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ABSTRACT
Background Exercise-induced premature ventricular
complexes (EI-PVCs) are common during exercise stress
tests. Their optimal management and prognostic
significance remain uncertain.
Aim To perform meta-analysis of observational studies
on the prognostic significance of EI-PVCs.
Methods A search was conducted on Medline and
Embase. Inclusion criteria were observational studies
comparing the prognosis of patients with and without
EI-PVCs whilst exclusion criteria were studies without
confounder adjustment and studies with zero endpoints.
Composite endpoints included all-cause mortality,
cardiac mortality and cardiovascular events. Relative risk
of endpoints were analysed with random effects model.
Meta-regression and sensitivity analysis were performed.
Results Ten studies were included. In asymptomatic
patients who had no clinical evidence of heart disease,
EI-PVCs were associated with a pooled risk ratio of 1.82
(95% CI 1.44 to 2.30) of developing adverse
cardiovascular events over 16 years. The corresponding
pooled RR for patients with symptomatic heart disease
was 1.36 (95% CI 1.18 to 1.57) over 5.4 years.
Sensitivity analysis: only EI-PVCs on the recovery phase
of an exercise test, not during exercise, had adverse
prognostic significance.
Conclusions EI-PVCs are correlated with a higher risk
of all cause death or cardiovascular events in the long
term. This risk is elevated in asymptomatic patients
without clinical heart disease and in patients with
symptomatic heart disease. The fact that only EI-PVCs
during recovery, and not during exercise, have poor
prognostic value suggests that autonomic dysfunction
may play a role in this association. Further studies are
needed to see if autonomic manipulation by drugs or
catheter-based methods can improve the poor prognosis
associated with EI-PVCs.

INTRODUCTION
In the guidelines on the diagnosis and management
of stable ischaemic heart disease issued by the
American Heart Association and its allied societies,
non-invasive assessment of myocardial ischaemia is
the first line investigation for patients with low or
intermediate pre-test probability of coronary artery
disease.1 Exercise is a frequently used stressor in
these tests. In addition to specified endpoints sug-
gestive of ischaemia such as exercise-induced chest
pain and ST segment deviation, exercise-induced
premature ventricular complexes (EI-PVCs) com-
monly occur. The prevalence of EI-PVCs ranges
from 7% in normal subjects2 to 54% in patients
with cardiovascular disease.3 In regard to their

prognostic significance, some studies reported an
adverse prognosis associated with EI-PVCs4–13

while others found benign outcomes.14–33 These
studies are difficult to interpret because they
analyse different patient groups ranging from
asymptomatic patients to patients with clinical
heart disease such as heart failure and myocardial
infarction. In addition, the majority of studies do
not adjust for cardiovascular risk factors which can
cause profound confounder bias. In order to guide
clinicians on the management of EI-PVCs in these
patients, we performed a systematic review and
meta-analysis on studies looking at the prognosis of
EI-PVCs, excluding unadjusted studies and stratified
patients according to whether or not they have clin-
ical heart disease.

METHODS
A systematic literature search was conducted on
Medline (1965 to October 2016) and Embase
(1974 to October 2016) for articles that examined
the prognostic significance of EI-PVCs. Index terms
used were ‘Exercise’ OR ‘Treadmill’ AND
‘Ventricular’ AND ‘Arrhythmia’ OR ‘Premature
Ventricular Complexes’ OR ‘Ectopic’. Further arti-
cles were obtained by hand-searching the reference
lists of the relevant papers. A separate search for
conference abstracts and proceedings was con-
ducted on Embase using its advanced search
option. It was not possible to identify studies that
had neither been published nor presented at a con-
ference because, unlike controlled trials, a registry
for observational studies does not exist. There was
no language restriction in our search.
A protocol for the meta-analysis was predeter-

mined. The inclusion criterion for the meta-analysis
was any observational study that compared the inci-
dence of major adverse cardiac events or all cause
death in patients with EI-PVCs to those without
these arrhythmias. Exposure was simply the posses-
sion of EI-PVCs during the exercise stage or recov-
ery stage of an exercise test. Outcomes were all
cause mortality, cardiac mortality and cardiovascu-
lar events, namely non-fatal myocardial infarction,
angina, cardiac hospital admissions and cardiac
arrest. When different outcomes were analysed in
the meta-analysis, only the all-cause mortality was
used as an endpoint in the meta-analysis. We separ-
ately analysed asymptomatic patients without clin-
ical heart disease and patients with symptomatic
heart disease. Exclusion criteria were: (1) studies
that did not adjust for cardiovascular risk factors,
including age, gender, hypertension, diabetes; and
(2) studies that reported zero endpoints in either
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group. Some studies examined exercise stage EI-PVCs and
recovery EI-PVCs separately, for example, Frolkis et al33 and
Dewey et al.34 For the purpose of the meta-analysis, the separate
substudies were counted as separate analyses. Likewise, some
studies separately analysed patient groups with different EI-PVC
frequencies. For the sake of this meta-analysis, these groups
were also counted as different analyses. For example, in
Morshedi-Meibodi’s study, there were 399 patients with
EI-PVCs <0.22/min and 393 patients with EI-PVCs >0.22/min.
These substudies were counted as separate analyses. In Dewey’s
study, not only were the EI-PVCs classified as exercise stage
EI-PVCs and recovery EI-PVCs, they were also separated into
frequent and non-frequent EI-PVCs. This study therefore gener-
ated four substudies for the meta-analysis.

Data extraction for meta-analysis
The full texts of the studies satisfying the inclusion criteria were
obtained. For each study, the following data were extracted by
the primary investigator: (1) clinical status: symptomatic status,
presence of clinical heart disease; (2) patient characteristics:
mean age, percentage male, percentage of patients with diabetes
or hypertension, and proportion of patients with ischaemia
detected on exercise test; (3) adjustment of confounders includ-
ing age, gender, hypertension, diabetes, and ischaemia detected
on exercise ECG; (4) follow-up data: study endpoints with their
relative risks and 95% CIs, and length of follow up.

Statistical analysis
Pooled relative risk (RR) of primary endpoints and their 95%
CIs were calculated using the random effects model.
Meta-regression was used to investigate if any continuous vari-
able (eg, percentage male, percentage with diabetes or hyperten-
sion, proportion of patients with ischaemic exercise ECG,
length of follow-up) was associated with study outcomes.
Sensitivity analysis was also performed to see if any categorical
study characteristic (eg, whether ischaemia on exercise test or
left ventricular (LV) function was adjusted for, stage of exercise
test at which EI-PVCs occur) affected study endpoints. Studies
that did not report specific data for a particular characteristic
were excluded from the meta-regression and sensitivity analysis
of that particular variable. Heterogeneity among the studies was
evaluated using the I2 statistic. Publication bias was assessed by
Egger’s regression asymmetry test. All statistics were performed
on Comprehensive Meta-Analysis software V.2, Biostat,
Englewood, USA. The PRISMA (Preferred Reporting Items for
Systematic reviews and Meta-Analyses) guidelines for the report-
ing of meta-analysis of observational studies in epidemiology
were followed.35

RESULTS
The search strategy returned 3906 articles. There were no
non-English articles identified. No relevant conference abstracts
or proceedings were found. There were no potential conflicts of
interest among the studies. Thirty-three articles were on the
prognostic significance of EI-PVC; 23 were excluded according
to our exclusion criteria (see online supplementary table S1).

Ten studies satisfied our inclusion criteria—four were on
asymptomatic patients without clinical heart disease and six
were on patients with symptomatic heart disease. In the asymp-
tomatic without clinical heart disease group, Morshedi-Meibodi
et al6 had two sub-studies separately analysing frequent and
non-frequent EI-PVCs. This provided an extra analysis for this
group, for example, a total of 5 analyses from 4 studies. On the
other hand, in the group with symptomatic heart disease,

Frolkis et al separately analysed exercise stage EI-PVCs and
recovery EI-PVCs. Dewey et al34 did the same and went further
by dividing them into frequent and non-frequent EI-PVCs.
Therefore, we have 10 analyses from 6 studies in this group.

Figure 1 shows the inclusion diagram for the meta-analysis.
Table 1 lists all the studies that analysed asymptomatic patients
without clinical evidence of heart disease, while table 2 shows
all the studies of patients with symptomatic cardiac disease.
A detailed description of each study is provided.

Summary statistics
In asymptomatic patients who had no clinical evidence of heart
disease, EI-PVCs were associated with a pooled RR of 1.82
(95% CI 1.44 to 2.30) of developing cardiovascular events
(including non-fatal myocardial infarction, angina, cardiac hos-
pital admissions, cardiac arrest), cardiovascular mortality and all
cause mortality over a mean follow-up of 16 years. In patients
with symptomatic heart disease, the corresponding pooled RR
was 1.36 (95% CI 1.18 to 1.57) over a mean follow-up of
5.4 years. Figure 2 summarises the results as Forrest plots.

Description of the studies and quality assessment
Asymptomatic patients without clinical heart disease
There were four studies and five analyses in this group.4–6 16

They were all observational prospective cohort studies. The
total number of patients studied was 1239, totalling 20150
patient-years of follow-up. The mean age was 47 years, and the
mean sample size was 249 with an average male preponderance
of 51%. These studies ruled out clinical heart disease by history,
physical examination and ECG with only one study using
M-mode echocardiography.6 All adjusted for cardiovascular risk
factor confounders—four analyses also controlled for ischaemia
detected on exercise test5 6 and nuclear perfusion scan,16 but no
study controlled for LV function. Only one study provided data
on LV function.6 One study6 examined the correlation of
EI-PVC complexity and prognosis and found that, after multi-
variate analysis, it is not an independent risk factor of all-cause
mortality (no point estimates were provided). None of the
studies provided information on EI-PVC origin.

Patients with symptomatic heart disease
In this group, there were six studies7 9 21 26 33 34 and 10 ana-
lyses. The total number of patients was 4105, totalling 22 080
patient years of follow-up. The mean age was 59 years, and the
mean sample size was 410 with an average male preponderance
of 87%. This group analysed patients who had been referred
for an exercise test due to chest pain, exertional dyspnoea,
resting ECG abnormalities and exercise capacity assessment as
well as post-myocardial infarction patients and heart failure
patients. Seven were prospective cohort studies,9 21 26 33 34 and
one was a retrospective analysis of prospective data.7 Among
these patients, rest PVCs (defined as any PVC on resting ECG
during 10 s before exercise) occurred in 0–29% of patients. EI-
PVC frequency ranged from ≥1 PVC at any time to >7 PVCs at
any stage to 10–20% of QRS. All the studies adjusted for con-
founders using Cox regression and propensity score matching
techniques. Only four analyses had echocardiogram data and
only two studies adjusted for LV function.21 26 O’Neil et al26

studied whether EI-PVC complexity was associated with poor
prognosis, and found that the complexity of EI-PVCs was asso-
ciated with adverse events.26 Dewey et al34 studied the effect of
EI-PVC frequency on its prognostic value, and found that both
infrequent and frequent EI-PVCs are associated with poor prog-
nosis. No studies provided data on EI-PVC origin.
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Heterogeneity and publication bias
The I2 statistic for the studies with and without clinical evidence
of heart disease was 25 and 44, respectively, indicating only
mild to moderate heterogeneity among these studies. The
Egger’s regression intercepts for studies with and without clin-
ical evidence of cardiac disease were −2.63 (p=0.2) and 1.72
(p=0.12), respectively, suggesting that there was no significant
publication bias. Figure 3 shows the funnel plots for patients
with and without clinical evidence of heart disease.

Meta-regression and sensitivity analyses
Asymptomatic patients without clinical heart disease
The only study in this group that showed a neutral prognosis
for EI-PVCs was Bushby et al. Compared to the remaining
studies, this was a very small study with short follow-up and
therefore had limited power to pick up the adverse events asso-
ciated with EI-PVCs. Meta-regression showed that there was a
trend towards the length of study follow-up being correlated to
study outcomes (p=0.06) (figure 4).

Patients with symptomatic heart disease
Our meta-regression showed that none of the study variables—
mean age, % male, % with diabetes mellitus, % with hyperten-
sion, length of follow-up—correlated with endpoints. More
importantly, there was no correlation between the percentage of
patients with previous myocardial infarction and the percentage
of patients with ischaemia on exercise test with study endpoints.
The sensitivity analysis showed that: (1) adjustment for LV func-
tion and ischaemia detected on exercise test did not affect study
outcomes; (2) types of study endpoints did not affect study out-
comes either; (3) EI-PVCs occurring only during the exercise
stage of the exercise test had no prognostic significance; only
EI-PVCs that occurred during the recovery stage of the exercise
test had adverse prognostic value (figure 5).

DISCUSSION
EI-PVCs are common in clinical practice. They are associated
with increasing age,3 29 male gender,36 cardiovascular risk
factors such as blood pressure and fasting glucose,37 and struc-
tural heart disease.3 10 28 Despite their prevalence, the optimal
management of these arrhythmias is unclear. Studies on the

prognostic significance of EI-PVCs have produced conflicting
results. The studies in the literature are very heterogeneous and
include patients ranging from asymptomatic athletes to heart
failure patients and post-myocardial infarction patients.
Furthermore, many studies did not make adjustment for cardio-
vascular risk factor confounders. We therefore performed a sys-
tematic review and meta-analysis on the long-term prognosis of
EI-PVCs, excluding studies that did not adjust for cardiovascular
risk factor confounders, and separately analysed asymptomatic
patients without clinical evidence of heart disease and patients
with symptomatic heart disease.

We have shown that EI-PVCs are associated with a higher risk
of developing cardiovascular events (including non-fatal myocar-
dial infarction, angina, cardiac hospital admissions, cardiac
arrest), cardiovascular mortality and all cause mortality over the
long term. The risk is elevated both in asymptomatic patients
with no clinical evidence of heart disease and in patients with
symptomatic heart disease.

One obvious explanation for such an association is that
EI-PVCs might cause lethal arrhythmia. In Fioretti’s study,21

EI-PVCs developed into ventricular fibrillation in a patient
requiring defibrillation. This has been reported in 0.05% of
exercise tests in the literature which means that 2000 patients
need to be exercised to have one event of ventricular fibrillation.
Since the mean sample size of our studies is 249 and 410, this
cannot fully explain the association of EI-PVCs and poor prog-
nosis found in our meta-analysis.

Another explanation can be the association of EI-PVCs with
conditions that by themselves portend poor prognosis. EI-PVCs
have been associated with LV dysfunction.2 10 28 30

Nevertheless, our sensitivity analysis showed that the studies
that adjusted for LV function did not find endpoints significantly
different from those that did not adjust for LV function.
However, as most studies in this meta-analysis did not assess LV
function before enrolment, it is certainly possible that some
patients with EI-PVCs have in fact undiagnosed cardiomyop-
athies such as hypertrophic cardiomyopathy or arrhythmogenic
right ventricular dysplasia which by themselves have poorer
prognosis. Similarly, EI-PVCs have been associated with ischae-
mia.8 29 35 36 Our meta-regression showed that the percentage
of patients with ischaemia on exercise testing was not correlated

Figure 1 Inclusion diagram for meta-analysis. EI-PVC, exercise-induced premature ventricular complexes.
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Table 1 Summary of all studies with asymptomatic patients without clinical heart disease included in the meta-analysis

Patients without clinical evidence of cardiac disease

Authors;
absence or
presence of
clinical heart
disease

Subjects;
study type

Exclusion
criteria;
reasons for
exercise test

Total no. of
patients
with EI-PVC

Exercise
protocol

Mean
age;
%
male

Patient
characteristics;
mean EF/LV
function
assessment

Confounder
adjustment;
statistics
method

% with
ischaemia
on exercise
test

EI-PVC definition;
EI-PVC
specification End points

Follow-up
(years);
lost to F/U

RR of endpoints in
patients with EI-PVCs
compared to control
Assessment of bias
▸ selection bias (SB)
▸ confounder bias

(CB)
▸ detection bias (DB)
▸ attrition bias (AB)

Busby et al,16

No clinical evidence
of heart disease

Asymptomatic.
Absence of
cardiac disease by
history and ECG
Prospective cohort

Clinical heart
disease. On
cardiac meds,
abnormal ECG

80 Modified
Balke

64
73%

25% HTN, 22%
Sm 5% DM,
15% lipid
0% MI
Not available

Ischaemic ET,
thallium
perfusion defect;
HTN, smoking,
DM, cholesterol,
age, gender
Age and gender
matched
control

16% Frequent PVCs
defined as 10% of
all QRS complexes
in 1 min or VT
during and
post-exercise
9% had rest PVCs.
All had EI-PVCs
>10% of QRS; no
info on proportion
of recovery EI-PVCs.
45% had complex
EI-PVCs

CV events
—angina
non-fatal
MI,
syncope

5.6
2% lost to
FU

0.78 (0.29 to 2.09)
Adjusted
SB—No
CB—LV dysfunction
confounder
DB—CC
AB—CC

Jouven et al4

No clinical evidence
of heart disease

Asymptomatic
patients free from
CAD
Prospective cohort

Known or
suspected CVD,
BP >180,
abnormal ECG

138
Hx free of
angina and
MI, ECG

Bike
protocol

47
100%

1.4% DM
0% MI
Not available

Age,
blood pressure,
diabetes,
smoking
Cox regression

6% Frequent EI-PVCs
defined as Run of 2
or more or 10% of
all QRSs During and
post-exercise
2.2% had rest
PVCs, 15%
continued to have
PVCs during
recovery. No info on
PVC morphology

CV
mortality

23
5.5% lost
to FU

2.53 (1.65 to 3.88)
Adjusted
SB—No
CB—LV dysfunction as
possible confounder
DB—FU data reviewed
by independent
committee
AB—CC

Mora et al,5

No clinical evidence
of heart disease

Asymptomatic
patients free from
CAD
Prospective cohort

Pregnant
>30 years,
>80 years,
angina, mi,
claudication,
stroke, LVH

229
Hx free of
angina and
MI

Bruce 52
0%

3% DM, 34% Sm
Not available

Age, HTN, DM,
smoking,
ischaemic ET
Cox regression

N/A EI-PVCs defined as
multifocal or at
least 10% PVC in
last stage of
exercise or recovery
No info on rest
PVCs, recovery
PVCs, PVC
frequency or
morphology

CV
mortality

20.3
No info

1.69 (1.11 to2.58)
Adjusted
SB—No
CB—LV dysfunction, as
possible confounder
DB—2 readers
AB—CC

Continued
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Table 1 Continued

Patients without clinical evidence of cardiac disease

Authors;
absence or
presence of
clinical heart
disease

Subjects;
study type

Exclusion
criteria;
reasons for
exercise test

Total no. of
patients
with EI-PVC

Exercise
protocol

Mean
age;
%
male

Patient
characteristics;
mean EF/LV
function
assessment

Confounder
adjustment;
statistics
method

% with
ischaemia
on exercise
test

EI-PVC definition;
EI-PVC
specification End points

Follow-up
(years);
lost to F/U

RR of endpoints in
patients with EI-PVCs
compared to control
Assessment of bias
▸ selection bias (SB)
▸ confounder bias

(CB)
▸ detection bias (DB)
▸ attrition bias (AB)

Morshedi-Meibodi
et al,6

(Infrequent EI-PVC)
No clinical evidence
of heart disease

Asymptomatic
patients free from
overt CAD
Prospective cohort

CVD, valvular
heart disease,
COPD

399
Hx free of
angina and
MI, physical
exam, ECG,
M-mode
echo

Bruce 44
54%

17% HTN, 3%
DM, normal FS
99.5%, 0% MI
99.5% have
normal fractional
shortening

Age, HTN,
smoking, DM,
ischaemic ET,
complexity of
EI-PVCs, LV
function
Cox regression

8% Infrequent EI-PVCs
defined as <0.22
EI-PVC/min During
and post-exercise
0% had rest PVC,
22% had PVC
during recovery,
multifocal, 3%
couplets; 4%, 0%
VT

All cause
mortality

15
2 were lost
to FU

1.86 (1.24 to 2.79)
Adjusted
SB—No
CB—Possible
undetected silent
coronary disease,
channelopathy,
hypertensive heart
DB—3 readers
AB—CC

Morshedi-Meibodi
et al 6

(frequent EI-PVC)
No clinical evidence
of heart disease

asymptomatic
patients free from
overt CAD
Prospective cohort

CVD, valvular
heart disease,
COPD

393
Hx free of
angina and
MI, physical
exam, ECG,
M-mode
echo

Bruce 47
56%

28% HTN, 3%
DM, normal FS
99.2%, 0% MI,
99.8% have
normal fractional
shortening

Age, HTN,
smoking, DM,
ischaemic ET,
complexity of
EI-PVCs, LV
function
Cox regression

9% Frequent EI-PVCs
defined as >0.22
EI-PVC/min During
and post-exercise
0% had rest PVC,
44% had PVC
during recovery;
22% multifocal,
17% couplets, 3%
VT

All cause
mortality

15
2 were lost
to FU

1.71 (1.18–2.49)
Adjusted
SB—No
CB—Possible
undetected silent
coronary disease,
channelopathy,
hypertensive heart
DB—3 readers
AB—CC

AB, attrition bias; AF, atrial fibrillation; Angio, angiogram; CABG, coronary artery bypass graft operation; CAD, coronary artery disease; CCF, congestive cardiac failure; CV, cardiovascular; CB, confounder bias; CVD, cardiovascular disease; CVRF,
cardiovascular risk factors; COPD, chronic obstructive pulmonary disease; CXR, chest X-ray; DB, detection bias; DM, diabetes mellitus; Def, definition; Echo, echocardiogram; EF, ejection fraction; ET, exercise test; ESRF, end stage renal failure; Freq,
frequency; HTN, hypertension; Info, information; Hx, history; Info, information; LVH, left ventricular hypertrophy; Meds, medications; MI, myocardial infarction; MPS, myocardial perfusion SPECT; PVC, premature ventricular complex; N, number; NS, not
specified; PCI, percutaneous coronary intervention; Sm, smoker; SB, selection bias; TVD, triple vessel disease; VHD, valvular heart disease; VT, ventricular tachycardia.
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Table 2 Summary of all studies that included patients with clinical heart disease used in the meta-analysis

Patients with clinical evidence of cardiac disease

Authors;
absence or
presence of
clinical heart
disease

Subjects;
study type

Exclusion criteria;
reasons for
exercise test

Total no. of
patients
with EI-PVC

Exercise
proto-col

Mean
age; %
male

Patient
characteristics;
mean EF/LV
function
assessment

Confounder
adjustment;
statistics
method

% with
ischaemia
on exercise
test

EI-PVC definition
EI-PVC Specification

End
points

Follow-
up
(years)
Lost to F/
U

RR of endpoints in
patients with EI-PVCs
compared to control
Assessment of bias
▸ selection bias (SB)
▸ confounder bias (CB)
▸ detection bias (DB)
▸ attrition bias (AB)

Beckerman
et al,7

High risk profile,
8.6% CABG,
21% MI,
42% angina
Prospective cohort

AF
77% for chest pain
or ECG
abnormalities; 5%
for exercise
capacity
assessment, 2%
for SOB

426 Ramp
exercise
protocol

63.6
100%

51% HTN, 24%
Sm, 8.5% DM
Not available

Age, HTN, DM,
ischaemic ET
Cox regression

31% >10% of all QRS per
30 s or VT During
and post-exercise
20% has Rest PVCs.
No info on recovery
PVC, PVC morphology

CV
mortality

6.0
No info

1.6 (1.1 to 2.3)
SB—No
CB—Possible as no LV
function assessment
DB—CC
AB—CC

Dewey et al,34

(exercise
EI-PVCs)
I) Frequent
II) Infrequent

Patients referred for
exercise test.
11.6% MI, 11.1%
PCI, 39% chest
pain
Prospective cohort

AF, paced, CCF,
SVT
No info

431
(frequent)
419
(infrequent)

Ramp
protocol

56
97%

22% Sm, 15.2%
DM
Not available

Age, gender,
DM
Propensity
score matching

6.8% Any EI-PVCs during
exercise or recovery
stage of test
(frequent EI-PVC
defined as above
mean frequency—
0.6/min; infrequent
defined as below
mean frequency)
No specific info on
rest PVC
0% had recovery
PVCs
No info on origin or
complexity

All cause
mortality

5.4
No info

1.34 (0.88 to 2.04) for
frequent
0.83 (0.54 to 1.30) for
infrequent
SB—No
CB—LV dysfunction as
possible confounder
DB—No; 2 observers
were blinded to exercise
test results
AB—CC

Dewey et al,34

(recovery
EI-PVCs)
I) Frequent
II) Infrequent

Patients referred for
exercise test.
15.1% MI, 15.1%
PCI. 40% chest
pain
Prospective cohort

AF, paced, CCF,
SVT
No info

284
(frequent)
336
(infrequent)

Ramp
protocol

57
96%

29% Sm, 15%
DM
Not available

Age, Gender,
Diabetes
Propensity
Score
Matching

6.8% Any EI-PVCs during
exercise or recovery
stage of test
(frequent EI-PVC
defined as above
mean frequency,
infrequent defined as
below mean
frequency)
No specific info on
rest PVC
100% had PVCs in
recovery
No info on origin or
complexity

All cause
mortality

5.4
No Info

1.71 (1.07 to 2.73) for
Frequent
1.96 (1.31 to 2.91) for
infrequent
SB—No
CB—LV dysfunction as
possible confounder
DB—No; 2 observers
were blinded to exercise
test results
AB—CC

Fioretti et al21 Pre-discharge,
post-MI
Prospective cohort

Heart failure,
angina

32 Bicycle
test

59
16%

100% MI,
mean EF of 42%

Age, gender.
ischaemic ET

55% > 1 EI-PVC at any
time during exercise
test,

CV
mortality

1.0
3 lost to
F/U

2.3 (0.9 to 5.7)
SB—No
CB—Possible unknown
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Table 2 Continued

Patients with clinical evidence of cardiac disease

Authors;
absence or
presence of
clinical heart
disease

Subjects;
study type

Exclusion criteria;
reasons for
exercise test

Total no. of
patients
with EI-PVC

Exercise
proto-col

Mean
age; %
male

Patient
characteristics;
mean EF/LV
function
assessment

Confounder
adjustment;
statistics
method

% with
ischaemia
on exercise
test

EI-PVC definition
EI-PVC Specification

End
points

Follow-
up
(years)
Lost to F/
U

RR of endpoints in
patients with EI-PVCs
compared to control
Assessment of bias
▸ selection bias (SB)
▸ confounder bias (CB)
▸ detection bias (DB)
▸ attrition bias (AB)

0% during recovery,
50% had rest PVCs
>5 min on 24 hour
Holter
No info on PVC
frequency,
morphology

confounder
DB—CCAB—CC

Frolkis
et al,33

(during
exercise only)

Patients referred for
exercise test, 49%
CAD, 21% MI
Retrospective
analysis of
prospective data

<30 years of age,
heart failure,
valvular disease,
ESRF, AF
No info

945 NS 56
81%

13% DM, 45%
HTN
18% had EF
<40%

Age, gender,
DM, HTN.
ischaemic ET
Propensity
score
matching

17% Frequent EI-PVCs
defined as 7 or more
PVCs/min or complex
during exercise
All had >7 PVC/min,
0% had PVC during
recovery
No info on rest PVC,
1% had bigeminy,
0.5% trigeminy, 0.3%
couplets, 1% triplets,
0.01% VT

All cause
mortality

5.3
No info

1.1 (0.9 to 1.3)
SB—No
CB—Possible unknown
confounder e.g.
channelopathy,
cardiomyopathy
DB—Possible
AB—CC

Frolkis
et al,2

(Recovery)

Patients referred for
exercise test. 50%
CAD, 31% MI
Retrospective
analysis of
prospective data

<30 years of age,
heart failure,
valvular disease,
ESRF, AF
No info

589 NS 61
79%

13% DM, 45%
HTN, 49% CAD,
21% MI
27% had EF
<40%

Age, gender,
DM, HTN,
ischaemic ET
Propensity
score matching

14% Frequent EI-PVCs
defined as 7 or more
PVCs/min or complex
During exercise
all had > 7 PVC/min,
100% had PVC
during recovery
No info on rest PVC,
1% had bigeminy,
0.5% trigeminy, 0.2%
couplets, 0.5%
triplets, 0.3% VT

All cause
mortality

5.3
No info

1.5 (1.1 to 1.9)
SB—No
CB—Possible unknown
confounder, eg, LVH,
channelopathy,
cardiomyopathy
DB—Possible
AB—CC

O’Neill et al26 EF <35%,
50% with known
CAD, 35% MI,
29% CABG
Prospective cohort

Age <20, ESRF,
VHD, cardiac
transplants

140 Naughton 57
87%

DM 36%, 49%
HTN, 39%
previous MI,
mean EF of 16%

Age, CVRF,
LV function

Not available Complex and frequent
EI-PVCs during
recovery
(frequent EI-PVC
defined as >7/min
during recovery,
complex EI-PVCs
defined as couplets,
VT, bigeminy or
trigeminy)
29% had PVC at rest.
100% had PVC

All cause
mortality

2.9
No Info

1.43 (1.03 to 1.99)
Non-complex frequent EI
—PVCs were not
associated with worse
prognosis
SB—No
CB—Possible unknown
confounder e.g.
channelopathy,
cardiomyopathy
DB—CC
AB—CC
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Table 2 Continued

Patients with clinical evidence of cardiac disease

Authors;
absence or
presence of
clinical heart
disease

Subjects;
study type

Exclusion criteria;
reasons for
exercise test

Total no. of
patients
with EI-PVC

Exercise
proto-col

Mean
age; %
male

Patient
characteristics;
mean EF/LV
function
assessment

Confounder
adjustment;
statistics
method

% with
ischaemia
on exercise
test

EI-PVC definition
EI-PVC Specification

End
points

Follow-
up
(years)
Lost to F/
U

RR of endpoints in
patients with EI-PVCs
compared to control
Assessment of bias
▸ selection bias (SB)
▸ confounder bias (CB)
▸ detection bias (DB)
▸ attrition bias (AB)

during recovery. No
info on PVC origin.

Partington
et al9

Referred for ET,
36% MI, 13%
CABG
Prospective cohort

None
No info

503 Not
available

64
77%

50% HTN, 24%
Sm, 9% DM,
13% CABG, 36%
MI
Not available

Age, CVRF,
Ischaemic ET
Cox regression

35% Frequent EI-PVCs
defined as >10% of
all QRS during 30 s or
VT During and
post-exercise
20% had rest PVC.
No info on PVC
morphology or
recovery PVC or LV
function

All cause
mortality

6.0
No Info

1.24 (1.03 to 1.49)
SB—No
CB—Possible unknown
confounder eg, LV
function
DB—CC
AB—CC

AB, attrition bias; AF, atrial fibrillation; Angio, angiogram; CABG, coronary artery bypass graft operation; CAD, coronary artery disease; CB, confounder bias; CC, cannot comment due to lack of information; CCF, congestive cardiac failure; COPD, chronic
obstructive pulmonary disease; CVD, cardiovascular disease; CVRF, cardiovascular risk factors; CXR, chest X-ray; DB, detection bias; Def, definition; DM, diabetes mellitus; Echo, echocardiogram; EF, ejection fraction; ESRF, end stage renal failure; ET,
exercise test; Freq, frequency; HTN, hypertension; Hx, history; Info, information; Info, information; LVH, left ventricular hypertrophy; Meds, medications; MI, myocardial infarction; MPS, myocardial perfusion SPECT; N, number; NS, not specified; PCI,
percutaneous coronary intervention; PVC, premature ventricular complex; SB, selection bias; Sm, smoker; TVD, triple vessel disease; VHD, valvular heart disease; VT, ventricular tachycardia.
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with study outcomes, while our sensitivity analysis showed that
adjusting for ischaemia detected on exercise testing did not
affect study endpoints. In Jouven et al,4 only 3% of patients
positive for ischaemia on exercise testing had EI-PVC and, con-
versely, only 6% of EI-PVC patients had a positive test for
ischaemia. They found that exercise induced PVCs, independent
of ischaemia, were associated with poor prognosis.4 Thus,
another explanation behind the adverse prognostic effect of
EI-PVCs is needed.

Our meta-regression shows that only EI-PVCs in the recovery
period, not during exercise, were associated with poor progno-
sis. This suggests that EI-PVCs may be a manifestation of auto-
nomic dysregulation which itself has been associated with
increased mortality. Ducceschi et al38 showed that patients with
EI-PVCs had longer corrected QT intervals at rest and during
exercise than patients without EI-PVCs. Cole et al39 showed
that decreased vagal reactivation post-exercise was associated
with increased mortality independent of cardiac risk factors and
myocardial perfusion abnormalities. The increased PVC burden

in recovery could be due to increased sympathetic drive which
itself could create a pro-arrhythmic substrate with increased con-
duction and repolarisation heterogeneities. Therefore, auto-
nomic dysregulation may explain the poor prognosis associated
with EI-PVCs.

Autonomic dysregulation could be a legitimate therapeutic
target. This imbalance in autonomic tone can be modulated by
pharmacological (eg, β-blockade), catheter-based and surgical
strategies. Autonomic modulation, whether by pharmacological
or catheter-based methods, is an exciting new frontier in electro-
physiology. Further studies are required to see if such manipula-
tion can reverse the adverse prognosis associated with EI-PVCs.

Study limitations
This meta-analysis is limited by various shortfalls inherent in
observational studies, including unknown confounder effects
and the inability to infer causality. Studies that have neither
been presented nor published are missing. LV function assessment
was rare in these studies; therefore patients with ventricular

Figure 2 Forrest plots of studies stratified by whether or not patients have clinical heart disease.

Figure 3 Funnel plots of the studies categorised by whether or not patients have clinical heart disease.
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hypertrophy, valvular heart disease or cardiomyopathy may have
acted as confounders. In addition, patients with channelopathies
could also have acted as possible confounders, although their
effect probably is not significant due to their low prevalence.
Although our I2 analysis showed freedom from severe heterogen-
eity, the heterogeneity was moderate and reflects the different
demographics of the patients recruited in these studies. Likewise,
although there is no significant publication bias, there was a trend

towards publication bias in the studies that recruited patients with
symptomatic heart disease. Nonetheless, this was adjusted with
the Duvell and Tweedie’s Trim and Fill method which still
showed significant negative prognostic impact of EI-PVCs.

CONCLUSIONS
EI-PVCs, especially those that occur during recovery, are asso-
ciated with a higher risk of death and cardiovascular events in

Figure 4 Meta-regression of mean
length of follow up on log or of study
outcomes.

Figure 5 Sensitivity analysis of study endpoints according to whether ischaemia, left ventricular (LV) function, types of study endpoints and the
stage at which exercise-induced premature ventricular complexes (EI-PVCS) appear during the exercise test.
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the long term. This risk is elevated both in asymptomatic
patients without evidence of cardiac disease and in patients with
symptomatic heart disease. Part of this correlation is due to its
association with higher cardiovascular risk profile, cardiac
ischaemia and undetected structural heart disease. Autonomic
dysregulation may be an additional mechanism behind the poor
prognostic effect of EI-PVCs. Patients who have EI-PVCs
warrant further investigations to evaluate the cardiac function
and coronary anatomy. If any abnormalities are detected, they
should be managed accordingly. Further studies are needed to
see whether autonomic manipulation either by pharmacological
or catheter-based methods can improve the adverse prognostic
effect of EI-PVCs.
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