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Abstract
Objectives Cardiac lead perforation is a rare but potentially life-threatening event. The purpose of this study was to investigate the
diagnostic performances of chest radiography, transthoracic echocardiography (TTE) and electrocardiography (ECG)-gated
contrast-enhanced cardiac CT in the assessment of cardiac lead perforation.
Methods This retrospective study was approved by the ethics review board of Sun Yat-Sen Memorial Hospital at Sun Yat-Sen
University (Guangzhou, China), and the need to obtain informed consent waswaived. BetweenMay 2010 andOct 2017, 52 patients
were clinically suspected to have a cardiac lead perforation and received chest radiography, TTE and ECG-gated contrast-enhanced
cardiac CT. Among them, 13 patients were identified as having cardiac lead perforation. The diagnostic performances of these three
modalities were evaluated by receiver-operating characteristic (ROC) curves using a composite reference standard of surgical and
electrophysiological results and clinical follow-up. The areas under ROCs (AUROCs) were compared with the McNemar test.
Results The accuracies of chest radiography, TTE and ECG-gated contrast-enhanced cardiac CT imaging for the diagnosis of
cardiac lead perforation were 73.1%, 82.7% and 98.1%, respectively. ECG-gated contrast-enhanced cardiac CT had a higher
AUROC than chest radiography (p < 0.001) and TTE (p < 0.001).
Conclusions ECG-gated contrast-enhanced cardiac CT is superior to both chest radiography and TTE imaging for the assessment
of cardiac lead perforation.
Key Points
• ECG-gated contrast-enhanced cardiac CT has an accuracy of 98.1% in the diagnosis of cardiac lead perforation.
• The AUROC of ECG-gated contrast-enhanced cardiac CT is higher than those of chest radiography and TTE imaging.
• ECG-gated contrast-enhanced cardiac CT imaging has better diagnostic performance than both chest radiography and TTE
imaging for the assessment of cardiac lead perforation.
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ROC Receiver-operating characteristic curve
ROI Region of interest
TTE Transthoracic echocardiography

Introduction

Implantation of cardiac devices, such as pacemakers, implant-
able cardioverter defibrillators and cardiac resynchronization
therapy are the most common cardiac electrophysiological
procedures [1–3] used for the treatment of many patients with
cardiac arrhythmias, recurrent ventricular dysrhythmias [4]
and a small proportion of patients with heart failure [2, 5].
However, a variety of implantation complications, including
lead perforation, infection, erosion of the pulse generator or
lead connections, and subclavian vein thrombosis, rarely oc-
cur [6]. Among them, cardiac lead perforation is a rare but
potentially life-threatening complication with an incidence <
1% [7, 8]. The cardiac leads could perforate the myocardium,
even reach the pericardium cavity or chest wall, which might
result in fatal complications such as malignant arrhythmia and
acute pericardial tamponade. The clinical management of lead
perforation mainly involves simple repositioning of the lead.
Other strategies including open chest lead extraction and per-
cutaneous transvenous lead extraction might be needed, par-
ticularly when uncontrolled bleeding occurs or a lead pene-
trates outside the pericardiumwith potential risk of vascular or
pulmonary damage [8].

Lead perforation is mainly identified according to clinical
manifestations, programmability parameters at device interro-
gation or using imaging modalities, such as chest radiography,
transthoracic echocardiography (TTE) and cardiac CT. Lead
perforation is often accompanied by symptoms such as chest
pain, dyspnea and cardiac arrest or may be clinically insidious
[9]. Abnormality in programmability parameters at device in-
terrogation might be the first diagnostic clue to cardiac lead
perforation, however suffering from poor specificity [10].
Chest radiography and TTE also have poor sensitivity
(27.8% and 41.2%, respectively) for the diagnosis of lead
perforation [7]. Beam hardening and motion artifacts from
the high-density metallic leads remain problems inherent to
CT [11]. The artifacts at the lead tip will potentially lead to
over- or underestimation of a subtle lead perforation [11].

Electrocardiography (ECG)-gated cardiac CT imaging al-
lows a more accurate evaluation of the lead tip position and
improved assessment of perforation because of reduced mo-
tion artifacts from metallic leads [11–13]. Case reports have
described the use of chest radiography, TTE or conventional
cardiac CT in the diagnosis of lead perforation [14–19].
However, to the best of our knowledge, data on the diagnostic
performance of ECG-gated contrast-enhanced cardiac CT for
the assessment of lead perforation are scarce.

In this study, chest radiography, TTE and ECG-gated
contrast-enhanced cardiac CT images from 52 patients with
clinically suspected cardiac lead perforation were retrospec-
tively analyzed. The diagnostic sensitivity, specificity, ac-
curacy, positive predictive value (PPV) and negative predic-
tive values (NPV) of chest radiography, TTE and ECG-
gated contrast-enhanced cardiac CT for detecting cardiac
lead perforations were compared.

Materials and methods

Patients

This retrospective study was approved by the ethics review
board of Sun Yat-Sen Memorial Hospital at Sun Yat-Sen
University (Guangzhou, China), and the need to obtain in-
formed consent was waived. Between May 2010 and Oct
2017, 2731 patients received cardiac device implantation at
our institution. Among them, 52 patients who were clinically
suspected of a cardiac lead perforation due to presenting
symptoms (chest pain, n = 17; diaphragma subsultus, n = 4;
oppression in chest, n = 4; dyspnea, n = 4), abnormal electro-
physiological parameters at device interrogation (n = 17) or
both (n = 6) were enrolled in this study. All 52 patients
underwent chest radiography, TTE and ECG-gated contrast-
enhanced cardiac CT examinations within 3 days to identify
the lead perforation. Among 52 patients, 13 were diagnosed
with lead perforation (lead perforation group). Four patients
had their diagnosis confirmed by open chest lead extraction
surgery and nine by normal electrophysiological parameters at
device interrogation after lead repositioning. The remaining
39 patients were diagnosed without lead perforation (lead
non-perforation group). This diagnosis was determined by
an expert panel consisting of three cardiovascular physicians
(B.H., P.L. and J.W. with 7, 15 and 25 years of experience
with cardiac device operation and diagnosis of cardiovascular
disease, respectively). After a comprehensive review of the
clinical follow-up data including symptoms, electrophysiolog-
ical parameters at device interrogation and TTE [7], the ab-
sence of lead perforation was identified in these 39 patients
according to a rapid disappearance of symptoms, normal elec-
trophysiological parameters at device interrogation during a
short-time follow-up (range: 1 to 5 days; median: 3 days) after
conservative treatment and negative TTE imaging on follow-
up (range: 1 to 5 days; median: 2 days). Thus, a composite
reference standard of surgical and electrophysiological results
and clinical follow-up was used to determine the diagnostic
performance of chest radiography, TTE and ECG-gated con-
trast-enhanced cardiac CT. For all 52 patients who were
suspected of having cardiac lead perforation, demographic
data, including the indication of cardiac device implantation,
device type, lead type, perforation time after implantation,
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clinical symptom, electrical parameters at device interrogation
and treatment, were recorded.

Chest radiography and evaluation

Posteroanterior and lateral chest radiography was per-
formed using a digital radiography system (AXIOM
Aristos VX; Siemens Healthineers) in each patient during
a full-inspiratory breath-hold. The parameters were as fol-
lows: a voltage of 125 kV, tube current of 200 mA and
automatic exposure control. The obtained chest images
were independently reviewed by two radiologists (C.Z.
and J.S., with 5 and 17 years of experience with diagnostic
imaging of cardiovascular disease, respectively) on a
picture-archiving and communication system (PACS,
Centricity RA1000 Workstation V.3.0; GE Healthcare).
Any disagreements were resolved by consensus. The two
reviewers were blinded to the TTE and ECG-gated con-
trast-enhanced cardiac CT images. Lead perforation was
considered present when a lead tip extended more than 2
mm beyond the cardiac contour or a lead tip forward move-
ment was identified compared with the chest radiography
performed soon after the initial cardiac device implantation,
as previously described [7, 8, 19, 20]. If a lead perforation
was identified, the perforated location was recorded.

Transthoracic echocardiogram and evaluation

TTE examination was performed using an ultrasoundmachine
(Vivid E9; GE Healthcare). Patients were examined in supine
position with quiet respiration or while holding their breath.
The standard parasternal long- and short-axis views, modified
right ventricle inlet tract view and apical four-, two- and three-
chamber views were used to assess lead perforation.
Dedicated apical right ventricular views and subcostal views
were also obtained. TTE images were independently reviewed
and evaluated by two ultrasound doctors (P.W. and S.Z., with
5 and 13 years of experience in ultrasonic diagnosis of cardio-
vascular disease, respectively) with PACS (Centricity
RA1000 Workstation V.3.0; GE Healthcare). Any discrepan-
cies were resolved by consensus. The two reviewers were
blinded to the chest radiography and ECG-gated cardiac CT
images. Lead perforation was identified when a lead tip ex-
tended more than 2 mm beyond the outer margin of the myo-
cardium, as previously described [7]. If a lead perforation was
considered present, the perforated location, lead tip position
and pericardial effusion were recorded.

Electrocardiography-gated contrast-enhanced cardiac
CT and image evaluation

ECG-gated contrast-enhanced cardiac CT imaging was per-
formed using a 64-slice CT scanner (Somatom Sensation

64; Siemens Healthineers) with a retrospective ECG-gated
technique. All patients were scanned craniocaudally in the
supine position, and the bilateral arms were elevated in
close contact with the head. All the patients received respi-
ratory training by a technician (H.H., with 12 years of ex-
perience in ECG-gated cardiac CTscanning), and their heart
rates were monitored. The heart rates of 52 patients during
CTexamination ranged from 47 to 77 beats/min (median, 63
beats/min). None of the patients received medication to con-
trol heart rates. In the absence of contraindications (hypo-
tension, severe anemia, current use of nitrate medications,
known nitroglycerin allergy), patients were given a 0.5-mg
nitroglycerin tablet (Peking Yimin Pharmaceutical Co., Ltd)
sublingually 2 min before scanning. The contrast-enhanced
images were obtained after intravenous injection of iodin-
ated nonionic contrast agent (Iohexol; 350 mg/dl iodine, GE
Healthcare) with a speed of 5 ml/s at a dose of 1.0 ml/kg
body weight, followed by the injection of 50 ml saline at the
same speed using a dual-head injector (Medrad Stellant CT
injector System; Medrad Inc). Automatic bolus-tracking
technology was used. The region of interest (ROI) was set
at the descending aorta of the aorto-pulmonary fenestration
plane, and the triggering threshold value was 100
Hounsfield units. The patients held their breaths as soon as
contrast material in the ROI reached the threshold, and the
contrasted-enhanced scan was started 5 s later. The scan
range included the whole heart from the superior border of
the aortic arch to the diaphragmatic surface of the heart. The
scan parameters were as follows: a voltage of 120 kV, tube
current of 550 mAs, rotation time of 0.35 s and DFOVof 25
cm. The CT dose index was 65.61 ± 5.1 mGy.

The CT raw data were reconstructed into thin slice images
with a 0.6-mm slice thickness and 0.4-mm reconstruction in-
crement using a B46f soft-tissue kernel on a CT workstation
(AW 4.6, GE Healthcare). The Bbest diastolic^ phase images,
on which the metallic and motion artifacts of the electrode
cable were mildest, were selected from serial 66%-86% R-R
interval images to be used for assessment, as previously de-
scribed [12]. These Bbest diastolic^ phase images were post-
processed by using a multiplanar reformation (MPR) tech-
nique by one radiologist (X.Z., with 7 years of experiencewith
cardiac CT reformation) to display the orientation of the elec-
trode and location of the lead tip. The oblique axial or oblique
coronal images along the long axis of the electrode wires
inside the ventricles were obtained to depict the relationship
among the lead tip, myocardium and pericardium.

ECG-gated contrast-enhanced cardiac CT images were in-
dependently reviewed by two radiologists (X.D. andG.L., with
10 and 25 years of experience with vascular disease diagnosis,
respectively) with PACS (Centricity RA1000 Workstation
V.3.0; GE Healthcare). Any disagreements were resolved by
consensus. The image window level and window width could
be adjusted freely to minimize beam-hardening artifacts to

Eur Radiol (2019) 29:963–974 965



depict the cardiac and lead structures. The two reviewers were
blinded to the chest radiography and TTE images. The pres-
ence of perforation was identified when a lead tip extended
more than 2 mm beyond the interface of the blood pool and
myocardium-epicardial fat, as previously described [12]. If a
lead perforation was present, the perforated location, lead tip
position and pericardial effusion were recorded.

Statistical analysis

Agreement on the imaging evaluation between the two
readers was assessed with the Cohen κ statistic. The nor-
mality of the distribution of continuous variables was de-
termined by using Shapiro-Wilk’s test. Continuous vari-
ables were expressed as the mean ± standard deviation if
they conformed to a normal distribution and otherwise
were expressed as range and median. Categorical variables
were presented as numbers or percentages. For comparison
between the perforation and non-perforation groups, the
continuous variables conforming to the normal distribution
(patient age, body mass index, NYHA class and ejection
fraction) were compared by t-tests. The categorical vari-
ables (patient gender, clinical symptom and device type)
were compared by χ2 test. The sensitivity, specificity, ac-
curacy, PPV and NPV were calculated for chest radiogra-
phy, TTE and ECG-gated contrast-enhanced cardiac CT
using the reference standard described earlier. The diag-
nostic performances of these three modalities were evalu-
ated by receiver-operating characteristic curves (ROCs).
The area under the ROCs (AUROCs) were compared by

using the McNemar test. All statistical analyses were per-
formed using SPSS, and p < 0.05 was considered a statis-
tically significant difference.

Results

Demographics and clinical features

The clinical characteristics of the 52 patients are listed in
Table 1. Among 101 leads implanted in 52 patients, 64 leads
(64/101, 63.4%) were placed in the right ventricle, and the
remaining 37 leads (37/101, 36.6%) were placed in the right
atrium. Thirteen leads (13/101, 12.9%) in 13 patients (13/52,
25%) were confirmed as cardiac lead perforation. There were
no significant differences in the age, gender, ejection fraction,
New York Heart Association (NYHA) class, body mass index
(BMI), clinical symptom or device type between the lead per-
foration and non-perforation patients. Twenty-six patients with-
out lead perforation (Fig. 1) had clinical symptoms including
dyspnea (n = 13), chest pain (n = 11) and palpitation (n = 2).

The clinical data from the 13 patients with lead perforation
are listed in Table 2. All the leads were active-fixation elec-
trodes. Six patients (6/13, 46.2%) had acute lead perforation
(less than 1 month after cardiac lead implantation), and the
remaining seven patients (7/13, 53.8%) had chronic lead per-
foration (1 or more months after cardiac lead implantation).
Four patients (4/13, 30.8%) were asymptomatic, three patients
(3/13, 23.1%) had chest pain, three patients (3/13, 23.1%) had
dyspnea, two patients (2/13, 15.4%) had diaphragm subsultus,

Table 1 Clinical characteristics
of 52 patients Characteristic Patients

(n = 52)
Patient with lead
perforation (n = 13)

Patient without lead
perforation (n = 39)

p value*

Age (years), mean ± SD 71.8 ± 9.5 72.5 ± 9.0 71.2 ± 9.8 0.691

Gender 1.000

Male 23 6 17

Female 29 7 22

Ejection fraction (%) mean ± SD 59.9 ± 16.1 61.5 ± 15.8 58.3 ± 16.3 0.539

NYHA class mean ± SD 2.7 ± 0.7 2.9 ± 0.8 2.6 ± 0.7 0.158

BMI (kg/m2) mean ± SD 26.1 ± 3.7 26.0 ± 3.7 26.2 ± 3.6 0.868

Clinical symptoms 1.000

Present 35 9 26

Absent 17 4 13

Device type 0.909

DC PM 30 9 21

SC PM 6 1 5

DC ICD 13 3 10

CRT 3 0 3

Note: SD = standard deviation; NYHA = New York Heart Association; BMI = body mass index; DC = dual
chamber; PM = pacemaker; SC =single chamber; ICD = implantable cardiac defibrillator; CRT = cardiac
resynchronization therapy. *The difference between patients with lead perforation and non-perforation
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and one patient (1/13, 7.7%) had oppression in the chest. Nine
patients (9/13, 69.2%) were treated with lead repositioning,
and four patients (4/13, 30.8%) were treated by open chest
lead extraction.

Imaging features of lead perforation

The imaging features of 13 patients with lead perforation are
listed in Table 3 (Fig. 2, 3, 4, and 5). Lead perforation occurred
at the right ventricular apex (9/13, 69.2%) and anteroinferior
wall (4/13, 31.8%). The perforated lead tip frequently extend-
ed beyond the pericardium (10/13, 76.9%), and three patients
had a lead tip located in the pericardial cavity (3/13, 23.1%).
Most patients (10/13, 76.9%) had a pericardial effusion.

Diagnostic performance of chest radiography, TTE
and cardiac CT

The κ values between the two readers were 0.833 for chest
radiographic evaluation, 0.902 for transthoracic echocardio-
gram evaluation and 0.902 for ECG-gated contrast-enhanced
cardiac CT evaluation. The interobserver agreement of the
imaging evaluation was good.

The diagnostic performances of chest radiology, TTE and
ECG-gated contrast-enhanced cardiac CTare listed in Table 4.
When a composite reference standard of surgical and electro-
physiological results and clinical follow-up was used, ECG-
gated contrast-enhanced cardiac CT imaging had a higher
sensitivity, specificity, accuracy, PPV and NPV for the

Fig. 1 Non-perforated right ventricular pacemaker lead. (a) Posteroanterior
chest radiograph obtained immediately after initial implantation showing the
position of dual-chamber pacemaker leads. (b) Posteroanterior chest
radiograph when suspicious for lead perforation showing no obvious
change in the position of the right ventricular lead tip (arrow), and the
right ventricular lead tip (arrow) is located in the normal position without
extending beyond the cardiac contour. (c) Modified right ventricle inlet tract
view of the transthoracic echocardiogram shows that the right ventricular
lead tip (arrow) is located in the myocardium without extending beyond the

outer margin of myocardium (white dashed line). The pericardium
(arrowhead) is clearly displayed. (d) Oblique coronal MPR image of
ECG-gated contrast-enhanced cardiac CT shows the architecture and the
position of the right ventricular lead tip (arrow), which is located in the
right ventricle anteroinferior wall without extending beyond the interface
of the blood pool and myocardium-epicardial fat (white dashed line). The
pericardium (arrowhead) is clearly depicted. RV= right ventricle; RA= right
atrium; AO = arteria aorta; MPR = multiplanar reformation; ECG =
electrocardiography
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diagnosis of cardiac lead perforation than chest radiography
and TTE. The diagnostic accuracy of ECG-gated contrast-

enhanced cardiac CT was 98.1%. Only one case was
misdiagnosed as cardiac lead perforation because the lead tip

Table 2 Clinical data of 13 patients with cardiac lead perforation

Patient Gender Age
(years)

Indication of cardiac
device implantation

Device
type

Lead
type

Perforation
time after
implantation

Clinical
symptom

Device interrogation
parameter

Treatment

1 F 76 AF with slow
ventricular rate

DC PM Active 9 days Diaphragm
subsultus

Pacing threshold↑,
impedance abnormality

Reposition

2 F 63 SSS DC PM Active 6 days Chest pain Loss of capture Reposition

3 M 76 AF with slow
ventricular rate

SC PM Active 6 months Chest pain Sensing abnormality Reposition

4 M 83 SSS DC PM Active 7 years None Pacing threshold↑,
impedance abnormality

Open chest lead
extraction

5 M 87 SSS DC PM Active 7 days None Pacing threshold↑,
impedance abnormalitiy

Reposition

6 M 60 SSS DC PM Active 1 year None Normal Reposition

7 F 65 CD DC ICD Active 4 months Diaphragm
subsultus

Loss of capture Open chest lead
extraction

8 F 70 SSS DC PM Active 25 days Dyspnea Normal Reposition

9 F 74 SSS DC PM Active 28 days Chest pain Impedance abnormality Reposition

10 F 79 SSS DC PM Active 8 months Dyspnea Pacing threshold↑,
impedance abnormality

Open chest lead
extraction

11 F 69 III° AVB DC PM Active 1 year Oppression
in chest

Normal Reposition

12 M 81 DCM DC ICD Active 17 days Dyspnea Loss of capture Open chest lead
extraction

13 M 59 HC DC ICD Active 4 months None Loss of capture Reposition

Note: F = female; M = male; AF = atrial fibrillation; SSS = sick sinus syndrome; AVB = atrioventricular block; CD = coronary disease; DCM = dilated
cardiomyopathy; HC = hypertrophic cardiomyopathy; DC = dual-chamber; PM = pacemaker; SC = single-chamber; ICD = implantable cardiac
defibrillator; ↑ = Rise

Table 3 Imaging features of 13 patients with cardiac lead perforation

Patient Perforated location Lead tip position Pericardial effusion

CR TTE ECG-CT* CR TTE ECG-
CT*

CR TTE ECG-
CT*

1 — RVAi wall RVAi wall — Ep space Ep space — Present Present

2 — — RVAi wall — — Pc cavity — Present Present

3 — — RVapex — — Ep space — Present Present

4 — RVapex RVapex — Pc cavity Pc cavity — Absent Absent

5 — — RVapex — — Pc cavity — Present Present

6 — RVAi wall RVAi wall — Ep space Ep space — Present Present

7 RVapex RVapex RVapex — Ep space Ep space — Absent Absent

8 — RVAi wall RVAi wall — Ep space Ep space — Present Present

9 RVapex RVapex RVapex — Ep space Ep space — Absent Absent

10 — — RVapex — — Ep space — Present Present

11 — RVapex RVapex — Ep space Ep space — Present Present

12 RVapex RVapex RVapex — Ep space Ep space — Present Present

13 — RVapex RVapex — Ep space Ep space — Present Present

Note: CR = chest radiography; TTE = transthoracic echocardiogram; ECG-CT = electrocardiography-gated contrast-enhanced cardiac computed
tomography; RV = right ventricle; Ai = anteroinferior; Ep = extrapericardial; Pc = Pericardial; *both transverse sectional CT images and multiplanar
reformatted images are available. —: Negative results or unable to evaluate
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crossed nearly but < 2 mm beyond the interface of the blood
pool and myocardium-epicardial fat. The AUROC of ECG-
gated contrast-enhanced cardiac CT was higher than those of
chest radiography and TTE (p < 0.001, Fig. 6).

Discussion

In our study, when a composite reference standard of surgical
and electrophysiological results and clinical follow-up was
used, ECG-gated contrast-enhanced cardiac CT had a higher
sensitivity, specificity, accuracy, PPVand NPV than chest ra-
diography and TTE for the diagnosis of cardiac lead perfora-
tion. ECG-gated contrast-enhanced cardiac CT had a diagnos-
tic accuracy of 98.1%.

Chest radiography has often been used to evaluate lead
perforation in the last decade [4, 20]. However, only obvious
lead perforation such as penetrating the ventricle free wall and
terminating in the chest wall can be detected by chest radiog-
raphy [21]. Because chest radiography can hardly show the
structures of the myocardium and pericardium, it provides
limited information on the depth of lead penetration into the
myocardium or pericardium. Chest radiography has been re-
ported to be an inaccurate method for identifying lead perfo-
ration and demonstrates poor diagnostic sensitivity (15%) and
interobserver agreement (κ = -0.1) [12]. In our study, chest
radiography had the lowest sensitivity (38.5%), lower than
that of TTE (69.2%) and ECG-gated contrast cardiac CT
(100%). Other than chest radiography, TTE is commonly used
for the diagnosis of lead perforation because it can provide

Fig. 2 Perforated right ventricular pacemaker lead in case 9. (a)
Posteroanterior chest radiograph showing the position of dual-chamber
pacemaker leads immediately after initial implantation. (b)
Posteroanterior chest radiograph when suspicious of lead perforation
showing a movement of the right ventricular lead tip (arrow) position
compared with the chest radiograph immediately after initial
implantation, and the right ventricular lead tip (arrow) extends beyond
the cardiac contour. (c) Modified right ventricle inlet tract view of
transthoracic echocardiogram showing that the right ventricular lead

(arrow) perforates the pericardium (arrowhead) of the right ventricular
apex, and the lead tip is located in the extrapericardial space. (d)
Oblique coronal MPR image of ECG-gated contrast-enhanced cardiac
CT showing that the right ventricular lead perforates through the
pericardium (arrowhead) of the right ventricular apex, and the lead tip
is located in the chest wall (arrow). The interface of the blood pool and
myocardium-epicardial fat (white dashed line) is clearly shown.
RV = right ventricle; RA = right atrium; AO = arteria aorta; MPR =
multiplanar reformation; ECG = electrocardiography
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clear visualization of the lead tip and pericardial effusion [7].
TTE reportedly has a high specificity (84.2%) but poor sensi-
tivity (41.2%) [7]. In our study, TTE had a moderate sensitiv-
ity (69.2%) and high specificity (87.2%). The use of conven-
tional cardiac CT can improve the diagnostic specificity
(85.7%) and sensitivity (100%) [7]. Although CT may be a
useful imaging modality, its diagnostic performance is limited
by the presence of metallic streak artifacts [8]. The artifacts at
the lead tip potentially result in over- or underestimation with
subtle lead perforation [11]. ECG-gated cardiac CT is expect-
ed to have potential benefits for precise identification of the
position of the lead tip since it could reduce the effect of beam
hardening and motion artifacts [11–13]. In our study, the di-
agnostic capacity of ECG-gated contrast-enhanced cardiac CT

imaging was high with a sensitivity of 100%, specificity of
97.4% and accuracy of 98.1%. The interface between the car-
diac cavity and myocardium could be better discriminated on
contrast-enhanced images, which is beneficial for the clear
detection of the relationship between the lead tip and myocar-
dium. In addition, the use of MPR images could aid in dem-
onstrating the lead tip configuration and increasing confidence
in the assessment of the tip position [12]. In our study, the
structures of the pericardium and myocardium-epicardial fat
interface, which are the key anatomical markers for diagnos-
ing lead perforation, were clearly discernible on ECG-gated
contrast-enhanced cardiac CT images, and the relationship
between these structures and the lead tip was clearly shown
on MPR images.

Fig. 3 Perforated right ventricular pacemaker lead in case 4. (a)
Posteroanterior chest radiograph showing the position of dual-chamber
pacemaker leads immediately after initial implantation. (b)
Posteroanterior chest radiograph when suspicious of lead perforation
showing no obvious movement of right ventricular lead tip (arrow)
position compared with the chest radiograph immediately after initial
implantation, and the ventricular pacemaker lead is located in the normal
position without extending beyond the cardiac contour. (c) Modified
apical four-chamber view of the transthoracic echocardiogram showing
that the right ventricular lead (arrow) perforates through the outer margin

of the myocardium (white dashed line) of the right ventricular apex, but
the hook-like lead tip cannot be seen in this view because of the limitation
of the acoustic window. (d) Oblique axial MPR image of ECG-gated
contrast-enhanced cardiac CT showing that the right ventricular lead
perforates through the interface of the blood pool and myocardium-
epicardial fat (white dashed line) of the right ventricular apex. The lead
tip (arrow) is located close to the pericardium (arrowhead). LV = left
ventricle; LA = left atrium; RV = right ventricle; RA = right atrium;
MPR = multiplanar reformation; ECG = electrocardiography
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There are limitations to our study. First, our results are based
on a small patient population because of the low incidence of
cardiac lead perforation. A larger multicenter study might be
required to further validate the value of ECG-gated cardiac CT
for detecting cardiac lead perforation. Second, a composite ref-
erence standard of surgical and electrophysiological results and
clinical follow-up was used. In particular, the absence of lead
perforation in 39 patients was assessed by an expert panel
consisting of three cardiovascular physicians who were not pre-
viously involved in imaging analysis in our study. The diagnosis
was made according to short-term clinical follow-up data. To
date, there is no an established gold standard for diagnosing lead
perforation. Direct thoracotomy or thoracoscopy or normal elec-
trophysiological parameters at device interrogation after lead
repositioning can be used to confirm the lead perforation.

However, it is impossible for patients who were suspected to
have lead non-perforation to accept an open chest surgery or
thoracoscopy to confirm the diagnosis. Clinically, these patients
are treated with close follow-up. Thus, it is reasonable that the
diagnosis of 39 patients without lead perforationwas determined
according to a short-term clinical follow-up. Additionally, a car-
diac perforation is probably not healed in a short time, such as 5
days. Third, only a single-phase contrast-enhanced ECG-gated
cardiac CTwas performed. Other examination strategies such as
dual-phase contrast-enhanced ECG-gated contrast-enhanced
cardiac CT and prospective ECG-gated cardiac CT scans were
not attempted. The use of dual-phase contrast-enhanced imaging
would increase the dosage of ionizing radiation in the same
patient. Indeed, the radiation dosage from a prospective ECG-
gated cardiac CT scan is substantially lower than that of a

Fig. 4 Perforated right ventricular pacemaker lead in case 2. (a)
Posteroanterior chest radiograph showing the position of dual-chamber
pacemaker leads immediately after initial implantation. (b)
Posteroanterior chest radiograph in the posteroanterior view when
suspicious for lead perforation showing a movement of the right
ventricular lead tip (arrow) position compared with the chest radiograph
immediately after initial implantation, but the right ventricular lead tip
(arrow) is in the normal position without extending beyond the cardiac
contour. (c) Dedicated apical right ventricular view of the transthoracic

echocardiogram showing the location of the right ventricular lead tip
(arrow), which appears to be in the normal position. (d) Oblique coronal
MPR image of ECG-gated contrast-enhanced cardiac CT showing that
the right ventricular lead tip (black arrow) perforates the interface of the
blood pool and myocardium-epicardial fat (white dashed line) of the right
ventricle anteroinferior wall. The lead tip (arrow) is located close to the
pericardium (white arrowhead). RV = right ventricle; AO = arteria aorta;
MPR = multiplanar reformation; ECG = electrocardiography
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Table 4 Diagnostic performance
of chest radiography, TTE and
ECG-gated contrast-enhanced
cardiac CT in cardiac lead
perforation

Imaging method* Chest radiography TTE ECG-gated contrast cardiac CT

No. of true positive 5 9 13

No. of false positive 6 5 1

No. of true negative 33 34 38

No. of false negative 8 4 0

Sensitivity (%) 38.5 (15.1-67.7) 69.2 (38.9-89.6) 100.0 (71.7-100.0)

Specificity (%) 84.6 (68.8-93.6) 87.2 (71.8-95.2) 97.4 (84.9-99.9)

Accuracy (%) 73.1 (59.0-84.4) 82.7 (69.7-91.8) 98.1 (89.7-100.0)

PPV (%) 45.5 (18.1-75.4) 64.3 (35.6-86.0) 92.9 (64.2-99.6)

NPV (%) 80.5 (64.6-90.6) 89.5 (74.3-96.6) 100.0 (88.6-100.0)

Note: TTE = transthoracic echocardiogram; ECG = electrocardiography; PPV = positive predicative value; NPV
= negative predicative value. *Comparedwith a composite reference standard of surgical and electrophysiological
results and clinical follow-up

Fig. 5 Perforated right ventricular pacemaker lead in case 5. (a)
Posteroanterior chest radiograph showing the position of dual-chamber
pacemaker leads immediately after initial implantation. (b) Posteroanterior
chest radiograph when suspicious for lead perforation showing a movement
of the right ventricular lead tip (arrow) position compared with the chest
radiograph immediately after initial implantation, but the right ventricular
pacer lead tip (arrow) is in the normal position without extending beyond
the cardiac contour. (c) Dedicated apical right ventricular view from the
transthoracic echocardiogram showing the right ventricular pacer lead tip

(arrow), which appears to be within the region of the outer margin of the
myocardium (white dashed line). (d) Oblique axial MPR image of
ECG-gated contrast-enhanced cardiac CT showing that the right ventricular
pacer lead tip (arrow) perforates through the interface of the blood pool and
myocardium-epicardial fat (white dashed line) and is located close to the
pericardium (arrowhead) of the right ventricular apex. Pericardial effusion
was seen in the pericardial cavity of the right ventricular apex (asterisk).
RV = right ventricle; RA = right atrium; MPR = multiplanar reformation;
ECG = electrocardiography
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retrospective one [12, 22]. However, retrospective ECG-gated
cardiac CTscans potentially have some benefits for cardiac lead
perforation. For example, the retrospective scan mode allows
reconstruction of images at any desired phase of the heart cycle
and the removal of image data acquired during irregular heart-
beats, which are helpful for alleviating ECGmisregistration and
lead motion artifacts [23–25].

In conclusion, ECG-gated contrast-enhanced cardiac CT
shows good diagnostic ability for cardiac lead perforation
using a composite reference standard of surgical and electro-
physiological results and clinical follow-up. Where chest ra-
diography and TTE findings are equivocal for lead perfora-
tion, ECG-gated contrast-enhanced cardiac CT can be used as
an alternative for the diagnosis of cardiac lead perforation.
With the advantage of precise identification of the location
of the lead tip, ECG-gated contrast-enhanced cardiac CT is
also helpful for lead repositioning to treat lead perforation.
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