhering
to any heart structure, lead adhering to the tricuspid valve, to the walls of the superior
vena cava (SVC), right atrium (RA) and right ventricle (RV), the presence of any form of
scar tissue were much more often detected in the two groups with major complications.
Additionally, all forms of scar tissue were more frequent in patients with postprocedural
TVD. However, there was one exception: a small percentage of leads adhering to the RA
wall in patients with postprocedural TVD (Table 3).
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Table 1. Patient/system/history of pacing.

Hemorrhagic Complication
(Cardiac/Vascular Wall Tear)

Tricuspid Valve
Damage

All Major Complications
(Mixed Damages 1 Case)

Control Group (No
Major Complications)

Groups of patients

A
N = 22 (1.5%)
Mean ± SD

n (%)

B
N = 12 (0.8%)
Mean ± SD

n (%)

C
N = 33 (2.2%)

Mean ± S
n (%)

D
N = 1467

Mean ± SD
n (%)

Patients

Patient age during TLE [years] 63.14 ± 13.91
p = 0.009

68.75 ± 21.98
p = 0.116

65.82 ± 16.84
p = 0.005 68.16 ± 13.96

Patient age at first implantation [years] 45.32 ± 16.98
p < 0.001

50.58 ± 26.16
p = 0.007

47.97 ± 20.23
p < 0.001 59.06 ± 15.58

Sex (% of female patients) 17 (77.30)
p = 0.004

5 (41.70)
p = 0.979

21 (63.60)
p = 0.005 555 (37.80)

NYHA class III & IV (%) 1 (4.50)
p = 0.192

0 (0.00)
p = 0.227

1 (3.00)
p = 0.052 256 (17.50)

LVEF < 40% 1 (4.50)
p = 0.003

2 (16.70)
p < 0.001

3 (9.10)
p < 0.001 555 (37.80)

Renal failure (any) 3 (13.60)
p = 0.316

1 (8.30)
p = 0.127

4 (12.10)
p = 0.127 371 (25.30)

Charlson comorbidity index [points] 2.55 ± 2.41
p < 0.001

3.67 ± 3.53
p = 0.013

3.03 ± 2.85
p < 0.001 5.14 ± 3.76

TLE Indications

CIED-related infection (any) 4 (18.20)
p = 0.917

2 (16.70)
p = 0.964

6 (18.20)
p = 0.817 314 (21.40)

Non-infectious indications 18 (81.80)
p = 0.917

10 (83.30)
p = 0.964

27 (81.80)
p = 0.817 1153 (78.60)

System

Pacemaker-with RA lead 18 (81.80)
p = 0.028

8 (66.70)
p = 0.621

26 (78.80)
p = 0.012 812 (55.40)

Pacemaker-without RA lead and only
abandoned PM lead

2 (9.10)
p = 0.974

3 (25.00)
p = 0.294

4 (12.10)
p = 0.663 164 (11.20)

ICD-with RA lead 0 (0.00)
p = 0.170

0 (0.00)
p = 0.424

1 (3.00)
p = 0.210 170 (11.60)

ICD-without RA lead and only HV lead 1 (4.50)
p = 0.409

1 (8.30)
p = 0.982

1 (3.00)
p = 0.379 187 (12.70)

ICD-CRT-D pacing system 1 (4.50)
p = 0.726

0 (0.00)
p = 0.562

1 (3.00)
p = 0.377 132 (9.90)

Number of leads in the heart before TLE 2.14 ± 0.94
p = 0.690

2.08 ± 0.67
p = 0.684

2.15 ± 0.83
p = 0.365 1.92 ± 0.69

Abandoned leads before TLE 5 (22.70)
p = 0.019

4 (33.30)
p = 0.004

9 (27.30)
p < 0.001 106 (7.20)

Large lead loop on X-rays before TLE 3 (13.60)
p = 0.015

1 (8.30)
p = 0.754

4 (12.10)
p < 0.001 39 (2.70)

Small lead loop on X-rays before TLE 5 (22.70)
p = 0.250

1 (8.30)
p = 0.978

6 (18.20)
p = 0.452 180 (12.30)

Number of procedures before lead extraction 3.00 ± 2.00
p < 0.001

2.83 ± 1.34
p = 0.003

2.90 ± 1.77
p < 0.001 1.79 ± 0.91

Dwell time of the oldest lead per patient
before TLE [months]

214.9 ± 91.86
p < 0.001

217.9 ± 106.2
p < 0.001

215.0 ± 96.87
p < 0.001 109.8 ± 76.15

Mean implant duration (per patient) before
TLE [months]

201.25 ± 81.14
p < 0.001

178.0 ± 62.89
p < 0.001

191.4 ± 75.59
p < 0.001 103.3 ± 68.79

Global implant duration (sum of lead dwell
times) [years]

36.96 ± 23.12
p < 0.001

30.56 ± 13.85
p < 0.001

35.12 ± 20.50
p < 0.001 16.60 ± 13.29

Abbreviations: CIED—cardiac implantable electronic device, CRT—cardiac resynchronization therapy, ICD—implantable cardioverter-
defibrillator, LVEF—left ventricular ejection fraction, NYHA—New York Heart Association class, PM—pacemaker, RA—right atrium,
TLE—transvenous lead extraction.

Table 2. Patient/system/history of pacing.

Hemorrhagic Complication
(Cardiac/Vascular Wall Tear)

Tricuspid
Valve

Damage

All Major Complications
(Mixed Damages 1 Case)

Control Group (No
Major Complications)

A
N = 22

Mean ± SD
n (%)

B
N = 12

Mean ± SD
n (%)

C
N = 33

Mean ± SD
n (%)

D
N = 1467

Mean ± SD
n (%)

TLE Procedure Potential Risk Factors of Major TLE Complications and Procedure Complicity

Number of leads extracted per patient 2.30 ± 1.58
p = 0.079

2.39 ± 1.81
p = 0.189

2.21 ± 1.34
p = 0.008 1.63 ± 0.71

Three or more leads extracted 5 (22.79)
p = 0.091

2 (16.70)
p = 0.739

7 (21.20)
p = 0.056 141 (9.60)

Extraction of leads with redundant loop (large) 3 (13.60)
p = 0.083

1 (8.30)
p = 0.696

4 (12.10)
p = 0.004 35 (2.40)

Extraction of abandoned lead(s) (any) 4 (18.20)
p = 0.094

4 (33.30)
p = 0.002

8 (24.20)
p < 0.001 99 (6.70)

HV therapy (ICD) lead extracted 2 (9.10)
p = 0.043

1 (8.30)
p = 0.158

3 (9.10)
p = 0.010 462 (31.50)
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Table 2. Cont.

Hemorrhagic Complication
(Cardiac/Vascular Wall Tear)

Tricuspid
Valve

Damage

All Major Complications
(Mixed Damages 1 Case)

Control Group (No
Major Complications)

Atrial lead extracted (any) 19 (86.40)
p = 0.018

6 (50.00)
p = 0.080

25 (75.80)
p = 0.044 867 (59.10)

CS (LV pacing) lead extracted 1 (4.50)
p = 0.964

0 (0.00)
p = 0.737

1 (3.00)
p = 0.640 97 (6.60)

Dwell time of the oldest lead extracted 214.9 (91.86)
p < 0.001

217.9 ± 106.2
p = 0.001

215.0 ± 96.87
p = 0 < 001 108.8 ± 75.74

Average (per patient) dwell time of lead extracted 201.3 (81.14)
p < 0.001

176.9 ± 63.75
p = 0.001

191.0 ± 75.91
p < 0.001 103.8 ± 69.47

Cumulative dwell time of lead extracted (in years) 36.34 (23.81)
p < 0.001

28.72 ± 14.88
p = 0.001

34.05 ± 21.37
p < 0.001 14.96 ± 13.23

SAFeTY TLE calculator of risk of MC of
TLE—[number of points]

13.03 (4.73)
p < 0.001

11.42 ± 4.60
p = 0.001

12.31 ± 4.69
p < 0.001 6.11 ± 4.32

Risk of MC calculated by SAFeTY TLE calculator (%) 9.40 (12.70)
p < 0.001

6.17 ± 6.06
p < 0.001

8.06 ± 10.89
p < 0.001 1.79 ± 2.58

Analysis of Extracted Leads: Lead Model, Tip Location and Mechanism of Tip Fixation.

Tip Location

RAA 22 (47.73)
p = 0.139

7 (30.43)
p = 0.355

29 (42.64)
p = 0.355 901 (37.04)

BB 1 (2.27)
p = 0.693

0 (0.00)
p = 0.911

1 (1.47)
p = 0.911 15 (0.62)

CS 1 (2.27)
p = 0.967

0 (0.00)
p = 0.811

1 (1.47)
p = 0.811 25 (1.03)

CSO 1 (2.27)
p = 0.772

0 (.00)
p = 0.783

1 (1.47)
p = 0.783 44 (1.82)

RVA 17 (38.64)
p = 0.505

10 (43.48)
p = 480

27 (39.71)
p = 0.483 1069 (43.69)

Outside RVA 2 (4.55)
p = 0.231

6 (26.09)
p = 0.985

8 (11.76)
p = 0.985 274 (11.31)

LV vein 1 (2.27
p = 0.726

0 (0.00)
p = 0.390

1 (1.47)
p = 0.390 108 (4.46)

Lead Type

BP pacemaker leads 39 (86.67)
p = 0.106

18 (78.26)
p = 0.146

57 (83.82)
p = 0.146 1828 (75.04)

VDD pacemaker leads 0 (0.00)
p = 0.952

0 (0.00)
p = 0.730

0 (0.00)
p = 0.730 30 (1.19)

UP pacemaker leads 4 (8.89)
p = 0.256

4 (17.39)
p = 0.007

8 (11.76)
p = 0.007 104 (4.19)

ICD leads single coil 2 (4.44)
p = 0.231

0 (0.00)
p = 0.053

2 (2.94)
p = 0.053 274 (11.25)

ICD leads dual coil 0 (0.00)
p = 0.084

1 (4.35)
p = 0.077

1 (1.47)
p = 0.077 200 (8.21)

All 45 (100) 23 (100.0) 68 (100.0) 2436 (100.0)

Tip Fixation Mode

Active fixation lead 9 (20.00)
p < 0.001

11 (47.83)
p < 0.001

20 (29.41)
p < 0.001 1408 (57.73)

Passive fixation lead 36 (80.00)
p ≤ 0.001

12 (52.17)
p < 0.001

48 (70.59)
p < 0.001 1028 (42.18)

Abbreviations: BB—Bachman Bundle, BP—bipolar, CS—coronary sinus, CSO—coronary sinus ostium, ICD—implantable cardioverter-
defibrillator, LV vein—cardiac vein located on LV wall utilized for LV pacing PM—pacemaker, RA—right atrium, RAA-right atrial
appendage, RVA—RV apex, UP—unipolar, VDD—single-lead atrial triggered ventricular pacing, TLE—transvenous lead extraction.

Our analysis of the effectiveness and TLE-related complications demonstrated that
procedure duration (skin-to-skin time, sheath-to-sheath time) and mean extraction time
per lead were much longer in patients with the two types of major complications. The
occurrence of any technical problem during TLE, lead-to-lead binding (intraoperative
diagnosis), fracture of the extracted lead, three or more technical problems, the need to
use Evolution or TightRail or lasso catheters/snares were dramatically more frequent in
groups with CVWT or TVD. It seems to be related to lead implant duration, proliferation
of tissue scar around the lead and necessity to use slightly more aggressive tools. Byrd
dilator torsion/collapse is more frequent if ventricular leads are extracted, which is easy to
explain by the anatomy (bend) and extracted lead route (Table 4).
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Table 3. TTE and TEE before TLE.

Hemorrhagic Complication
(Cardiac/Vascular Wall Tear) Tricuspid Valve Damage All Major Complications

(Mixed Damages 1 Case)
Control Group (No

Major Complications)

Groups of patients

A
N = 22

Mean ± SD
n (%)

B
N = 12

Mean ± SD
n (%)

C
N = 33

Mean ± SD
n (%)

D
N = 1467

Mean ± SD
n (%)

TTE before TLE

LVEF average [%] 59.43 ± 10.85
p = 0.002

56.00 ± 11.78
p = 0.049

58.06 ± 11.29
p < 0.001 49.07 ± 15.96

TVR-mild (0,1) 15 (68.20)
p = 0.214

8 (66.70)
p = 0.214

22 (66.70)
p = 0.153 771 (52.60)

TVR-intermediate/mid (2,3) 6 (27.30)
p = 0.417

4 (33.30)
p = 0.469

10 (30.30)
0.469 558 (38.00)

TVR-severe (4) 0 (0.00)
p = 0.382

0 (0.00)
p = 0.215

0 (0.00)
p = 0.215 104 (7.10)

Lack of examination 1 (4.50)
p = 0.610

0 (0.00)
p = 0.997

1 (3.00)
p = 0.997 67 (4.60)

RVSP [mm Hg] 27.24 ± 8.57
p = 0.075

26.08 (7.12)
p = 0.010

27.06 ± 7.98
p = 0.010 32.07 (11.82)

TEE Findings before TLE

Oscillating tissue scar on the lead 7 (38.80)
p = 0.080

3 (25.00)
p = 0.044

10 (30.30)
p < 0.044 231 (15.70)

Lead thickening (encapsulation) 14(63.60)
p < 0.001

9 (75.00)
p < 0.001

22 (66.70)
p < 0.001 398 (27.10)

Lead-to-lead binding 10 (45.50)
p < 0.001

5 (41.70)
p < 0.001

15 (45.50)
p < 0.001 208 (14.20)

Lead adhering to any heart structure 11 (50.00)
p < 0.001

10 (83.30)
p < 0.001

20 (60.60)
p < 0.001 242 (16.50)

Lead adhering to tricuspid valve 5 (22.70)
p = 0.031

6 (50.00)
p < 0.001

11 (33.30)
p < 0.001 115 (7.80)

Lead adhering to superior vena cava 5 (22.70)
p = 0.004

4 (33.30)
p < 0.001

9 (27.30
p < 0.001) 83 (5.70)

Lead adhering to RA wall 9 (40.90)
p < 0.001

1 (8.30)
p < 0.001

10 (30.30)
p < 0.001 92 (6.30)

Lead adhering to RV wall 7 (31.80)
p = 0.002

8 (66.70)
p < 0.001

14 (42.40)
p < 0.001 140 (9.50)

Tissue scar occurrence (any form)
(possible multiple options)

3.272 ± 1.725
p < 0.001

3.917 ± 1.647
p < 0.001

3.515 ± 1.587
p < 0.001 1.188 ± 1.225

Occurrence of any form of tissue scar 14 (63.60)
p = 0.026

10 (83.30)
p < 0.001

23 (69.70)
p < 0.001 558 (38.00)

Perforation of RV wall/ECHO finding 1 (4.50)
p = 0.578

1 (8.30)
p = 0.591

2 (6.10)
p = 0.591 154 (10.50)

Abbreviations: LVEF—left ventricular ejection fraction, RA—right atrium, RV—right ventricle, RVSP—right ventricular systolic pressure,
TVR—tricuspid valve regurgitation.

TEE and blood pressure monitoring during TLE showed that pulling on the right
atrial appendage (RAA), TV and RV wall as well as pulling on the other lead were more
common in patients with CVWT and TVD. A transient drop in blood pressure during TLE
is usually caused by pulling on the RV wall, rarely on the SVC with a significant reduction
of its diameter or by any reflex action (Spearman rank correlation coefficient r = 0.320;
p < 0.001). This was confirmed by the drop in blood pressure in TVD group vs. control
group. However, a decrease in blood pressure can be a warming sign of bleeding into the
pericardial sac, right pleura or mediastinum. The drop in blood pressure was significantly
higher in patients with CVWT because of blood loss (Table 4).

75



Int. J. Environ. Res. Public Health 2021, 18, 9100

Table 4. TLE procedure complexity, efficacy, complications and mortality for any reason.

Hemorrhagic Complication
(Cardiac/Vascular Wall Tear)

Tricuspid Valve
Damage

All Major
Complications

(Mixed Damages 1 Case)

Control Group (No
Major Complications)

Groups of patients

A
N = 22

Mean ± SD
n (%)

B
N = 12

Mean ± SD
n (%)

C
N = 33

Mean ± SD
n (%)

D
N = 1467

Mean ± SD
n (%)

TLE Procedure Complexity and Efficacy

Procedure duration (skin-to-skin) 104.4 ± 52.24
p < 0.001

81.33 ± 31.76
p = 0.004

94.61 ± 46.62
p < 0.001 60.93 ± 25.93

Procedure duration (sheath-to-sheath) 55.53 ± 55.93
p < 0.001

29.92 ± 21.16
p < 0.001

46.67 ± 48.69
p < 0.001 13.91 ± 21.32

Average time of single lead extr.
(sheath-to-sheath/number of extracted leads)

25.62 ± 21.63
p < 0.001

16.69 ± 13.00
p < 0.001

21.79 ± 19.19
p < 0.001 8.40 ± 13.26

Technical problem during TLE (any) 14 (63.60)
p < 0.001

8 (66.70)
p < 0.001

21 (63.60)
p < 0.001 321 (21.90)

Lead-to-lead binding (intraoperative diagnosis) 11 (50.00)
p < 0.001

5 (41.70)
p < 0.001

16 (48.50)
p < 0.001 106 (7.20)

Block at venous entry site 4 (18.20
p = 0.497

3 (25.00)
p = 0.497

7 (21.20)
p = 0.134 165 (11.20)

Fracture of extracted lead 7 (31.80)
p < 0.001

3 (25.00)
p < 0.001

10 (30.30)
p < 0.001 65 (4.40)

Byrd dilator torsion/collapse 2 (9.10)
p = 0.544

4 (33.30)
p = 0.544

6 (18.20)
p = 0.544 61 (4.20)

Three or more technical problems 3 (13.60)
p < 0.001

1 (8.30)
p < 0.001

4 (12.10)
p < 0.001 25 (1.70)

Use of Evolution (old and new) or TightRail 3 (13.60)
p = 0.007

3 (25.00)
p = 0.007

5 (15.20)
p = 0.003 34 (2.30)

Use of lasso catheters/snares 5 (22.70)
p < 0.001

3 (25.00)
p < 0.001

8 (24.20)
p < 0.001 47 (3.20)

Temporary pacing during procedure 3 (13.60)
0.348

5 (41.70)
p = 0.348

8 (24.20)
p = 0.3876 361 (24.60)

TEE and Blood Pressure Monitoring

RAA pulling/drawing 15 (5)
p < 0.001

3 (25.00)
p < 0.001

18 (54.50)
p = 0.012 472 (32.20)

TV pulling/drawing 6 (27.30)
p < 0.001

11 (91.70)
p < 0.001

16 (48.50)
p < 0.001 100 (6.80)

RV wall pulling 10 (45.50)
p = 0.015

8 (66.70)
p = 0.015

17 (51.50)
p < 0.001 317 (21.60)

Other lead pulling 10 (45.50) 5 (41.70)
p < 0.001

15 (45.50)
p < 0.001 116 (7.90)

Pulling/drawing of heart structures or other
lead (possible multiple options)

1.864 ± 1.46
p < 0.001

2.250 ± 1.224
p < 0.001

2.00 ± 1.350
p < 0.001 0.670 ± 0.928

Max blood pressure drop during TLE [mm Hg] 54.43 ± 23.42
p < 0.001

38.89 ± 21.03
p < 0.001

48.38 ± 22.64
p < 0.001 20.79 ± 14.53

Significant blood pressure drop during TLE
(different reasons)

13
(59.10)

p < 0.001

3 (25.00)
p < 0.001

15 (45.50)
p < 0.001 137 (9.30)

TLE Efficacy and Complications

Worsening TR for 1 degree 2 (9.10)
p = 0.956

0 (0.00)
p = 0.956

2 (6.10)
p = 0.908 104 (7.10)

Worsening TR for 2 degrees 0 (0.00)
p = 0.95

4 (33.30)
p = 0.95

4 (12.10)
p = 0.002 31 (2.10)

Worsening TR for 3 degrees 1 (4.50)
p < 0.001

8 (66.70)
p < 0.001

8 (24.20)
p < 0.001 0 (0.00)

Tricuspid valve damage during TLE (severe) 0 (0.00)
N

12 (100.0)
p < 0.001

12 (36.40)
p < 0.001 0 (0.00)

Procedure-related death (intra-, post-procedural) 0 (0.00)
N

0 (0.00)
N

0 (0.00)
N 0 (0.00)

Clinical success 21 (95.50)
p = 0.114

0 (0.00)
p = 0.114

21 (63.60)
p < 0.001 1463 (99.70)

Complete procedural success 20 (90.90)
p = 0.322

0 (0.00)
p = 0.322

20 (60.60)
p < 0.001 1422 (96.90)

Short-, Mid-and Long-Term Mortality after TLE (Any Reason)

First day (first 48 h) 0 (0.00)
p = 0862

0 (0.00)
p = 0.862

0 (0.00)
p = 0.832 2 (0.14)

Mortality at 1 month after TLE (2–30 days) 0 (0.00)
p = 0.78

0 (0.00)
p = 0.780

0 (0.00)
p = 0.993 23 (1.57)

Mortality at 1 year after TLE (31–365 days) 1 (4.55)
0.985

1 (8.33)
0.985

2 (6.06)
0.845 99 (6.75)

Mortality at 3 years TLE (366–1095 days) 1 (4.55)
0.855

0 (0.00)
p = 0.855

1 (3.03)
p = 0.841 116 (7.91)

Mortality > 3 years after TLE (> 1095 days) 0 (0.00)
0.673

1 (8.33)
p = 0.673

1 (3.03)
p = 0.888 60 (4.09)

Abbreviations: RAA—right atrial appendage, RV—right ventricle, TLE—transvenous lead extraction, TR—tricuspid regurgitation, TV—
tricuspid valve.
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Assessment of TV function during and after TLE revealed that the worsening of
tricuspid valve regurgitation (TVR) by one degree was similar in all study subgroups. TVD
after TLE was considered as major complication if TR deteriorated by at least two degrees
to grade 4.

Irrespective of the organizational model of TLE procedures and despite the occurrence
of severe major complications, there were no procedure-related deaths. Effective surgical
management of CVWT resulted in the rates of clinical and procedural success comparable
to those in the control group.

An analysis of short-, mid-and long-term mortality (for any reason) after TLE demon-
strated that there were no deaths within 30 days. Mid-and long-term mortality in patients
with major complications was similar to that in the control group (Table 4).

A summary of the most important risk factors for TLE complications is presented
schematically in Figure 1.
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4. Discussion

Transvenous lead extraction is an integral part of the management of CIED-related
problems [1–5]. Cardiac and venous injuries during lead extraction are complications
with potentially serious consequences. So far, there has been no comprehensive analysis
of TLE complications that would include TLE-related TV damage apart from injuries
to the SVC/other vessels. Not much is known about risk factors for TLE-related TV
damage [12–18].

This study showed that patients with hemorrhagic complications were significantly
younger and received their first CIED earlier than in the control group. There were twice
as many women as men, among them significantly fewer patients with low LVEF and class
NYHA class III or IV, and they were more likely to have procedural risk factors (abandoned
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leads, excessive loops of the leads, more previous CIED-related procedures). The younger
age of the patient during TLE is one of the risk factors, especially for CVWT, because
in young people, more intense proliferation of connective tissue is observed, with more
adhesion of the lead to the walls of the heart and vessels. This factor, as well as lead dwell
time and female gender, was included in the previously constructed risk scale of major
complications SAFeTY-TLE [23].

Patients with worsening TVR were older but received their CIED nine years earlier
than the control group. In many ways, patients with TVD are somewhere between those
with CVWT and the control group. The number of leads extracted per patient, need
to extract three or more leads, extraction of leads with redundant loops, extraction of
abandoned lead(s) and extraction of atrial leads were intraprocedural risk factors for
CVWT and TVD; however, extended implant duration was the strongest predictor of both
CVWT and TVD. Extraction of RAA leads, bipolar (BP) or unipolar (UP), and passive
fixation leads indicated the risk of CVWT (the most frequent finding was RAA tear). Right
ventricular lead tips placed in a different position than the apex, passive fixation and UP
leads were the predictors TVD.

In the two groups with major complications the state of the tricuspid valve at baseline
was comparable, LVEF was higher and right ventricular systolic pressure was lower.
Moreover, patients with CVWT or TVD were significantly more likely to have any form of
tissue scar (oscillating tissue scar on the lead, lead thickening, lead-to-lead binding and
lead adherence to any heart structure). Procedure duration was much longer in patients
with the two types of major complications. The occurrence of any technical problem
during TLE, lead-to-lead binding (intraoperative diagnosis), fracture of extracted leads,
three or more technical problems, need to use Evolution (old and new) or TightRail or
lasso catheters/snares were dramatically more frequent in patients with CVWT or TVD. A
frequent technical problem during complicated TLEs was lead breakage. This is probably
related to similar risk factors, as shown in the literature [32].

Pulling on the RAA, TV and RV wall as well as other lead was more common in
patients with CVWT and TVD. A transient drop in blood pressure during TLE is usually
caused by pulling on the RV wall, rarely on the SVC with a significant reduction of its
diameter or by any reflex action. The BP drop was significantly higher in patients with
CVWD because of blood loss.

According to recent reports, the use of a laser is associated with high efficiency also
in the removal of leads with a long dwell time, although the rate of major complications
remains relatively high (3.3%) [33]. If excimer laser energy is not applied, major complica-
tions other than tear of the SVC and anonymous vein seem to be more common [21–27].
The available guidelines and medical literature focus on cardiac/vascular wall tear but
not on worsening TR after TLE [1–5,7–11]. On the other hand, several reports (expe-
rience with 100–200 TLE procedures) have described a wide spectrum of TLE-related
TVD (Givon—15% [14], Park—11.5% [12], Franceschi—9.1% [18], Rodriguez—6% [17],
Coffey—5.6% [16], Pecha—1.9% [13], Regoli—1.2% [15]), but there has been little discus-
sion about risk factors for TLE-related TVD. In the 2018 EHRA expert consensus statement
on lead extraction—recommendations on definitions, endpoints, research trial design,
and data collection requirements for clinical scientific studies and registries: endorsed by
APHRS/HRS/LAHRS [5]—we find much lower percentages: flail tricuspid valve leaflet
requiring intervention: 0.03% (being major complication) and worsening tricuspid valve
function: 0.02–0.59 % (being minor complication).

There are two large studies of the occurrence and management of cardiac/vascular
wall damage (CVWD) during lead extraction using mainly laser technique [7,9]. Brunner
et al. reported a 0.8% incidence rate of complications requiring rescue intervention (mean
implant duration time 4.9 years). SVC laceration was most frequent (80%), whereas RA
and RV wall damage was rare [7]. Bashir et al. reported CVWD in 3% of TLE patients,
but mean implant duration time was much longer than in the previous study (10.8 years).
Overall, 84.8% of devastating injuries were cardiac tamponade [9].
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Damage to the tricuspid valve during extraction is estimated to range from 3.5% to
15%, and even to 19% [4,5,12–18]. In this study, we noted worsening TR by 1 degree (7.29%),
by 2 degrees (2.50%), by 3 degrees (0.61%) and severe TVD fulfilling the criteria of TV
repair (0.82%), which is less than previously reported [4,5,12–18]. The need for surgical
intervention in such cases is rare [12–18,34].

This study and literature review [12–18,34] indicate that one of most important safety
challenges during lead removal is still the unsolved problem of TLE-related TV damage
which is caused by fibrous adhesion of the lead to the TV leaflet. Excessive pulling on the
lead may cause leaflet disruption, and wrapping of the leaflet around the dilating sheath
during rotational lead extraction will do the same. Excellent teamwork combined with TEE
monitoring may help warn the extractor about potentially harmful situations leading to
TV damage [28–31]. The lead to be removed can be fused to the chordae tendinae or even
to the head of the papillary muscle and damages to these structures may go unnoticed.
According to recent report, monitoring of TLE by intracardiac echocardiography may even
more precisely visualize the growth of he leads to the walls of the heart, including the
tricuspid valve [35].

5. Conclusions

The risk factors for cardiac/vascular wall tear and tricuspid valve damage during
TLE are similar and include extended implant duration and other procedural and system-
dependent factors: number of extracted leads, extraction of leads with redundant loops,
extraction of abandoned lead (s), extraction of atrial leads. The immediate cause of major
complications is increased proliferation of the connective tissue resulting from the long
presence of the leads in the heart and making them grow into the heart structures. Never-
theless, TVD patients are similarly old as the control group—proliferation of tissue scar
surrounding the lead is similar to that observed in much younger patients with CVWD.

Both TVD and CVWT occur more frequently during extraction of pacemaker passive
(and unipolar) fixation leads. ICD lead extraction does not generate higher risk of TVD
or CVWT. The occurrence of TLE complications does not affect the long-term survival
of patients.

6. Study Limitations

The database of the study group was integrated prospectively, but analysis was
performed retrospectively. The main limitation is the lack of echocardiographic follow-up
with late reassessment of TVD.
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Abstract: The implantation of a subcutaneous cardioverter-defibrillator (S-ICD) may be used instead
of a traditional transvenous system to prevent sudden cardiac death. Our aim was to compare the
characteristics of S-ICD patients from the multi-center registry of S-ICD implantations in Poland with
the published results of the European Snapshot Survey on S-ICD Implantation (ESSS-SICDI). We
compared data of 137 Polish S-ICD patients with 68 patients from the ESSS-SICDI registry. The groups
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did not differ significantly in terms of sex, prevalence of ischemic cardiomyopathy, concomitant
diseases, and the rate of primary prevention indication. Polish patients had more advanced heart
failure (New York Heart Association (NYHA) class III: 11.7% vs. 2.9%, NYHA II: 48.9% vs. 29.4%,
NYHA I: 39.4% vs. 67.7%, p < 0.05 each). Young age (75.9% vs. 50%, p < 0.05) and no vascular
access (7.3% vs. 0%, p < 0.05) were more often indications for S-ICD. The percentage of patients after
transvenous system removal due to infections was significantly higher in the Polish group (11% vs.
1.5%, p < 0.05). In the European population, S-ICD was more frequently chosen because of patients’
active lifestyle and patients’ preference (both 10.3% vs. 0%, p < 0.05). Our analysis shows that in
Poland, compared to other European countries, subcutaneous cardioverters-defibrillators are being
implanted in patients at a more advanced stage of chronic heart failure. The most frequent reason for
choosing a subcutaneous system instead of a transvenous ICD is the young age of a patient.

Keywords: sudden cardiac death; ventricular arrhythmia; implantable cardioverter-defibrillator;
subcutaneous implantable cardioverter-defibrillator

1. Introduction

The implantation of a subcutaneous cardioverter-defibrillator (S-ICD) has been increas-
ingly used to treat patients at risk of sudden cardiac death due to ventricular arrhythmias.
Such a solution may in many cases replace a traditional cardioverter-defibrillator system
with transvenous leads (transvenous cardioverter-defibrillator, TV-ICD) [1,2]. According
to the European and American guidelines, S-ICD is contraindicated if a patient requires
permanent cardiac pacing, including resynchronization therapy, or has a history of ventric-
ular tachycardia that is possibly eligible for termination with antitachycardia pacing [3,4].
S-ICD systems have been used in Poland since 2014 [5,6]. Due to complex rules of reim-
bursement, the number of procedures was initially low. Not until the beginning of 2019 has
S-ICD implantation been cleared for a full refund by the National Health Fund [7]. To our
knowledge, there is no data that compare Poland with other European countries in terms
of the population characteristics of S-ICD patients and the indications for the selection of
that particular method of treatment.

The aim of our study was to compare patients’ populations and indications for S-ICD
implantation in Poland with available European data.

2. Materials and Methods

The analysis incorporates data gathered between May 2020 and March 2021 in the
multi-center registry of S-ICD implantations in Poland, run by the Heart Rhythm Section
of the Polish Cardiac Society without any support from the industry. Participation in
the registry did not in any way influence the qualification of patients for the procedure,
procedural technique, or follow-up care in any of the centers involved. Data was collected
and entered into the registry database when the hospitalization of a patient was finished.
Collected information included: age, gender, underlying disease, data regarding indications
for S-ICD implantation, basic electrocardiographic measurements, procedural technique,
and postoperative course, with any possible complications during hospitalization. Data
were compared with the published results of the European Snapshot Survey on S-ICD
Implantation (ESSS-SICDI) [8], which collected data from 20 European centers (eight
from France, six from Poland, two from Germany and Italy, and one from Austria and
Switzerland). Altogether, 429 patients were reported during the period from April to June
2017, and for 383 of them information regarding the type of implanted device was available.
In 76, S-ICD was implanted, and in the remaining 307 patients, TV-ICD was implanted. For
the purpose of our analysis we only selected data from those 76 European patients with
S-ICD but then excluded eight patients reported by Polish centers. Thus, finally, a group of
68 S-ICD patients from the ESSS-SICDI survey was taken for the comparison [9].
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Continuous variables were presented as the mean and standard deviation or median
and interquartile range, in the case of a non-normal distribution. Categorical parameters
were presented as numbers and percentages. The normality of distribution was tested
with the Shapiro–Wilk test. The χ2 test, and the Student t-test or Mann–Whitney U test
(depending on the analysis of distribution and variance) were used to compare the groups,
as appropriate for a given variable. A p value <0.05 was considered statistically significant.
The statistical analysis was performed with the use of Statistica 13.1 software (TIBCO
Software Inc., Palo Alto, CA 94304, USA).

3. Results

During the period from May 2020 to March 2021, data from 147 patients have been
reported to the registry of S-ICD implantations in Poland, which corresponds to 90% of
all S-ICD implantations performed in our country during that time. In that population,
137 patients had undergone primary implantation, and the remaining 10 had undergone a
device exchange due to an elective replacement indicator (those 10 patients were excluded
from further analysis). Altogether, 15 centers reported on 34 female and 103 male patients
(age 15 to 79, mean ± SD 43.4 ± 15.3), the majority remaining in the NYHA II or NYHA I
functional class, 67 (48.9%) and 54 patients (39.4%), respectively. The left ventricle ejection
fraction (LVEF) in this group ranged between 10 and 80%, (median [IQR] 33 (25–57)). In
91 cases (66.4%), the S-ICD system was implanted for the primary prevention of sudden
cardiac death (SCD). Nonischemic cardiomyopathy was the most prevalent underlying
disease, with 64 patients (46.7%). The main reason for choosing S-ICD rather than TV-
ICD was the young age and long life expectancy of a patient (75.9%). Among patients
with an LVEF below 35%, only two patients had a QRS complex width of over 150 ms
(nonleft bundle branch block morphology) but were not considered for transvenous cardiac
resynchronization therapy because of a high risk of infective complications (one patient had
a chronic infection and a history of extraction of a transvenous cardioverter-defibrillator,
and the other one had a history of infective endocarditis). Detailed data are shown in
Tables 1 and 2.

Table 1. Clinical characteristics of patients in the study group.

Age [Years]; Mean (SD) 43.4 (15.3)

Male; n (%) 103 (75.2)
Sinus rhythm; n (%) 128 (93.4)

Underlying disease
NICM; n (%) 64 (46.7)
ICM; n (%) 38 (27.7)
HCM; n (%) 6 (4.4)
LQTS; n (%) 5 (3.6)
BrS; n (%) 3 (2.2)
SQTS; n (%) 2 (1.5)
Myocarditis; n (%) 2 (1.5)
LVNC; n (%) 1 (0.7)
CPVT; n (%) 1 (0.7)
ToF; n (%) 1 (0.7)
Primary VF; n (%) 14 (10.2)

LVEF; median % (IQR) 33 (25–57)
NICM—nonischemic cardiomyopathy; ICM—ischemic cardiomyopathy; HCM—hypertrophic cardiomyopathy;
LQTS—long QT syndrome; BrS—Brugada syndrome; SQTS—short QT syndrome; LVNC—left ventricular
noncompaction; CPVT—catecholaminergic polymorphic ventricular tachycardia; ToF—tetralogy of Fallot; VF—
ventricular fibrillation; LVEF—left ventricle ejection fraction, IQR—interquartile range.

Our data were compared with published results from the ESSS-SICDI survey, which
after exclusion of Polish S-ICD patients (n = 8), comprised 68 S-ICD patients (22 female),
mostly remaining in the I or II functional NYHA class (46 [67.7%] and 20 [29.4%], respec-
tively). In 24 patients (35.5%), coronary artery disease was the underlying disease, while no
structural heart disease was reported in another 20 (29.4%). The LVEF interquartile range
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was between 25% and 60% (median 50%). In most cases (63.2%), S-ICD was implanted for
the primary prevention of SCD. S-ICD (and not TV-ICD) was chosen mostly due to the
young age of patients—this reason prevailed in 34 cases (50%). The clinical data from the
two groups of patients are presented in Table 2.

Table 2. Comparison of clinical characteristics between the study group and the ESSS-SICDI group—
Jędrzejczyk–Patej et al. [9].

Europe Poland p

Total number of patients; n (%) 68 (100) 137 (100) -

Age <18 years; n (%) 2 (2.9) 3 (2.2) 0.7426
Age >75 years; n (%) 0 (0) 0 (0) -

Women; n (%) 22 (32.4) 34 (24.8) 0.2543

NYHA I; n (%) 46 (67.7) 54 (39.4) 0.0001
NYHA II; n (%) 20 (29.4) 67 (48.9) 0.0078
NYHA III; n (%) 2 (2.9) 16 (11.7) 0.0374
NYHA IV; n (%) 0 (0) 0 (0) -

Ischemic etiology of HF; n (%) 24 (35.5) 38 (27.7) 0.2674

No structural heart disease; n (%) 20 (29.4) 25 (18.3) 0.0691

Primary prevention of SCD; n (%) 43 (63.2) 91 (66.4) 0.6515

Diabetes mellitus; n (%) 9 (13.2) 18 (13.1) 0.9846

Chronic kidney disease; n (%) 4 (5.9) 16 (11.7) 0.1879

COPD; n (%) 3 (4.4) 0 (0) 0.0133

AF/AFL; n (%) 4 (5.9) 9 (6.6) 0.8493

Sick sinus syndrome at implantation; n (%) 0 (0) 1 (0.7) 0.48

High degree AV block at implantation; n (%) 0 (0) 0 (0) -

LVEF (%); median (IQR) 50 (25–60) 33 (25–57) - *

Left bundle branch block; n (%) 3 (4.4) 0 (0) 0.0133

QRS 120–150 ms; n (%) 13 (19.1) 23 (16.8) 0.6798
QRS > 150 ms; n (%) 0 (0) 2 (1.5) 0.3167

HF—heart failure; SCD—sudden cardiac death; COPD—chronic obstructive pulmonary disease; AF—atrial
fibrillation; AFL—atrial flutter; AV—atrio-ventricular; LVEF—left ventricle ejection fraction, IQR—interquartile
range. Values are reported as numbers, values in brackets are percentages, except for LVEF, where a mean
value and interquartile range is given, as marked in the appropriate cells. *—statistical significance could not be
determined due to the lack of source data and data distribution from the ESSS-SICDI population.

The comparative analysis showed similar demographic data: the prevalence of is-
chemic cardiomyopathy and concomitant diseases (except for a higher prevalence of COPD
in patients from ESSS-SICDI) in the two analyzed groups. European patients were more
often (p < 0.05) in NYHA class I (67.7% vs. 39.4%) but less often in NYHA class II and class
III (29.4% vs. 48.9% and 2.9% vs. 11.7%, respectively, both p < 0.05). The median LVEF in
the Polish population was numerically lower (38.3% vs. 50%), but statistical significance
could not be determined due to the lack of source data and data distribution from the
ESSS-SICDI population. Left bundle branch block was more frequent in the European
population (4.4% vs. 0%). Furthermore, in the European group S-ICD was slightly more
frequently implanted in patients without structural heart disease, but that comparison did
not reach statistical significance (29.4% vs. 18.3%).

Reasons to implant S-ICD and not TV-ICD showed significant differences between
the groups. In the Polish group, the young age of patients (75.9% vs. 50%, p < 0.001)
and no vascular access (7.3% vs. 0%, p < 0.05) were significantly more often represented.
Additionally, the percentage of patients with a history of transvenous system removal due
to infectious complications was significantly (p < 0.05) higher in the Polish group (11% vs.
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1.5%). On the contrary, in the European population S-ICD was more frequently chosen
because of patients’ active lifestyle (10.3%) and patients’ preference (10.3%), whereas in
our group no center declared such reasons (both p < 0.001). Anticipated lead-related
complications in the case of transvenous implantation were also reported more often in the
European group (26.5% vs. 0%). A detailed comparison may be found in Table 3.

Table 3. Comparison of indications for a subcutaneous cardioverter-defibrillator between the study
group and the ESSS-SICDI group—Jędrzejczyk–Patej et al. [9].

Indication Europe Poland p

Total number of patients; n (%) 68 (100) 137 (100) -

Young age; n (%) 34 (50) 104 (75.9) 0.0002
Previous LR complications; n (%) 4 (5.9) 12 (8.8) 0.4697
Previous device infection with removal; n (%) 1 (1.5) 15 (11) 0.0172
Elevated infection risk; n (%) 7 (10.3) 15 (11) 0.8866
Anticipated LR TV-ICD complications; n (%) 18 (26.5) 0 (0) <0.0001
Preservation of vasc. system for future; n (%) 3 (4.4) 6 (4.4) 0.9915
No adequate venous access; n (%) 0 (0) 10 (7.3) 0.0224
Patient preference; n (%) 7 (10.3) 0 (0) 0.0001
Cosmetic advantage; n (%) 1 (1.5) 0 (0) 0.1548
Active lifestyle; n (%) 7 (10.3) 0 (0) 0.0001
Obesity; n (%) 0 (0) 0 (0) -

LR—lead-related; TV-ICD—transvenous implantable cardioverter-defibrillator. Values are reported as numbers,
values in brackets are percentages.

4. Discussion

S-ICD systems have been implanted in Poland since 2014, yet full reimbursement
was introduced five years later. In addition, the sources of further limitations regarding
the selection (and reimbursement) of S-ICD and not TV-ICD are still the payer (additional
clinical requirements for the reimbursement) and the centers themselves (operators/center
experience). At the same time, there are no reports on how such a situation with limited
access to technology might influence factors that determine device choice and the clin-
ical characteristics of the population that receives S-ICD. The multi-center registry run
by the Heart Rhythm Section of the Polish Cardiac Society established a possibility for
comparisons of Polish S-ICD patients with other groups; it also allowed one to compare
the indications and reasons behind a choice for a specific device. The results of the 2017
European Snapshot Survey on S-ICD Implantation gave insight into the practices regarding
S-ICD implantation in European countries. A comparison of data from both registries
reveals some differences between Poland and the rest of Europe in terms of the clinical
characteristics of patients undergoing S-ICD implantation and the indications for the proce-
dure. As the source data of the ESSS-SICDI are not publicly open, our comparison is based
on the results published by Jędrzejczyk–Patej et al. in 2018, analyzing a subpopulation of
the patients from ESSS-SICDI with the exclusion of patients reported to that registry by
Polish centers.

The main difference shown by our comparison of the two analyzed groups is the
severity of heart failure at the time of S-ICD implantation. In the ESSS-SICDI group, as
many as 67.7% of patients were in the NYHA I functional class, whereas in the Polish
population it was only 39.4%. Opposite ratios were found for the NYHA III class because
only 2.9% of European patients were reported to be in that class, compared to 11.7% in
the Polish group. Additionally, the mean left ventricle ejection fraction was numerically
lower in the Polish group. The above findings are concordant with those reported by
Jędrzejczyk–Patej et al. in 2018; however, their older analysis was based on only eight
S-ICD patients from Poland, implanted before the new reimbursement rules were set by
the National Health Fund. Nonetheless, the previously observed trends that Polish patients
at the time of implantation had more severe heart failure and lower LVEF seem to still be
valid. That phenomenon may stem from three reasons. First, as shown by the results of the
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European Heart Failure Pilot Survey, Polish patients treated for chronic heart failure on an
out-patient basis, as well as those referred to hospitals due to exacerbation of symptoms,
had a lower LVEF and higher NYHA class than corresponding patients in other European
countries. They less frequently already had an implantable cardioverter-defibrillator in
place [10]. Consequently, at the time of implantation, their heart failure was already more
advanced. The second reason is that in other European countries the decision to choose
S-ICD may be based on such factors as patient’s preference, active lifestyle, and even
cosmetic aspects (e.g., scar location after implantation) [8]. Due to that fact, S-ICD is being
more often implanted in younger, physically active patients, who still remain in good
condition and have less advanced heart failure. Reimbursement regulations in Poland do
not consider such factors at all when it comes to decision-making on S-ICD implantation.
Lastly, S-ICD in other European countries is more frequently implanted in patients without
structural heart disease (and, consequently, with a better NYHA class and higher LVEF).

Interesting conclusions may be derived from the analysis of the reasons behind choos-
ing S-ICD instead of TV-ICD. In Polish centers, a younger age was the most frequent reason
to select S-ICD, and it was reported in 75.9% of patients. In other European centers, that
factor was decisive in half of the patients. There was also a significant difference in the rate
of patients with a history of removal of a previous transvenous system due to infections. In
Poland, that was the case in over 11% of patients, whereas in the ESSS-SICDI population, it
was only the case in one patient (1.5%). Together, active lifestyle and patient’s preference
were the main reason for S-ICD implantation in over 20% of patients in the European
population. In the Polish group such a reason was not reported at all. That discrepancy
may be due to the lack of a strict definition of “young age” in both registries, which may
bias the rate of that particular indication in either direction. One has to keep in mind,
however, that the factor described as “active lifestyle” could have been underreported
in the Polish population because cardiologists qualifying for S-ICD implantation who
reported “young age” might also have understood other possible meanings under that
category that were not specifically suggested, such as “active lifestyle”. However, the most
important factors possibly influencing the reporting rate of specific indications are the
reimbursement regulations in Poland. Current regulations do not list active lifestyle or
patient’s preference among possible reasons justifying the choice of S-ICD for patients with
a general indication for an ICD. That may explain why none of the participating centers in
Poland reported such a factor, despite having the possibility to add any additional reasons.
We feel obliged to comment also on the high rate of indication described as “anticipated
lead-related TV-ICD complications” in the European group. Among Polish patients, no case
of such an indication was reported. This may be due to the fact that in our understanding
a history of lead-related complications clearly increases the risk of a future repeated occur-
rence. Therefore, records of patients with the indication “previous LR complications” were
not additionally supplemented with another indication of an anticipated risk of repeated
lead-related complications.

5. Limitations of the Study

The main limitation of the study is the time difference between data reporting to both
registries. The results from the ESSS-SICDI were published in 2018, whereas data from
Polish centers were collected until March 2021 and were more up to date. Nonetheless, the
introduction of S-ICD in Poland was delayed by several years in relation to other European
countries, and therefore the time of experience with the method in a given country from
its start to registry data reporting may be similar [11]. The length of follow-up in our
registry, as well as the character of data reported so far, did not allow for more extended
comparisons of long-term clinical outcomes. Reliability of data in both registries may be
another limitation. The registry of the Polish Heart Rhythm Section is being carried on by
specific centers, with coordinators prompted to report data, and the appropriate contract
is set by the agreement between the specific center and the Heart Rhythm Section. The
ESSS-SICDI survey was performed on the basis of a voluntary participation of implanting
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centers and the use of completely anonymous data reporting. For the purpose of our
comparison, relevant data were extracted from the available publication of the results of
that registry (a bibliographic cohort).

In most countries, implantation of S-ICD is associated with a significantly higher
cost compared to transvenous systems. Therefore, the financial issues and reimbursement
regulations might have affected clinical decisions and biased the data.

What is of further note, the Polish registry contains data collected and reported in part
during the COVID-19 pandemic. That might have changed and biased decisions in terms
of device selection [12].

6. Conclusions

Our analysis shows that in Poland, when compared to other European countries, sub-
cutaneous cardioverters-defibrillators are being implanted in patients at a more advanced
stage of chronic heart failure. The most frequent reason for choosing subcutaneous-ICD
rather than TV-ICD is the young age of a patient.
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Abstract: (1) Background: In patients referred for transvenous lead extraction (TLE) transesophageal
echocardiography (TEE) often reveals abnormalities related to chronically indwelling endocardial
leads. The purpose of this study was to determine whether the results of pre-operative TEE might
influence the long-term prognosis. (2) Methods: We analyzed data from 936 TEE examinations
performed at a high volume center in patients referred for TLE from 2015 to 2019. The follow-up was
566.2 ± 224.5 days. (3) Results: Multivariate analysis of TEE parameters showed that vegetations
(HR = 2.631 [1.738–3.983]; p < 0.001) and tricuspid valve (TV) dysfunction unrelated to the endocardial
lead (HR = 1.481 [1.261–1.740]; p < 0.001) were associated with increased risk for long-term mortality.
Presence of fibrous tissue binding sites between the lead and the superior vena cava (SVC) and/or
right atrium (RA) wall (HR = 0.285; p = 0.035), presence of penetration or perforation of the lead
through the cardiac wall up to the epicardium (HR = 0.496; p = 0.035) and presence of excessive
lead loops (HR = 0.528; p = 0.026) showed a better prognosis. After adjustment the statistical model
with recognized poor prognosis factors only vegetations were confirmed as a risk factor (HR = 2.613;
p = 0.039). A better prognosis was observed in patients with fibrous tissue binding sites between the
lead and the superior vena cava (SVC) and/or right atrium (RA) wall (HR = 0.270; p = 0.040). (4)
Conclusions: Non-modifiable factors may have a negative influence on long-term survival after TLE.
Various forms of connective tissue overgrowth and abnormal course of the leads modifiable by TLE
can be a factor of better prognosis after TLE.

Keywords: transesophageal echocardiography; vegetations; tricuspid valve dysfunction; transve-
nous lead extraction; long-term survival

1. Introduction

Recently, due to the rising incidence of infectious and non-infectious complications
related to cardiac implantable electronic devices (CIED), the number of transvenous lead
extraction (TLE) procedures has also been increasing [1]. TLE is considered as a first-line
strategy for the management of CIED-associated complications [2,3]. The rate of major
complications associated with TLE has been estimated to range from 0.9 to 4.0%, and most
often there is damage to the heart or venous vessels; the lead extraction procedure carries a
0 to 0.4% risk of death [2,3]. Due to the continuous improvement in the extraction strategy,
most patients with major complications are discharged from hospital in a good general
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state [4]. Therefore, theoretically the fate of patients after TLE should not differ from
those who did not undergo TLE. There is a large volume of published studies describing
TLE outcomes, however the results are still unsatisfactory, because mortality is 5–25% at
one year, 8–38% at three years, 8–44% at 5 years and 10–60% at 10 years, with the lowest
values encountered in patients with non-infectious indications and highest in those with
lead-related infective endocarditis (LRIE) [5–23]. Previous studies have not analyzed the
effect of echocardiographic phenomena on long-term survival of patients undergoing TLE,
and few reports have only assessed their relationship with the risk of procedure. The
main echocardiographic parameter considered in order to estimate the risk of surgery
was the value of the left ventricular ejection fraction (LVEF) [6,7,12,16] as well as the
presence/size of vegetation [7,9–11,13–15,18,19]. Only a few studies based on small sample
sizes considered a possible impact of asymptomatic masses on endocardial leads (AMEL)
on the length of survival following TLE [24–29]. This paper provides an in-depth analysis of
preoperative TEE findings and their usefulness for predicting long-term outcomes of TLE.

2. Methods
2.1. Study Population

A prospective analysis was carried out on data from preoperative TEE performed at
a high-volume center during 936 TLE procedures from June, 2015 to October 2019. All
patients gave their written informed consent to TLE and analysis of anonymized medical
records, approved by the Bioethics Committee of the Regional Chamber of Physicians and
Dentists in Lublin no. 288/2018/KB/VII.

2.2. Factors Potentially Affecting Long-Term Survival after TLE

In order to identify the factors that may influence long-term survival the following
variables have been analyzed:

Patient-dependent factors: age (during TLE and at first CIED implantation), gender,
NYHA class, LVEF, atrial fibrillation, chronic renal failure, diabetes, arterial hypertension,
a history of coronary artery bypass graft (CABG), previous sternotomy, CHA2DS2-VAsc
score, Charlson comorbidity index, chronic anticoagulation, and antiplatelet therapy.

CIED-related factors: the number of leads in the device before TLE, the number of
leads the patient had before TLE, abandoned leads, excessive lead loops before TLE, high
voltage (HV) leads, leads in the coronary sinus (CS), dwell time of the oldest lead in the
patient, mean implant duration before TLE, cumulative dwell time of the extracted leads,
and the number of CIED procedures before TEE.

Indication-related data: diagnosis of LRIE certain or probable with or without pocket
infection or only local pocket infection.

TLE efficacy and complications: the rate of complete radiographic success, partial
radiographic success, lack of radiographic success, clinical success, complete procedural
success and presence of any major complication, hemopericardium, severe tricuspid valve
damage during TLE, rescue cardiac surgery.

Most important preoperative TEE findings: tricuspid valve dysfunction, lead-dependent
tricuspid valve dysfunction (LDTD), shadowing from the leads before TLE, fibrous tissue
binding the lead to the heart structures, AMEL (fibrous tissue encasing the lead, lead thick-
ening, clots and vegetation-like masses), vegetations, excessive lead loops and perforation
or penetration of the lead through the cardiac wall up to the epicardium.
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2.3. Lead Extraction Procedure

TLE was defined according to EHRA consensus document as intervention with re-
moval of at least one lead that has been implanted for more than one year or a lead
regardless of duration of implant requiring the assistance of specialized equipment that is
not included as part of the of the typical implant package and/or removal of a lead from a
route other than the implant vein [30].

Complete procedural success was defined as removal of all targeted leads and material,
with the absence of any permanently disabling complication or procedure-related death.
Clinical procedural success was defined as retention of a small portion of a lead (<4 cm)
that does not negatively impact the outcome goals of the procedure and with absence of
any permanently disabling complication or procedure-related death [30].

Extraction procedures were performed in a hybrid operating room or in an operating
room, using mechanical systems such as polypropylene Byrd dilators (Cook® Medical,
Leechburg, PA, USA), making use of the oblique cutting edge of the tip to dissect leads
from fibrous sheaths that immobilized the lead in the intravascular and/or intracardiac
segment [11,28]. Procedures were performed in patients under general anesthesia and after
preparation of the surgical field as for subjects coming in for cardiac surgery. Continuous
invasive blood pressure monitoring from radial artery was used. The composition of the
surgical team and the course of the extraction procedure have been described in detail
elsewhere [31–33].

2.4. Preoperative TEE

TEE was performed using the Philips iE33 (Phillips Healthcare, Andover, MA, USA)
or the GE Vivid S70 (General Electric Company, Boston, MA, USA) ultrasound machine
equipped with X7-2t Live 3D or 6VT-D probes. Images and recordings were obtained
before the procedure, after general anesthesia and tracheal intubation, during preparation
of the surgical field, and dissection and stabilization of the leads in the region of the device
pocket. Leads were evaluated in the mid-esophageal, inferior esophageal and modified
transgastric views to visualize the right heart chambers and the tricuspid valve. In order to
obtain complete visualization of the structures (and assessment of lead/heart interface)
non-standard imaging planes were sometimes required. After the procedure the results
were entered into a computer database. The TEE examination was described in detail in
previous publications- we followed the methods of Nowosielecka et al. [31–33].

2.5. Echocardiographic Findings Associated with Endocardial Leads: Definition and Classification
According to the Anatomy and Characteristic Features

Asymptomatic masses on endocardial leads (AMEL) [31]: Additional masses on the
leads classified as clots (varying degrees of organization), components of connective tissue
(so-called accretions), masses resembling vegetations (vegetation-like masses), probably
the remnants after infections: Old fibrous vegetations or clots (Figure 1).

Bacterial vegetations [31], i.e., multishaped, mobile masses of inhomogeneous
echogenicity. Vegetations were diagnosed only if they were accompanied by signs of
a general infection (positive inflammatory markers, positive blood cultures) or a regional
infection (pocket infection) (Figure 2).
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Figure 1. Asymptomatic masses on endocardial leads in 2D TEE. (A)—Thickened hyperechoic distal segment of atrial lead 

surrounded by a connective tissue sheath. (B)—Thickened hyperechoic segment of atrial lead (red arrow) with a mobile 

mass representing a clot (blue arrow). (C,D)—Ventricular lead (red arrow) in the RA with mobile vegetation-like masses 

(blue arrow) (2D, ME modified and bicaval). (E)—Ventricular lead (red arrow) in the RA with a mobile connective tissue 

mass (accretion) (blue arrow). (F)—The thickened ventricular lead adhered to the TV leaflets, in addition, in RA, the echo 

associated with the TV (blue arrow) is the sheath of silicone insulation remaining after the first TLE of removing the 

previous ventricular lead. The place of growth is marked with yellow arrows. 

Figure 1. Asymptomatic masses on endocardial leads in 2D TEE. (A)—Thickened hyperechoic distal segment of atrial
lead surrounded by a connective tissue sheath. (B)—Thickened hyperechoic segment of atrial lead (red arrow) with a
mobile mass representing a clot (blue arrow). (C,D)—Ventricular lead (red arrow) in the RA with mobile vegetation-like
masses (blue arrow) (2D, ME modified and bicaval). (E)—Ventricular lead (red arrow) in the RA with a mobile connective
tissue mass (accretion) (blue arrow). (F)—The thickened ventricular lead adhered to the TV leaflets, in addition, in RA, the
echo associated with the TV (blue arrow) is the sheath of silicone insulation remaining after the first TLE of removing the
previous ventricular lead. The place of growth is marked with yellow arrows.
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moving along with the cardiac wall. The term encompasses also segmental lead-to-lead 

adhesion (two or three leads) moving along together with the cardiac walls. Immobile 

masses binding the lead to the vein or heart wall most frequently represent a sign of pre-

existing asymptomatic inflammatory response triggered by the endocardial lead (foreign 

body reaction). Over time, fibrosis ensues with the presence of calcifications (mineraliza-

tion, crystallization and ossification). This type of reaction may occur in patients with and 

without device infections [31] (Figure 3). 

Figure 2. LRIE—TEE images of bacterial vegetations attached to CIED leads. (A,A1)—Bacterial vegetation attached to the
lead (red arrows) in the RA in 2D and 3D TEE (bicaval). (B,B1)—Fine vegetations on the lead causing lead thickening with
irregular contour (blue circle) in 2D TEE (B)—well visible in 3D TEE (B1)—(bicaval). (C)—Echoes of the lead (red arrow)
with vegetations (blue circle) in the RV (2D, TG, TEE). (D)—Large bacterial vegetation attached the ventricular lead (red
arrow) dislodging to the TV orifice without significant impact on valve function. The size of the vegetation disqualifies the
patient from TLE (2D, 4-CH TEE).

Hyperechoic segmental thickening of the leads defined as connective tissue over-
growth (undergoing fibrosis, mineralization, crystallization and even ossification) [31].

Buildup: Fibrous connective tissue sheath around the lead causing adherence to the
endocardium and vessel walls producing images similar to segmental lead thickening but
moving along with the cardiac wall. The term encompasses also segmental lead-to-lead
adhesion (two or three leads) moving along together with the cardiac walls. Immobile
masses binding the lead to the vein or heart wall most frequently represent a sign of pre-
existing asymptomatic inflammatory response triggered by the endocardial lead (foreign
body reaction). Over time, fibrosis ensues with the presence of calcifications (mineralization,
crystallization and ossification). This type of reaction may occur in patients with and
without device infections [31] (Figure 3).
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Figure 3. Lead adhesion in various parts of the cardiovascular system. (A,A1)—Two leads (red arrows) bound together 

and adhering to the SVC wall (2D and 3D, bicaval). (B)—The end of the atrial lead (red arrow) implanted in the RAA 

adhering to the RA wall (yellow arrow) and a mass on the lead (accretion) (blue arrow) (2D, bicaval, modified). (C)—In 

the coronary sinus the end of the lead adhering to the vascular wall (red arrow) (2D, TG modified). (D)—Long distal end 

of the ventricular lead (red arrows) adhering to the RV endocardium (2D, TG). (E)—In the RA an additional leads (red 

arrows) fibrous mass (accretion) (blue arrow) at the binding site (3D, bicaval). 

Other, separately classified lead-associated phenomena: Lead-dependent tricuspid 

dysfunction: valve regurgitation (very rarely TV stenosis) unquestionably caused by the 

lead (lead impingement, lead entanglement with tendinous chords, lead adhesion to the 

leaflet, leaflet perforation) [31] (Figure 4). 

Figure 3. Lead adhesion in various parts of the cardiovascular system. (A,A1)—Two leads (red arrows) bound together
and adhering to the SVC wall (2D and 3D, bicaval). (B)—The end of the atrial lead (red arrow) implanted in the RAA
adhering to the RA wall (yellow arrow) and a mass on the lead (accretion) (blue arrow) (2D, bicaval, modified). (C)—In the
coronary sinus the end of the lead adhering to the vascular wall (red arrow) (2D, TG modified). (D)—Long distal end of the
ventricular lead (red arrows) adhering to the RV endocardium (2D, TG). (E)—In the RA an additional leads (red arrows)
fibrous mass (accretion) (blue arrow) at the binding site (3D, bicaval).

Other, separately classified lead-associated phenomena: Lead-dependent tricuspid
dysfunction: valve regurgitation (very rarely TV stenosis) unquestionably caused by the
lead (lead impingement, lead entanglement with tendinous chords, lead adhesion to the
leaflet, leaflet perforation) [31] (Figure 4).
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Figure 4. Lead-dependent tricuspid dysfunction (LDTD) due to lead impingement (A)—The lead (red arrow) impinging 

on the posterior TV leaflet (blue arrow) (2D, ME). (B)—Color Doppler shows severe tricuspid regurgitation before TLE 

(red arrow-lead, blue arrow- posterior TV leaflet). (C)—3D TEE viewed from the RV- impinging on the posterior TV leaflet 

(red arrow-lead, blue arrow- posterior TV leaflet). (D)—Moderate tricuspid regurgitation after the extraction procedure 

(2D, color Doppler). 

Cardiac wall perforation by the lead: visualization of the lead tip outside the heart 

contour, frequently with fluid in the pericardial sac; placement of the lead tip close to the 

border of the pericardium is referred to as penetration (Figure 5). 

Figure 4. Lead-dependent tricuspid dysfunction (LDTD) due to lead impingement (A)—The lead (red arrow) impinging on
the posterior TV leaflet (blue arrow) (2D, ME). (B)—Color Doppler shows severe tricuspid regurgitation before TLE (red
arrow-lead, blue arrow- posterior TV leaflet). (C)—3D TEE viewed from the RV- impinging on the posterior TV leaflet (red
arrow-lead, blue arrow- posterior TV leaflet). (D)—Moderate tricuspid regurgitation after the extraction procedure (2D,
color Doppler).

Cardiac wall perforation by the lead: visualization of the lead tip outside the heart
contour, frequently with fluid in the pericardial sac; placement of the lead tip close to the
border of the pericardium is referred to as penetration (Figure 5).

97



Int. J. Environ. Res. Public Health 2021, 18, 1862
Int. J. Environ. Res. Public Health 2020, 17, x  8 of 20 
 

 

 

Figure 5. Right ventricular wall perforation by the ventricular lead. An 80-year-old patient with a DDD pacemaker and 

recurrent pericardial effusion for 3 months. Based on the location of the ventricular lead tip on chest X rays (A)—and TEE, 

perforation of the RV wall was suspected. ECG-gated CT confirmed the diagnosis (B)—TEE (2D, TG) during the procedure 

visualized the end of the perforating lead (red arrows) (C–E)—and a clot in the pericardium (blue arrow) (C,D). 

Excessive lead loops as a result of too weak fixation during implantation or lead frac-

ture with insulation breach in the subclavian region. Excessive lead loops may be encoun-

tered in the right atrium or the right ventricle, and in the tricuspid valve orifice (Figure 6). 

Figure 5. Right ventricular wall perforation by the ventricular lead. An 80-year-old patient with a DDD pacemaker and
recurrent pericardial effusion for 3 months. Based on the location of the ventricular lead tip on chest X rays (A)—and TEE,
perforation of the RV wall was suspected. ECG-gated CT confirmed the diagnosis (B)—TEE (2D, TG) during the procedure
visualized the end of the perforating lead (red arrows) (C–E)—and a clot in the pericardium (blue arrow) (C,D).

Excessive lead loops as a result of too weak fixation during implantation or lead
fracture with insulation breach in the subclavian region. Excessive lead loops may be
encountered in the right atrium or the right ventricle, and in the tricuspid valve orifice
(Figure 6).
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lead (red arrows) in the RV cavity. 
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and Chi square tests. The relationship between the echocardiographic parameters and 

mortality after TLE was analyzed using Cox regression analysis. All variables reached p < 

0.1 in univariate analysis were included into a multivariate model. Two multivariate re-

gression models were defined. Model 1 was built to assess the prognostic value of the 
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TLE, ICD and CRTD prior to TLE). Moreover, the impact of the binding sites between 

leads and VCS wall and/or right atrial wall and survival after TLE was presented as the 

Figure 6. Excessive lead loops in TEE and fluoroscopy during TLE. (A,A1)—Excessive loops of ventricular and atrial leads
(white circle) visualized in the RV cavity with multifocal lead-to-lead binding. (B,B1)—Excessive loop of the ventricular
lead (red arrows) in the RV cavity.

3. Statistical Analysis

The Shapiro–Wilk test was used to test the distribution of continuous variables. A non-
parametric distribution of all continuous variables was found. For a clearer presentation of
the results, all continuous variables are presented as the mean ± standard deviation and
some of them (patient age during TLE and during first CIED implantation, left ventricle
ejection fraction, dwell time of the oldest lead in the patient) additionally as median
with the first and the third quartile. The categorical variables are presented as number
and percentage. The study population was divided into two groups depending on TLE
outcomes (survival versus death) at two-year follow-up. The significance of differences
between the groups was determined using the nonparametric “U” Mann–Whitney test
and Chi square tests. The relationship between the echocardiographic parameters and
mortality after TLE was analyzed using Cox regression analysis. All variables reached
p < 0.1 in univariate analysis were included into a multivariate model. Two multivariate
regression models were defined. Model 1 was built to assess the prognostic value of the
echocardiographic variables only. Model 2 included echocardiographic variables from
model 1 and adjusted by clinical parameters of known prognostic values (patient age at
first implantation, patient age during TLE, gender, LVEF, NYHA functional class, presence
of diabetes mellitus, renal failure, arterial hypertension, infectious indications for TLE, ICD
and CRTD prior to TLE). Moreover, the impact of the binding sites between leads and VCS
wall and/or right atrial wall and survival after TLE was presented as the Kaplan-Meier
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survival curves. The log rank test was used to compare the survival distributions of the
groups. A two-tailed p value < 0.05 was considered statistically significant.

Statistical analysis was performed with STATISTICA 13.0 (TIBCO Software Inc. Krakow,
Poland). All patients gave informed consent for TLE and anonymous analysis of their
medical records, approved by the local Bioethics Committee.

4. Results

Transesophageal echocardiography before TLE was performed in 936 patients
(355 women; 37.93%), with a mean age of 67.08 ± 14.50 years. The indications for TLE
were mainly noninfectious (727 patients; 77.67%). Pocket infection was recognized in 58
(6.20%) patients, whereas lead-related infective endocarditis in 151 (16.13%) individuals.
The follow-up after TLE was 566.2 ± 224.5 days (range: 2–730). There were 112 deaths
during follow-up. Patients with infectious indications for TLE, especially with LRIE, had
a worse survival compared to patients with non-infectious indications: 559.4 ± 266.8 vs.
670.6 ± 167.8 days; p < 0.001 (the time of survival during follow-up were calculated for
patients with completed two-years follow-up, n = 612).

4.1. Prognostic Factors
4.1.1. Prognostic Factors Not Related to TEE Findings and TLE Procedure

Most of these deaths were attributed to patient-dependent risk factors: older age
at first CIED implantation (p < 0.001), older age during TLE (p < 0.001), male gender
(p = 0.003), higher NYHA class (p < 0.001), low LVEF (p < 0.001), atrial fibrillation (p < 0.001),
chronic renal failure (increased, creatinine concentration >1.3 mg/dl) (p < 0.001), higher
CHA2DS2-VAsc score (increased, p < 0.001), higher Charlson comorbidity index (p < 0.001)
and chronic anticoagulation therapy (p < 0.001) (Table 1).

4.1.2. Prognostic Factors Related to Implanted Devices

Of CIED-related factors, HV therapy (ICD lead presence) (p = 0.016), leads in the CS
(LV pacing) (p < 0.001) and a higher number of leads the patient had before TLE (p = 0.029)
were associated with lower survival rates. Similarly, infectious indications for TLE (LRIE)
were associated with worse long-term survival (p < 0.001) (Table 1).

4.1.3. Prognostic Factors Related to TLE Procedure

The factors related to procedure efficacy and major complications did not affect
significantly long-term outcomes after TLE (Table 1).

4.1.4. Prognostic Factors Related to TEE Findings

Of preoperative TEE variables, tricuspid valve dysfunction (degree of regurgitation)
(p < 0.001) and vegetations (p < 0.001) were significantly more common among those who
died after TLE. In contrast, the signs of connective tissue overgrowth occurred significantly
more often among those who survived: fibrous tissue binding the lead to the superior vena
cava and heart structures (p = 0.024), fibrous tissue binding the lead to the heart structures
(all) (p = 0.008), fibrous tissue binding the lead to the RA wall (p < 0.001), lead-to-lead
adhesion (p < 0.009), asymptomatic masses on endocardial leads (all) (p = 0.022), and
fibrous tissue encasing the lead (p = 0.021). Similarly, the presence of (any) lead loops in the
heart before TLE (p = 0.037) and perforation or penetration of the lead through the cardiac
wall up to the epicardium (p = 0.038) were associated with better chances of long-term
survival (Table 2).
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Table 1. Preliminary analysis of all parameters as potential risk factors for early death after TLE.

All Group n = 936 Alive n = 824 Death n = 112
“U” Mann–
Whitney/
X2 Test

Follow-up (days); mean ± SD; (min.-max.);
median, [Q1; Q3]

566.2 ± 224.5 (2–730)
730.0 [397.0; 730.0]

604.4 ± 196.0 (64–730)
730.0 [505.0; 730.0]

285.3 ± 221.6 (2–725)
242.0 [75.0; 450.5] p < 0.001

Demographic and clinical data

Patient age during TLE (years); mean ± SD;
median, [Q1; Q3]

67.08 ± 14.50
69.20 [61.10; 77.80]

66.07 ± 4.79
69.40 [60.60; 77.40]

73.29 ± 10.54
73.30 [66.70–82.20] p < 0.001

Patient age at first CIED implantation (years); mean ± SD;
median, [Q1; Q3]

57.28 ± 16.09
60.40 [50.20; 68.10]

56.32 ± 16.45
60.80 [49.90; 68.20]

64.38 ± 10.85
65.30 [59.10; 72.80] p < 0.001

Sex (female); n (%) 355 (37.927) 327 (39.684) 28 (25.000) p = 0.004
NYHA class; (mean ± SD) 2.029 ± 0.574 1.985 ± 0.560 2.348 ± 0.581 p < 0.001

LVEF (%); (mean ± SD);
median, [Q1; Q3]

47.89 ± 15.56
53.00 [34.50; 60.20]

48.97 ± 15.05
55,40 [35.00; 60.10]

39.94 ± 16.96
37.00 [25.70; 55.30] p < 0.001

Atrial Fibrillation; n (%) 219 (23.397) 177 (21.279) 42 (37.500) p < 0.001
Chronic kidney disease (creatinine concentration >1.3 mg/dL); n (%) 230 (24.892) 173 (21.297) 57 (51.351) p < 0.001

Diabetes (any); n (%) 198 (21.154) 167 (20.267) 31 (27.679) p = 0.093
CABG history; n (%) 74 (7.906) 65 (7.888) 9 (8.036) p = 0.895

Previous sternotomy; n (%) 132 (14.103) 116 (14.078) 16 14.286) p = 0.932
Arterial hypertension; n (%) 482 (51.496) 433 (52.549) 49 (43.750) p = 0.100
CHA2DS2-VAsc; mean ± SD 3.005 ± 1.487 2.914 ± 1.763 3.682 ± 1.502 p < 0.001

Charlson comorbidity index; mean ± SD 4.886 ± 3.764 4.674 ± 3.751 6.555 ± 3.557 p < 0.001
Need for long-term anticoagulation; n (%) 389 (41.560) 323 (39.199) 66 (58.929) p < 0.001

Need for long-term antiplatelet therapy; n (%) 424 (45.299) 365 (44.296) 59 (52.679) p = 0.116

CIED-related data

Number of leads in the system before TLE; mean ± SD 1.834 ± 0.639 1.817 ± 0.611 1.946 ± 0.745 p = 0.122
Presence of abandoned lead before TLE; n (%) 86 (9.188) 74 (8.981) 11 (9.821) p = 0.908

Presence of HV therapy (ICD) lead; n (%) 296 (31.624) 249 (30.218) 47 (41.964) p = 0.016
Presence of CS (LV pacing) lead; n (%) 153 (16.346) 120 (14.563) 33 (29.464) p < 0.001

Number of leads in the patient before TLE; mean ± SD 1.954 ± 0.729 1.934 ± 0.718 2.098 ± 0.718 p = 0.040
Dwell time of the oldest lead in the patient (months); mean ± SD;

median, [Q1; Q3]
115.80 ± 77.6

99.00 [62.00; 156.00]
117.01 ± 77.75

99.00 [64.00; 156.00]
107.24 ± 76.77

84.00 [49.00; 152.00] p = 0.066

Number of procedures before lead extraction; mean ± SD 1.837 ± 0.990 1.840 ± 0.997 1.795 ± 0.922 p = 0.766
LRIE certain or probable with or without pocket infection; n (%) 151 (16.132) 108 (13.107) 43 (38.393) p < 0.001

Local (pocket) infection (only); n (%) 58 (6.196) 52 (6.311) 6 (5.357) p = 0.854

TLE efficacy and complications

Major complications (any); n (%) 18 (1.923) 17 (2.063) 1 (0.893) p = 0.632
Hemopericardium; n (%) 12 (1.282) 11 (1.353) 1 (0.893) p = 0.954

Tricuspid severe valve damage during TLE; n (%) 6 (0.641) 5 (0.607) 1 (0.893) p = 0.783
Rescue cardiac surgery; n (%) 11 (1.175) 10 (1.214) 1 (0.893) p = 0.864

Lack of radiological success; n (%) 6 (0.641) 5 (0.607) 1 (0.893 p = 0.783
Complete clinical success; (%) 916 (97.863) 805 (97.694) 111 (99.107) p = 0.534

Complete procedural success; n (%) 917 (97.761) 808 (98.058) 109 (97.321) p = 0.872

Abbreviations: Q1—first quartile, Q3—third quartile, CABG—coronary artery bypass grafting, CHA2DS2-VAsc—Score for Atrial Fibrillation
Stroke Risk, CIED—cardiac implantable electronic device, CS—coronary sinus, HV—high voltage, LRIE—lead-related infective endocarditis,
LV—left ventricle, TLE—transvenous lead extraction.
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4.2. Cox’s Regression Analysis Results (Model-1; Echocardiographic Data)

Univariate Cox regression analysis showed a negative relationship between the
chances of two-year survival and disease-related parameters only: lead-unrelated TV
dysfunction (HR = 1.528; p < 0.001) and vegetations (HR = 3.078; p < 0.001). However, on
the other hand, there was a positive relationship between the chances of two-year survival
and the following variables (related to implant duration): fibrous tissue encasing the lead
(HR = 0.442; p = 0.014), fibrous tissue binding the lead to the SVC and RA wall (HR = 0.208;
p = 0.007), and lead-to-lead adhesion (HR = 0.484; p = 0.022). Additionally, perforation
or penetration of the lead through the cardiac wall up to the epicardium (HR = 0.474;
p = 0.024) and excessive lead loops (HR = 0.543; p = 0.033) were suggestive of better
prognosis (Table 3).

Table 3. Prognostic value of preoperative TEE findings after a follow-up of two years in TLE patients, results of univariate
and multivariate model-1 Cox regression analysis.

Univariate Cox Regression Multivariate Cox Regression

HR 95% CI p HR 95% CI p

Lead-dependent TV dysfunction (LDTD) (yes/no) 1.630 0.875–3.037 0.124
TV dysfunction unrelated to lead presence (all) (by one degree) 1.528 1.296–1.801 <0.001 1.481 1.261–1.740 <0.001
Asymptomatic masses on endocardial leads (AMEL) (yes/no) 0.821 0.563–1.196 0.304
Fibrous tissue encasing the lead (yes/no) 0.442 0.231–0.847 0.014 0.587 0.304–1.132 0.112
Lead thickening (yes/no) 0.911 0.600–1.385 0.664
Clot on the lead (yes/no) 1.017 0.496–2.089 0.962
Vegetation-like masses (yes/no) 1.495 0.657–3.404 0.338
Strong connective tissue scar binding the lead to heart structures (any) (yes/no) 0.624 0.381–1.022 0.061
Fibrous tissue binding the lead to the SVC (yes/no) 0.414 0.131–1.303 0.132
Fibrous tissue binding the lead to the SVC or/and RA wall (yes/no) 0.208 0.066–0.655 0.007 0.285 0.088–0.919 0.036
Fibrous tissue binding the lead to the tricuspid apparatus (yes/no) 0.944 0.493–1.807 0.861
Fibrous tissue binding the lead to the RV wall (yes/no) 0.952 0.523–1.733 0.872
Fibrous tissue binding the lead to the tricuspid apparatus or/and RV wall (yes/no) 0.886 0.529–1.485 0.646
Lead-to-lead adhesion (yes/no) 0.484 0.260–0.901 0.022 0.653 0.345–1.235 0.190
Perforation or penetration of the lead through the cardiac wall up to the epicardium
(yes/no) 0.474 0.247–0.907 0.024 0.496 0.259–0.953 0.035

Excessive lead loops in the heart (yes/no) 0.543 0.310–0.956 0.033 0.528 0.301–0.928 0.026
Presence of vegetations (yes/no) 3.078 2.042–4.639 <0.001 2.631 1.738–3.983 <0.001

Abbreviations: LDTD—Lead dependent tricuspid valve dysfunction, RV—right ventricle, SVC—superior vena cava, TV—tricuspid valve.

Multivariable Cox regression analysis of TEE variables confirmed the negative rela-
tionship between the chances of two-year survival and lead-unrelated TV dysfunction
(HR = 1.481; p < 0.001) and vegetations (HR = 2.631; p < 0.001), and the positive relationship
between fibrous tissue binding the lead to the SVC and/or RA wall (HR = 0.285; p = 0.036),
perforation or penetration of the lead through the cardiac wall up to the epicardium
(HR = 0.469; p = 0.035) and excessive lead loops (HR = 0.528; p = 0.026) (Table 3).

4.3. Cox’s Regression Analysis Results (Model-2; Echocardiographic Data Adjusted with
Recognized Clinical Risk Factors)

Multivariate Cox regression analysis confirmed the negative relationship between the
chances of two-year survival and patient’s health status parameters such as patient age
during TLE (HR = 1.037, p = 0.057), decreased LVEF (per ↓10%p) (HR = 1.168, p = 0.051),
the presence of chronic renal failure (HR = 1.811; p = 0.004), the lead in the CS before TLE
(HR = 1.610; p = 0.031), long-term anticoagulation (HR = 1.550, p = 0.032) and indication-
related parameters: vegetations (HR = 2.613; p < 0.001) and lead-related infective endocardi-
tis (LRIE) without vegetations (HR = 2.371; p < 0.017). But, on the other hand, the analysis
showed several variables predicting significantly better TLE outcomes, i.e., presence of
fibrous tissue binding the lead to the SVC and/or RA wall (HR = 0.270; p = 0.040) and
unexpectedly, arterial hypertension (HR = 0.569; p = 0.006). (Table 4 and Figure 7).
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Table 4. Prognostic value of TEE findings after a follow-up of two years in TLE patients after adjustment of the Cox regression
model for common risk factors for poor prognosis, results of univariate and multivariate model-2 Cox regression analysis.

Univariable Cox Regression Multivariable Cox Regression

HR 95% CI p HR 95% CI p

Lead-dependent TV dysfunction (LDTD) (yes/no) 1.630 0.875–3.037 0.124
TV dysfunction unrelated to lead presence (all) (by one degree) 1.528 1.296–1.801 <0.001 1.128 0.937–1.357 0.202
Asymptomatic masses on endocardial leads AMEL (yes/no) 0.821 0.563–1.196 0.304
Fibrous tissue encasing the lead (yes/no) 0.442 0.231–0.847 0.014 0.629 0.323–1.226 0.174
Lead thickening (yes/no) 0.911 0.600–1.385 0.664
Clot on the lead (yes/no) 1.017 0.496–2.089 0.962
Vegetation-like masses (yes/no) 1.495 0.657–3.404 0.338
Strong connective tissue scar binding the lead to heart structures (any) (yes/no) 0.624 0.381–1.022 0.061 1.531 0.841–2.787 0.164
Fibrous tissue binding the lead to the SVC (yes/no) 0.414 0.131–1.303 0.132
Fibrous tissue binding the lead to the SVC or/and RA wall (yes/no) 0.208 0.066–0.655 0.007 0.270 0.077–0.944 0.040
Fibrous tissue binding the lead to the tricuspid apparatus (yes/no) 0.944 0.493–1.807 0.861
Fibrous tissue binding the lead to the RV wall (yes/no) 0.952 0.523–1.733 0.872
Fibrous tissue binding the lead to the tricuspid apparatus
or/and RV wall (yes/no) 0.886 0.529–1.485 0.646

Lead-to-lead adhesion (yes/no) 0.484 0.260–0.901 0.022 0.607 0.313–1.175 0.138
Perforation or penetration of the lead through the cardiac wall up to the epicardium
(yes/no) 0.474 0.247–0.907 0.024 0.562 0.289–1.093 0.090

Excessive lead loops in the heart (yes/no) 0.543 0.310–0.956 0.033 0.632 0.350–1.139 0.127
Presence of vegetations (LRIE with vegetations) (yes/no) 3.078 2.042–4.639 <0.001 2.613 1.635–4.176 <0.001
Female gender (yes/no) 0.542 0.355–0.826 0.004 0.812 0.511–1.289 0.376
Patient age at first CIED implantation (↑ by 1 year) 1.040 1.023–1.056 0.000 0.997 0.964–1.031 0.871
Patient age during TLE (↑ by 1 year) 1.044 1.026–1.062 0.000 1.037 0.999–1.076 0.057
Need for long-term anticoagulation (yes/no) 2.172 1.490–3.165 0.000 1.472 0.979–2.214 0.063
LVEF (↓by 10%p) 1.420 1.261–1.597 0.000 1.168 0.999–1.360 0.051
NYHA class (↑by one class) 2.852 2.120–3.838 0.000 1.340 0.909–1.975 0.139
Chronic renal failure (yes/no) 3.528 2.435–5.111 0.000 1.811 1.213–2.704 0.004
Diabetes t. 2 (yes/no) 1.522 1.006–2.303 0.047 1.209 0.780–1.874 0.397
Presence of CS lead before TLE (yes/no) 2.342 1.560–3.516 0.000 1.610 1.045–2.482 0.031
Presence of ICD lead before TLE (yes/no) 1.649 1.133–2.401 0.009 0.930 0.573–1.509 0.768
Arterial hypertension (yes/no) 0.727 0.500–1.056 0.094 0.569 0.381–0.849 0.006
Lead-related infective endocarditis (LRIE) without vegetations (yes/no) 2.289 1.196–4.383 0.012 2.371 1.166–4.821 0.017
Isolated local pocket infection without general infection (yes/no) 0.842 0.370–1.915 0.681

Abbreviations: RV—right ventricle, SVC—superior vena cava, TV—tricuspid valve CIED—cardiac implantable electronic device, CS—
coronary sinus, ICD—implantable cardioverter- defibrillator, LVEF—left ventricular ejection fraction, NYHA class—New York Heart
Association class, TLE—transvenous lead extraction.
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Results of multivariate model-2 Cox regression analysis are also presented in the
Figure S1.

5. Discussion

Predicting long-term survival after various procedures, especially those related to
the cardiovascular system, is an extremely important element of planning a therapeutic
strategy. Transvenous lead extraction has been performed for a relatively short time,
and for this reason only few studies have looked at the long-term prognosis of patients
after TLE. The available evidence shows that CIED-related infection is the most common
prognostic factor for unfavorable outcomes of TLE [5–11,13–15,17–22]. Other factors are
mainly those dependent on the patient’s general condition i.e., age [6,13,21,22], renal
failure [5–8,10,12,13,16,19–22], diabetes [5,16,21], heart failure [7,10,16,22], anemia [8,19],
comorbidities [7]. Several studies have demonstrated the significance of procedure-related
factors (system upgrade, ICD or CRT device, procedural failure, retained lead fragments,
major complications, abandoned leads) [5,6,11–14,16,21] (Table 5).

Echocardiographic phenomena have been very rarely analyzed in terms of their impact
on long-term survival after TLE A couple of papers showed only the role of so-called ghosts,
i.e., post-removal, tubular, mobile masses following the lead’s intracardiac route in the
right-sided heart chambers [15,20]. The present study set out to investigate the usefulness
of preoperative transesophageal echocardiography in the assessment of the long-term
survival after TLE. The results are consistent with those observed in earlier studies [5–22]
which showed that patient-dependent variables (demographic, related to the underlying
disease, comorbidities, systemic infection) were the main risk factors for death at long-term
follow-up. CIED-related factors, including the number of leads, left ventricular lead and
ICD lead play a significant role, but secondary to the underlying condition [5,6,11–15,19,21].
Of the previously identified echocardiographic factors [7,12,16], this study confirms the
prognostic value of left ventricular ejection fraction. It should, however be emphasized
that the present study was designed to investigate the role of the factors that have not been
considered in previous analyses of long-term survival after TLE. Because of the complexity
of relationships the preoperative TEE findings and abnormalities were divided into: (1)
Non-modifiable factors related to the patient’s general condition; (2) non-modifiable factors
related to the underlying disease (indication-dependent); (3) factors that have no effect on
the procedure course and chances of long-term survival; (4) factors that may increase the
complexity of the extraction procedure and the development of complications but which
per se do not decrease chances of long-term survival; and (5) abnormalities that can be
corrected during the extraction procedure.

105



In
t.

J.
En

vi
ro

n.
R

es
.P

ub
lic

H
ea

lth
20

21
,1

8,
18

62

Ta
bl

e
5.

Po
te

nt
ia

lr
is

k
fa

ct
or

s
fo

r
m

or
ta

lit
y

af
te

r
TL

E
du

ri
ng

lo
ng

-t
im

e
fo

llo
w

-u
p.

So
ur

ce
s

Po
te

nt
ia

lP
at

ie
nt

-a
nd

C
o-

M
or

bi
di

ty
-R

el
at

ed
R

is
k

Fa
ct

or
s

(N
or

m
al

Ty
pe

)

P
ot

en
ti

al
In

fe
ct

io
n-

R
el

at
ed

R
is

k
Fa

ct
or

s
(I

ta
li

cs
)

PO
T

EN
T

IA
L

C
IE

D
-,

PR
EV

IO
U

S
PR

O
C

ED
U

R
E-

A
N

D
T

LE
-R

EL
A

T
ED

R
IS

K
FA

C
T

O
R

S
(C

ap
it

al
Le

tt
er

s)

A
ut

ho
r

Ye
ar

Pa
ti

en
ts

M
os

tI
m

po
rt

an
tF

ac
to

r
Im

po
rt

an
tF

ac
to

r
N

ew
O

bs
er

va
ti

on
N

o.
of

R
ef

er
.

M
ay

ti
n

20
12

98
5

El
de

rl
y

pt
s,

In
fe

ct
io

ns
D

ia
be

te
s,

re
na

lf
ai

lu
re

SY
ST

EM
U

PG
R

A
D

E
[5

]

D
eh

ar
o

20
12

19
7

In
f

A
ge

,I
nf

ec
tio

n,
di

se
as

e-
re

la
te

d
fa

ct
or

s
R

en
al

fa
ilu

re
Th

ro
m

bo
cy

to
pe

ni
a,

C
R

T
[6

]

H
ab

ib
20

13
41

5
En

do
ca

rd
iti

s,
he

ar
tf

ai
lu

re
R

en
al

fa
ilu

re
C

o-
m

or
bi

di
ti

es
[7

]

D
ec

kx
20

14
17

6
In

f
Sy

st
em

ic
in

fe
ct

io
n,

fe
m

al
e

se
x

R
en

al
fa

ilu
re

Lo
w

he
m

og
lo

bi
n

[8
]

K
im

20
14

80
IE

V
al

vu
la

r
en

do
ca

rd
iti

s
&

M
R

SA
in

fe
ct

io
n

M
R

SA
in

fe
ct

io
n

[9
]

Ta
ra

kj
i

20
14

50
2

Sy
st

em
ic

in
fe

ct
io

n,
co

nc
ur

re
nt

in
fe

ct
io

n
R

en
al

fa
ilu

re
N

Y
H

A
II

I/
IV

[1
0]

Fu
20

15
65

2
En

do
ca

rd
iti

s
“w

ill
be

re
po

rt
ed

”
A

BA
N

D
O

N
ED

LE
A

D
(?

)
[1

1]

M
er

ch
an

t
20

15
50

8
LV

EF
,L

EA
D

N
U

M
BE

R
R

en
al

fa
ilu

re
PR

O
C

ED
U

R
A

L
FA

IL
U

R
E

[1
2]

G
om

es
20

16
51

0
Sy

st
em

ic
in

fe
ct

io
n,

ad
va

nc
ed

ag
e

R
en

al
fa

ilu
re

R
ET

A
IN

ED
LE

A
D

FR
A

G
M

EN
T,

M
C

[1
3]

G
om

es
20

16
34

8
En

do
ca

rd
iti

s
R

ET
A

IN
ED

LE
A

D
FR

A
G

M
EN

T
[1

4]

N
ar

du
cc

i
20

16
21

7
En

do
ca

rd
iti

s,
sy

st
em

ic
in

fe
ct

io
n

“G
ho

st
”

pr
es

en
ce

[1
5]

K
ut

ar
sk

i
20

16
20

49
EF

,N
Y

H
A

cl
as

s,
A

F
R

en
al

fa
ilu

re
,d

ia
be

te
s

LA
C

K
O

F
C

LI
N

IC
A

L
SU

C
C

ES
S,

C
R

T-
P

[1
6]

D
ie

m
be

rg
er

20
18

16
9

In
fe

ct
io

n
Pr

es
en

ce
of

ve
ge

ta
tio

ns
(T

EE
!!

!)
R

is
k

fa
ct

or
s

fo
r

de
ve

lo
pm

en
to

fC
IE

D
I(

Sh
ar

iff
sc

or
e
≥

3)
[1

7]

D
ie

m
be

rg
er

20
19

10
5

C
IE

D
I

En
do

ca
rd

iti
s

18
F-

FD
G

PE
T/

C
T

im
ag

in
g

En
do

ca
rd

iti
s

w
ith

ou
tp

oc
ke

ti
nf

ec
tio

n
[1

8]

Po
le

w
cz

yk
20

16
50

0
IE

V
eg

et
at

io
n

si
ze

,I
C

D
LE

A
D

R
en

al
fa

ilu
re

,A
F

V
eg

et
at

io
n

re
m

na
nt

,h
em

og
lo

bi
n

[1
9]

D
ie

m
be

rg
er

20
18

12
1

R
en

al
fa

ilu
re

“G
ho

st
”

pr
es

en
ce

&
cl

os
ed

po
ck

et
&

m
od

ifi
ed

D
uk

e
cr

ite
ri

a
fu

lfi
lle

d
[2

0]

Ja
ch

eć
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1. Non-modifiable factors related to the patient’s general condition: Tricuspid valve
regurgitation (TVR), excluding LDTD, was associated with worse long-term survival
in multivariate analysis, but after adjustment for common risk factors for poor prog-
nosis this variable lost its prognostic value. In patients referred for lead extraction
TVR is a non-modifiable factor because of right ventricular status.

2. Non-modifiable factors related to the underlying disease (indication-dependent):
Vegetations and LRIE have always been (in all previous analyses, including ours) one
of the most potent factors decreasing chances of long-term survival [5–22]. Unfortu-
nately, despite the improving standards [2–4] long-term mortality among patients
after TLE performed due to LRIE does not improve as desired.

3. Factors that have no effect on the procedure course and chances of long-term sur-
vival: AMEL (clots, vegetation-like masses) had no influence on chances of long-term
survival in our analysis.

4. Factors that may increase the complexity of the extraction procedure and the devel-
opment of complications but which, per se, do not decrease chances of long-term
survival: fibrous tissue binding the lead to the heart structures, lead-to-lead adhesion.
The degree of connective tissue overgrowth in response of the endothelium to long-
term irritation by the lead depends on implant duration, stiffness and the number of
leads, but first of all on patient age (inverse relationship). This phenomenon has been
better documented in papers describing lead removal in children and young patients
and in adults with leads implanted in childhood [17]. Surprisingly, the current study
found that various forms of connective tissue overgrowth (fibrous tissue binding
the lead to the heart structures, lead-to-lead adhesion, lead thickening, scar tissue
surrounding the lead) were associated with better long-term survival, although based
on previous observations [31,32], connective tissue overgrowth was a predictor of
TLE technical difficulty and major complications. This proves that the course of the
procedure does not affect prognosis after TLE.

5. Abnormalities that can be corrected during the extraction procedure:

a. Lead-dependent tricuspid dysfunction was not significantly associated with
the length of survival. This can be attributed to the fact that most patients with
LDTD were referred for the intervention because of the lead propping one of
the leaflets open, which was corrected to varying extent during TLE.

b. Excessive lead loops (loop in the right atrium, loop crossing the TV, loop in
the right ventricle or pulmonary artery) in univariate and multivariate Cox
analysis were significantly associated with better survival odds. The reason
was that this abnormality was the indication (main or accompanying) for lead
replacement and no patient left our facility with abandoned leads.

c. Perforation, penetration—as was the case of lead loops, perforation/penetration
was the main or accompanying indication for lead extraction (most of them
were “dry” and caused lead dysfunction or, less frequently, it was an inciden-
tal finding or the cause of fluid accumulation in the epicardial space). All
perforating/penetrating leads were replaced, thus eliminating their influence
on survival and future quality of life. Similar to lead loops, perforations in
univariate and multivariate Cox analysis of Model 1 were significantly related
to better survival odds.

6. Limitations

The current study is a single center observational prospective study. The lead extrac-
tion procedure was performed using mechanical tools and not laser sheaths.

7. Conclusions

The main factors predicting shorter survival among patients undergoing TLE were
those related to the patient (patient age during TLE, male gender, higher NYHA class,
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low LVEF, atrial fibrillation, or chronic renal failure), and those related to the underlying
disease, comorbidities and systemic infection.

Non-modifiable factors (patient-dependent and indication/infection-dependent) may
have a negative influence on the postoperative course and long-term survival.

The exacerbation of the foreign body reaction resulting in fibrous tissue binding the
lead to the vena cava superior or heart structures (especially right atrium wall) seemingly
improves chances of longer survival.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-460
1/18/4/1862/s1, Figure S1: Prognostic value of TEE findings in follow-up of 2 years in TLE patients
after adjustment of the Cox regression model for common risk factors for poor prognosis, results of
multivariable Cox regression analysis.
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Abstract: Background: Cardiac resynchronization therapy (CRT) improves outcome in patients with
heart failure (HF) however approximately 30% of patients still remain non-responsive. We propose a
novel index—Regional Strain Pattern Index (RSPI)—to prospectively evaluate response to CRT. Meth-
ods: Echocardiography was performed in 49 patients with HF (66.5 ± 10 years, LVEF 24.9 ± 6.4%,
QRS width 173.1 ± 19.1 ms) two times: before CRT implantation and 15 ± 7 months after. At baseline,
dyssynchrony was assessed including RSPI and strain pattern. RSPI was calculated from all three
apical views across 12 segments as the sum of dyssynchronous components. From every apical view,
presence of four components were assessed: (1) contraction of the early-activated wall; (2) prestretch-
ing of the late activated wall; (3) contraction of the early-activated wall in the first 70% of the systolic
ejection phase; (4) peak contraction of the late-activated wall after aortic valve closure. Each compo-
nent scored 1 point, thus the maximum was 12 points. Results: Responders reached higher mean RSPI
values than non-responders (5.86 ± 2.9 vs. 4.08 ± 2.4; p = 0.044). In logistic regression analysis value
of RSPI ≥ 7 points was a predictor of favorable CRT effect (OR: 12; 95% CI = 1.33–108.17; p = 0.004).
Conclusions: RSPI could be a valuable predictor of positive outcome in HF patients treated with CRT.

Keywords: cardiac resynchronization therapy; dyssynchrony; strain pattern; heart failure; RSPI

1. Introduction

Cardiac resynchronization therapy (CRT) improves the outcome and reduces symp-
toms in advanced Heart Failure with a Reduced Ejection Fraction (HFrEF) patients with a
prolonged duration of QRS complex, especially with Left Bundle Branch Block (LBBB) [1,2].
Pooled data from six selected studies showed that CRT reduced all-cause mortality by 28%
and new hospitalizations for worsening HF by 37% [3]. In the CARE-HF and COMPAN-
ION trials, it has been shown that CRT reduces heart failure symptoms by one NYHA class
and improves quality of life by 5–6% [1,4]. The main purpose of CRT is to reduce dyssyn-
chrony and to restore physiological activation of the left ventricle (LV) myocardium [5]. A
thorough, reliable evaluation of dyssynchrony seems to be crucial in the selection of CRT
recipients [6]. The precise measurement of intraventricular dyssynchrony must take into
account its two main components—electrical dyssynchrony and mechanical dyssynchrony,
which are complementary because the final effect of resynchronization therapy depends on
the presence of both [7]. If one of these is missing, CRT is unlikely to benefit the patient.
The patterns of the LV deformation strain curves allows a complex assessment of both the
timing and contractility [8].

Previous studies have demonstrated that identifying the LBBB-related strain pattern
highly predicts the LV reverse remodelling [9]. We believe that a generalized appraisal
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of dyssynchrony including the analysis of the strain curves from all of the apical views
might be a more precise measure to predict the CRT effect. Therefore, we propose a new
method, called the Regional Strain Pattern Index (RSPI), which merges information about
the dyssynchrony of the strain curves from all three apical views. The objective of this
study was to verify RSPI in predicting response to CRT.

2. Materials and Methods
2.1. Population

The prospective study included 49 subjects (84% male, 66.5 ± 10 years, 34.7%/63.3% in
New York Heart Association class II/III) with symptomatic heart failure qualified for CRT
implantation in class I/IIa according to the 2013 ESC Guidelines [10]. Firstly, 71 consecutive
patients were recruited but twenty-two patients were lost during the follow-up (six patients
due to poor echocardiographic window, four patients because of suboptimal pace delivery
(BiV < 90%), four patients were lost during the follow-up, four patients declined participate
in the study, two had dysfunction of CRT (dislocation of LV lead) and two patients died).
The remaining 49 patients constituted the study group. Twenty (40.8%) patients had already
had a cardiac implantable electronic device (CIED) and were receiving an upgrade to a
resynchronization system, while the others (29 patients, 59.2%) received a CRT de novo.
All of the patients had received optimal pharmacological therapy before CRT including
renin-angiotensin antagonists (42 patients; 85.7%), β-blockers (48 patients; 98%), loop
diuretic (46 patients; 93.9 %), mineralocorticoid receptor antagonist (46 patients, 93.9%).
The exclusion criteria included acute coronary syndrome for three months, inadequate
CRT delivery after the follow-up (BiV pacing rate < 90%) or a poor image quality of the
echocardiography. All study patients had transthoracic echocardiography and NYHA
functional class assessment before CRT implantation and after 15 ± 7 months follow-up
period. All of the patients were informed and signed a written consent. The study protocol
was approved by the local bioethical committee.

2.2. Echocardiography—General Data

A full standard echocardiography was performed using a cardiovascular ultrasound
system (Vivid 7, GE Medical Systems, Horten, Norway) before and 15 ± 7 months after CRT
implantation. LV end-systolic volume (LVESV), end-diastolic volume (LVEDV) and LVEF
were measured using the biplane Simpson method. Left Ventricle Global Longitudinal
Strain (LVGLS) measurements were performed to assess global left ventricular function.
The response to CRT was defined as a ≥15% LVESV reduction after the follow-up period.

The echocardiographic examination included standard gray-scale and color-coded
tissue Doppler imaging (TDI) in all of the apical views (4-chamber, 2-chamber and 3-
chamber) with six basal and six-midsegmental models of the myocardial velocity curves.
Time to peak myocardial velocity during the ejection phase was measured in relation to the
beginning of the QRS complex [9].

In addition to the TDI-derived parameters, gray-scale imagining that was optimized
for longitudinal strain (with high frame rates; >35 frames/s) and subsequent strain pattern
analysis was performed. Two-dimensional longitudinal strain data were processed using
a speckle-tracking examination from the apical views and the reference point was the
beginning of the QRS complex. The endocardial border was traced in end-systole. Seg-
mentation of the region of interest for a 18-segment model was performed. Segmentation
was automatically proposed by the analysis software with visual verification and a manual
correction if needed [10].

The ejection phase was defined as the time from the beginning of QRS to aortic valve
closure (AVC). AVC was defined using a pulsed-wave Doppler ultrasound in the LV outflow
tract from an apical 5-chamber view. The AVC timing was appropriately noted on the tissue
velocity and strain waveforms. Three cardiac cycles were taken to average measurements.
Echocardiographic images were analyzed offline with a customized software package
(EchoPac, General Electric (GE) Healthcare, Boston, MA, USA).
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Atrioventricular (defined as the left ventricular diastolic filling time/RR time, LVDFT/
RR), interventricular (defined as the difference between the aortic and pulmonary pre-
ejection time- interventricular mechanical delay, IVMD) and intraventricular dyssynchrony
parameters were evaluated.

The following intraventricular dyssynchrony parameters were calculated:

# Septal flash (0/1)
# SPWMD (Septal to posterior wall motion delay, which was assessed using M-mode

echocardiography from the parasternal short-axis view at the papillary muscle level)
# Four-chamber max intraventricular delay—maximal difference in the time-to-peak

systolic velocity curves among the four sites (two basal, two midventricular) in the
4-chamber apical view

# Two-chamber max intraventricular delay—maximal difference in the time-to-peak
systolic velocity curves among the four sites (two basal, two midventricular) in the
2-chamber apical view

# Three-chamber max intraventricular delay—maximal difference in the time-to-peak
systolic velocity curves among the four sites (two basal, two midventricular) in the
3-chamber apical view

# Maximum time delay technique—maximal difference in the time-to-peak systolic
velocity curves between any two of the 12 LV segments (six basal, six midventricular)

# Mechanical dyssynchrony index (Yu index)—standard deviation of the time-to-peak
systolic velocity in the 12 LV segments (six basal, six midventricular)

# Strain pattern analysis
# Regional strain pattern index—RSPI

2.3. Echocardiography—Strain Pattern Analysis

Strain pattern analysis was performed according to the model proposed by Risum et al. [9].
The pattern of the strain curve in patients with LBBB (so-called “classical pattern”) reflects
an abnormal, dyssynchronous activation of the LV walls. The classical pattern is charac-
terized by an early peak contraction in the early-activated wall, whereas the opposing
late-activated wall is prestretched and shows a late contraction [11].

All three criteria must be fulfilled to identify a strain pattern as “classical” (LBBB-related):

(1) Early contraction of at least one basal or midventricular segment in septal or an-
teroseptal wall and early stretching in at least one basal or midventricular segment in
the opposing wall,

(2) the early peak contraction does not exceed 70% of the ejection phase,
(3) the early stretching wall shows a peak contraction after aortic valve closure.

Strain pattern analysis was performed using all three apical views. If all three criteria
were fulfilled in at least one view, then the strain pattern was recognized as being “classical”.
A pattern that did not fulfill the criteria of a classical pattern was considered to be a
“heterogeneous pattern”.

2.4. Echocardiography—Regional Strain Pattern Index

Our innovative scoring system is based on the methodology of strain pattern analysis
that was proposed by Risum et al. [9]. By definition, the classical pattern includes three
criteria, but it comprises four components, actually: (1) the early contraction of the early-
activated wall, (2) the prestretching of the opposing, late-activated wall, (3) the contraction
of the early-activated wall occurs in the first 70% of the systolic ejection phase and (4) the
peak contraction of the late-activated wall occurs after aortic valve closure. Illustration of
the four components of RSPI is shown on Figure 1.
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systolic strain of the early activated wall with regard to the ejection phase time). The re-
maining three components were based on a visual assessment and were referred to as 
peak strain curve. The presence of RSPI component was recognized if there was an evi-
dent positive/negative peak strain curve. Evaluation of echo strain measurements was 

Figure 1. Components of Regional Strain Pattern Index (RSPI). Illustration of the four components
of RSPI based on an analysis of the 4-chamber apical view strain curves: (1) the early contraction
of the early-activated wall (light blue line; light blue arrow); (2) the prestretching of the opposing,
late-activated wall (blue line, yellow arrow); (3) the contraction of the early-activated wall occurs
in the first 70% of the systolic ejection phase and (4) the peak contraction of the late-activated wall
occurs after aortic valve closure (red line, red arrow). AVC indicates aortic valve closure.

The component “contraction of the early-activated wall within the first 70% of the
systolic ejection phase” was verified based on the timing measurements (time to peak
systolic strain of the early activated wall with regard to the ejection phase time). The
remaining three components were based on a visual assessment and were referred to
as peak strain curve. The presence of RSPI component was recognized if there was an
evident positive/negative peak strain curve. Evaluation of echo strain measurements
was performed by one observer. In 20 randomly selected strain studies the inter- and
intra-observer variabilities for the longitudinal strain were 7 and 5%, respectively.

RSPI calculation is based on strain curves analysis from apical 4-, 2-, and 3-chamber
views. RSPI was calculated as the sum of dyssynchronous components from all three apical
views. One point was attributed to the presence of each component, thus a maximum
of 12 points could be achieved (four points in each view). Presence of dyssynchronous
components was analyzed among basal or midventricular segments. RSPI has no relation
to the type of strain pattern (classical or heterogeneous). An example how to calculate RSPI
is shown in Figures 2–4.

The study population was divided into two groups according to the RSPI score:
≥7 points (19 patients, 38.8% of the population) and <7 points (30 patients, 61.2% of the
population).
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Figure 2. RSPI calculation: 4-chamber view. In 4-chamber view patient reached 3 points: early
contraction of the midventricular segment (light blue line; light blue arrow) in the interventricular
septum [1 point] but peak contraction slightly exceeds 70% of the systolic ejection phase [0 point];
early prestretching of the basal segment (red line; yellow arrow) in the lateral wall [1 point] with the
peak contraction (red arrow) after aortic valve closure [1 point].
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Figure 3. RSPI calculation: 2-chamber view. In 2-chamber view patient reached 2 point: the basal
segment in the anterior wall exhibits contraction movement (red line; light blue arrow) [1 point],
but it does not fulfill criterion of early 70% of the ejection phase [0 point]. The basal segment in the
inferior wall (yellow line) does not show early stretching [0 point] but peak contraction occurs after
aortic valve closure (red arrow) [1 point].
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Figure 4. RSPI calculation: 3-chamber view. In 3-chamber view patient reached 3 points: early
contraction of the basal segment (red line; light blue arrow) in the anteroseptal wall [1 point] but
peak contraction exceeds 70% of the systolic ejection phase [0 point]; early prestretching of the basal
segment (yellow line; yellow arrow) in the posterior wall [1 point] with the peak contraction (red
arrow) after aortic valve closure [1 point].

2.5. Statistical Analysis

The statistical analysis was performed using Statistica 10 Software. The distribu-
tion was verified using a Shapiro-Wilk test. Continuous variables were compared using
Kolmogorov-Smirnov test or Wilcoxon test when appropriate. The comparison of RSPI
score between groups was performed by Mann-Whitney U test. Categorical variables
(reported as numbers with percentages) were tested using χ2 statistics and the McNemar
test when appropriate. Spearman rank coefficients tests were used to determine the rela-
tionships between the variables. Univariate regression analysis with dyssynchrony indexes
as the independent variables was also performed. The receiver operating characteristics
(ROC) was analyzed for RSPI. Reproducibility was assessed for the strain measurements.
p value < 0.05 was considered to be statistically significant.

3. Results
3.1. Baseline Characteristics

The study included 49 patients (84% male, 66.5 ± 10 years, NYHA II/III/IV: 34.7%/
63.3%/2%; 57.1% ischemic etiology of HF), who underwent CRT implantation. The mean
QRS duration was 173.1 ± 19.1 ms. Thirty-five (71.4%) patients had a native LBBB according
to the ESC 2013 criteria. Seven (14.3%) patients had a dominant right ventricular pacing
rhythm (pacemaker-dependent patients, and therefore native rhythm could not be defined)
and seven patients had a non-LBBB morphology. Twenty (40.8%) patients had CIED (three
pacemakers (PM) and 17 ICD) and underwent an upgrade to a resynchronization system.
Among the three patients with a previously implanted PM, two had a dominant right
ventricular pacing rhythm and one had LBBB. Among the 17 patients with ICD, five of
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them had a dominant right ventricular pacing rhythm, 10 had LBBB and two had non-LBBB.
Thirty-two (65.3%) patients had a contraction pattern (classical pattern) that was typical for
LBBB and 17 (34.7%) patients had a heterogeneous pattern according to Risum’s method.
The baseline characteristics are presented in Table 1. Thirty-six (73.5%) patients responded
positively to CRT. No significant differences between responders and non-responders
were observed regarding baseline demographics, clinical or echocardiographic parameters.
However, non-responders compared with responders were more likely to have CIED before
CRT implantation and they underwent “up-grade to CRT” (not de novo implantation).

Table 1. Baseline characteristics of general population, responders and non-responders.

Study Population
(n = 49)

Responders
(n = 36)

Non-Responders
(n = 13)

Age (years) 67 ± 10 68 ± 10 63 ± 10

Male Sex, n (%) 41 (84) 30 (83.3) 11 (84.6)

NYHA Functional Class 2.8 ± 0.5 2.8 ± 0.6 2.7 ± 0.4

Baseline NYHA Class III, n (%) 31 (63.3) 21 (58.3) 10 (76.9)

Ischemic Etiology of HF, n (%) 28 (57.1) 20 (55.6) 8 (61.5)

QRS (ms) 173 ± 19 173 ± 21 174 ± 16

LBBB, n (%) 35 (71.4) 27 (75) 8 (61.5)

AF at Implantation, n (%) 7 (14.3) 6 (16.7) 1 (7.7)

CIED Before CRT (= up-grade to CRT), n (%) * 20 (40.8) 11 (30.6) 9 (69.2)

LVESV (mL) 218 ± 109 217 ± 107 223 ± 119

LVEF (%) 25 ± 6 24 ± 6 27 ± 7
Note: NYHA: New York Heart Association; HF: Heart Failure; QRS = QRS width; LBBB—Left Bundle Branch
Block; AF: Atrial Fibrillation; CIED: Cardiac Implantable Electronic Device; CRT: Cardiac Resynchronization
Therapy; LVESV: Left Ventricular Ventricular End Systolic Volume; LVEF: Left Ventricular Ejection Fraction;
* p < 0.05 responders vs non-responders.

3.2. Follow-Up

The mean follow-up was 14.9 ± 7 months. For the entire study group, a significant
decrease in NYHA class was observed (from 2.75 ± 0.52 to 1.9 ± 0.7; p < 0.001). There
were no important differences in the clinical response between the responders and non-
responders (Table 2). During the follow-up, almost all of the echocardiographic parameters
improved. The LVEDV and LVESV volumes were reduced. The LVEF increased from
24.9 ± 6.4% to 31.9 ± 6.9%; p < 0.001. LVGLS) for the entire population increased from
−6.94 ± 2.16 to −7.95 ± 2.68%; p = 0.039.

3.3. Effect of CRT on the Dyssynchrony Parameters

Table 2 shows the changes in dyssynchrony indexes after CRT. All of the fields of
dyssynchrony improved after CRT implantation. The incidence of the septal flash and the
typical LBBB contraction pattern decreased (from 31.1% to 11.1%, p = 0.039 and from 65.3%
to 12.2%, p < 0.001, respectively). Similarly, tissue velocity—derived dyssynchrony indexes
changed significantly after CRT. A significant reduction of dyssynchrony was observed in
the responders but not in the non-responder group.

3.4. Regional Strain Pattern Index

The RSPI was higher in the responders than in the non-responders (5.86 ± 2.92 vs.
4.08 ± 2.4; p = 0.044). The RSPI was independent of gender (male: 5.15 ± 2.93; female:
6.63 ± 2.34; p = 0.21), HF etiology (ischemic vs. non-ischemic: 5.18 ± 2.83 vs. 5.67 ± 2.99,
respectively; p = 0.72) or the presence of LBBB (LBBB: 5.83 ± 2.68; non-LBBB 4.29 ± 3.15;
p = 0.15). No correlation was found between the RSPI and the echocardiography parame-
ters, dyssynchrony indexes, QRS duration or NYHA class.
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Table 2. Dyssynchrony indexes and NYHA class before and after CRT in responders and non-responders.

Responders Non-Responders

Baseline After CRT p Value Baseline After CRT p Value

Echocardiographic Parameters

LVEF (%) 24 ± 6 34 ± 7 <0.001 27 ± 7 27 ± 5 0.433

LVESV (mL) 217 ± 107 147 ± 87 <0.001 223 ± 119 218 ± 110 0.6

LVEDV (mL) 277 ± 127 218 ± 107 <0.001 298 ± 139 294 ± 142 0.35

Dyssynchrony Indexes

LVDFT/RR (%) 40.5 ± 9 49.3 ± 6.6 <0.001 43.5 ± 9.5 43.8 ± 8.2 0.753

Interventricular Mechanical Delay (IVMD)
(ms) 36.7 ± 36 13.2 ± 19.5 <0.001 36.9 ± 31.7 14.6 ± 22 0.025

Septal Flash, n (%) 11 (32.4) 2 (5.9) 0.016 3 (27.3) 3 (27.3) 0.617

SPWMD (ms) 82.3 ± 176.5 −44.3 ± 101.2 0.002 85.4 ± 116 20 ± 194.4 0.424

4-chamber Max Intraventricular Delay
(ms) 99.2 ± 80.5 100.6 ± 84.8 0.812 123.8 ± 101.5 108.3 ± 137.4 0.456

Maximum Time Delay Technique (ms) 168.3 ± 107.7 137.8 ± 74.8 0.164 204.6 ± 93 162.5 ± 113.7 0.196

Maximal Opposing Wall Delay (ms) 144.7 ± 94.3 123.3 ± 76.5 0.21 177.7 ± 92 139.2 ± 117.2 0.21

Yu Index (ms) 60.1 ± 40.6 46.9 ± 24.3 0.109 71.6 ± 34.4 53.8 ± 31.2 0.158

Classical Pattern (0/1), n (%) 11/25
(30.6/69.4)

32/4
(88.9/11.1)

<0.001
(McNemar’s

test)
6/7

(46.2/53.8)
11/2

(84.6/15.4)
0.13

(McNemar’s
test)

RSPI 5.86 ± 2.9 2.69 ± 2.3 <0.001 4.08 ± 2.4 2.31 ± 2.2 0.083

Clinical Response

NYHA Class 2.8 ± 0.6 1.9 ± 0.7 <0.0001 2.7 ± 0.4 2 ± 0.7 0.005

Note: LVEF: Left Ventricular Ejection Fraction; LVESV: Left Ventricular Ventricular End Systolic Volume; LVEDV: Left Ventricular Ventricular
End Diastolic Volume; LVDFT/RR: Left Ventricular Diastolic Filling Time/RR ratio: SPWMD Septal-To-Posterior Wall Motion Delay; RSPI:
Regional Strain Pattern Index; NYHA: New York Heart Association; CRT: Cardiac Resynchronization Therapy.

ROC curve analysis was performed for the RSPI (Figure 5). The optimal cut-off value
to predict CRT response was at 7 points. RSPI ≥ 7 had a 50% sensitivity, a 92% specificity
and a 64.7% positive and 40% negative predictive value in predicting the CRT response
(area under curve, AUC = 0.691, p = 0.014).

In the RSPI ≥ 7 points group, reverse remodelling (defined as a reduction of
LVESV ≥ 15%) was observed in 18/19 patients (94.7%). Among the non-responders, only
one patient (1/13; 7.7%) had RSPI of more than seven points and the other 12 patients
(92.3%) were in the RSPI < 7 points group (p < 0.01).

3.5. Prediction of the Response to CRT

At the 15-month follow-up, the mean LVESV reduction was 23.2 ± 19.8 % (range
−22% to 72.3%). None of the baseline dyssynchrony indices correlated with the LVESV
reduction. For the entire population, the RSPI did not show a relationship with the reverse
remodelling (rho = 0.079; p = 0.59). In the univariate logistic regression analysis (Table 3)
among all of the dyssynchrony indexes, only the RSPI ≥ 7 points predicted a positive
response to CRT (OR: 12; 95% CI = 1.33–108.17; p = 0.027).
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Table 3. Dyssynchrony indexes: univariate logistic regression analysis for CRT response.

Univariate Logistic Regression Analysis (Responder: ∆LVESV ≥ 15%)

Odds Ratio [OR]; 95% Confidence Interval. (‘p’ Value)

Atrioventricular Dyssynchrony

LVDFT/RR (Left Ventricular Diastolic Filling Time/RR time) (%) 0.963; 95% CI = 0.89–1.038
(p = 0.32)

LVDFT/RR < 40% (0/1) 0.5; 95% CI = 0.12–1.98
(p = 0.31)

Interventricular Dyssynchrony

IVMD (Interventricular Mechanical Delay) (ms) 0.999; 95% CI = 0.98–1.02
(p = 0.99)

IVMD ≥ 40 ms (0/1) 1.07; 95% CI = 0.29–3.96
(p = 0.92)

Intraventricular Dyssynchrony

Septal flash (0/1) 1.56; 95% CI = 0.34–7.17
(p = 0.56)

SPWMD (Septal to Posterior Wall Motion Delay) (ms) 0.999; 95% CI = 0.995–1.004
(p = 0.95)

4-chamber max intraventricular delay (ms) 0.99; 95% CI = 0.989–1.004
(p = 0.39)

Maximum Time Delay Technique (ms) 0.997; 95% CI = 0.99–1.003
(p = 0.29)

Maximal Opposing Wall Delay (ms) 0.996; 95% CI = 0.99–1.003
(p = 0.29)

Yu Index (ms) 0.993; 95% CI = 0.977–1.009
(p = 0.37)

Strain Pattern Analysis and RSPI

General Classical Pattern (0/1) 1.95; 95% CI = 0.51–7.4
(p = 0.32)

RSPI (General Score) 1.26; 95% CI = 0.98–1.61
(p = 0.068)

RSPI ≥ 4 points 1.84; 95% CI = 0.42–8.06
(p = 0.41)

RSPI ≥ 7 points 12; 95% CI = 1.33–108.17
(p = 0.027)

Note: RSPI: Regional Strain Pattern Index.
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4. Discussion

Numerous approaches have been proposed to quantify dyssynchrony and to improve
patient’s selection for CRT implantation [12,13]. In this study, we have presented our
innovative proposal for the prediction of CRT response. We have introduced and verified
the clinical use of RSPI. Our modified analysis of the contraction strain curve pattern
was aimed at minimizing and overcoming the limitations of the previously employed
echocardiographic indices of LV dyssynchrony.

RSPI is based on the assumption that dyssynchrony is a quantitative rather than
qualitative process and RSPI reflects the severity of the disease. RSPI is expected to be
effective also in a scarred myocardium. In the segments with an impaired contractility,
the lack of a strain curve makes it impossible to define the strain pattern. However, in
such a case, the features of intraventricular dyssynchrony may be present in other seg-
ments/views. Theoretically, this remaining portion of dyssynchrony in the viable segments
may be revealed by RSPI and is believed to be a potential indicator for a positive response
to CRT. Therefore, it is expected that a high RSPI score will identify responders even in
case of patients with scarred segments and abnormal regional contractility.

Four important issues are listed below along with an explanation of why RSPI appears
to be better than other methods for predicting the beneficial effects of CRT.

Firstly, it is a quantitative approach to dyssynchrony. Some of the classical, aforemen-
tioned parameters are based on rigid cut-off values or on the presence of specific signs
such as a septal flash. We assumed that dyssynchrony (and the CRT response as well) is a
“continuous” value and that it cannot be treated solely in terms of “presence” or “absence”.

Secondly, it is a composite appraisal of dyssynchrony. The advantage of RSPI is that it
takes into account dyssynchrony in 12 regions (three apical views with four segments in
each view). Previous investigators have shown that the cumulative score of dyssynchrony
increases the responsiveness to CRT [14,15]. In the classical parameters, the diminished
contractility of one wall may lead to incorrect results. In RSPI, even in the case of impaired
myocardial viability in one region, features of dyssynchrony may be present in the re-
maining regions. Therefore, the final RSPI could remain high, thus reflecting an existing
dyssynchrony. Moreover, RSPI reflects changes during the entire cardiac cycle, not just in
the ejection period.

Thirdly, the contractility. Patients without preserved contractility are unlikely to have
a positive response to CRT. Abnormal contractility modifies the strain-derived pattern
of LBBB [16]. Decreased contractility and scarring may predict a poor response to CRT
regardless of the pathogenesis of cardiomyopathy [17,18]. Our innovative parameter indi-
rectly assesses the contractility. The absence of contraction makes it impossible to assess
the strain curves. Therefore, RSPI would not be scored in these regions (which actually
means a “0” point).

Fourthly, the feasibility and simplicity. Many of the proposed dyssynchrony param-
eters require either specialized software or complex calculations [19]. To calculate RSPI,
there is no need for extra tooling or to transfer the images to another system for the final
processing of the results. RSPI calculation is possible ad hoc while performing a basic
echocardiography examination.

Measurements of various dyssynchrony parameters were performed (Table 3). Among
all of the indexes, only RSPI ≥ 7 points showed a significant relation with the CRT response
in the univariate model (OR: 12; 95% CI 1.33–108.17; p = 0.027), whereas the general
RSPI reached a borderline statistical significance (OR: 1.26; 95% CI 0.98–1.61; p = 0.068).
Therefore, maybe the innovative quantitative methods based on strain analysis would be
useful in improving the identification of CRT responders. Recently, Gorcsan et al. [20]
proposed Systolic Stretch Index (SSI)—similar to our methodology based on strain analysis.
SSI was strongly associated with favorable clinical outcomes including in the important
patient subgroup with QRS width 120 to 149 ms or non-LBBB.

In our study, we intended to prove the usefulness of RSPI in case of all the patients
who met the CRT criteria. Our group reflects the real-life, potential CRT recipients. In daily
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clinical practice, it is not only LBBB but also patients with non-LBBB and patients with
CIED that undergo an up-grade procedure. Overall, the positive and negative predictive
values of RSPI are quite modest but we must keep in mind that the study population was
heterogeneous with different baseline conditions. Within the whole perspective, among
the patients with different kinds of CRT indications, RSPI was positively verified with a
specificity at satisfactory level of 92.3%.

The arguments presented in the discussion show that the evaluation of dyssynchrony
is a composite, multifaceted problem. The Regional Strain Pattern Index is our new ap-
proach and has the potential to become a simple and practical tool for everyday use.

5. Limitations

Some limitations to our study should be addressed:

(1) It was a single center study. The study sample was small and quite heterogeneous
(some patients had atrial fibrillation, while some had non-LBBB). Therefore, the
predictive value of RSPI should be validated in a larger study with a more homoge-
neous population.

(2) The quality of the echocardiographic examination is crucial for image-based mea-
surements of dyssynchrony. Suboptimal image quality may affect the results. From
71 consecutive patients qualified to enter into the study, finally six (8.5%) patients
were excluded due to poor echocardiographic window.

(3) Strain pattern methodology relies on visual evaluation of the strain-derived curves.
Therefore, during RSPI assessment, in some cases there may be discrepancies be-
tween observers.

(4) RSPI is a single parameter and reflects intraventricular dyssynchrony, whereas dyssyn-
chrony and the response to CRT are multimodal ones. The selection of the most
appropriate candidate for CRT might require a combined approach rather than a
single parameter.

(5) The QRS duration criterion for entry into the study was 120 ms (according to the
previous guidelines), whereas at present the cut-off value is 130 ms. However, no
patient had a QRS shorter than 140 ms in our population.

(6) Post-implantation CRT optimization was not taken into consideration.

6. Conclusions

RSPI constitutes an innovative, valuable predictor for a CRT response. RSPI value of
≥7 points is an independent predictor of CRT response. RSPI appears to be better than the
previously used dyssynchrony indexes for selecting patients for CRT and for efficiently
identifying long-term responders.
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