
DOI: 10.1002/pul2.12451

RE S EARCH ART I C L E

Cardiopulmonary exercise testing following acute
pulmonary embolism: Systematic review and pooled
analysis of global studies

Gabriella VanAken1 | Daniel Wieczorek2 | Drew Rubick3 | Ahmad Jabri4 |

Domingo Franco‐ Palacios5 | Gillian Grafton4 | Bryan Kelly5,6 |

Olusegun Osinbowale4 | Syed T. Ahsan4 | Rana Awdish5 |

Herbert D. Aronow6,7 | Supriya Shore8 | Vikas Aggarwal4

1Department of Internal Medicine,
University of Michigan, Ann Arbor,
Michigan, USA
2University of Michigan Medical School,
Ann Arbor, Michigan, USA
3Central Michigan University College of
Medicine, Mount Pleasant,
Michigan, USA
4Division of Cardiology, Henry Ford
Health, Detroit, Michigan, USA
5Division of Pulmonary and Critical Care
Medicine, Henry Ford Health, Detroit,
Michigan, USA
6Department of Osteopathic Medical
Specialties, Michigan State University
College of Osteopathic Medicine, East
Lansing, Michigan, USA
7Michigan State University College of
Human Medicine, East Lansing,
Michigan, USA
8Division of Cardiology (Frankel
Cardiovascular Center), Department of
Internal Medicine, University of
Michigan, Ann Arbor, Michigan, USA

Abstract

Recent reports have revealed a substantial morbidity burden associated with

“post‐PE syndrome” (PPES). Cardiopulmonary exercise testing (CPET) has

shown promise in better characterizing these patients. In this systematic

review and pooled analysis, we aim to use CPET data from PE survivors to

understand PPES better. A literature search was conducted in PubMed, EM-

BASE, and Cochrane for studies reporting CPET results in post‐PE patients

without known pulmonary hypertension published before August 1, 2023.

Studies were independently reviewed by two authors. CPET findings were

subcategorized into (1) exercise capacity (percent predicted pVO2 and pVO2)

and (2) ventilatory efficiency (VE/VCO2 slope and VD/VT). We identified 14

studies (n= 804), 9 prospective observational studies, 4 prospective case‐
control studies, and 1 randomized trial. Pooled analysis demonstrated a

weighted mean percent predicted pVO2 of 76.09 ± 20.21% (n= 184), with no

difference between patients tested <6 months (n= 76, 81.69±26.06%)

compared to ≥6 months post‐acute PE (n= 88, 82.55 ± 21.47%; p= 0.817).

No difference was seen in pVO2 in those tested <6 months (n= 76,

1.67 ± 0.51 L/min) compared to ≥6 months post‐acute PE occurrence (n= 144,

1.75 ± 0.57 L/min; p= 0.306). The weighted mean VE/VCO2 slope was

32.72 ± 6.02 (n= 244), with a significant difference noted between those tested
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<6 months (n= 91, 36.52 ± 6.64) compared to ≥6 months post‐acute PE

(n= 191, 31.99 ± 5.7; p< 0.001). In conclusion, this study, which was limited

by small sample sizes and few multicenter studies, found no significant dif-

ference in exercise capacity between individuals tested <6 months versus

≥6 months after acute PE. However, ventilatory efficiency was significantly

improved in patients undergoing CPET≥ 6 months compared to those

<6 months from the index PE.
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INTRODUCTION

Recent data has brought to light a significant morbidity
seen in survivors of post‐acute pulmonary embolism (PE),
establishing the basis of what is known as “post‐PE syn-
drome” (PPES), which is present in up to 50% of patients
after acute PE.1 Currently, PPES encompasses a heteroge-
neous population ranging from nonspecific symptoms of
dyspnea, reduced quality of life, and impaired functional
status to the most severe cardiopulmonary dysfunction
secondary to chronic thromboembolic pulmonary hyper-
tension (CTEPH).2 While CTEPH is well understood, it
accounts for less than 10% of all PPES patients.3 The
remaining vast majority of PPES patients require further
investigation and increased understanding.

Cardiopulmonary exercise testing (CPET) evalu-
ates a patient's exercise capacity and ventilatory effi-
ciency by measuring their oxygen uptake, carbon
dioxide output, and ventilation on a breath‐by‐breath
basis. These measures allow the derivation of addi-
tional gas exchange parameters that reflect responses
to exercise.4 CPET performance and interpretation are
well understood in the assessment of CTEPH, but
more recently, CPET is being utilized in the pheno-
typic characterization of all others with PPES as
well.5,6 Published data reporting CPET findings in
PPES patients suggests CPET can provide valuable
insights into the cardiopulmonary function, exercise
capacity, and overall cardiovascular fitness in such
patients.7–9 Notable findings in patients with acute PE
would include an elevated dead space to tidal volume
ratio (VD/VT) and ventilatory equivalent for carbon
dioxide (VE/VCO2) slope with a decreased peak oxy-
gen consumption (pVO2) and percent predicted
pVO2.

10–12 This may prove crucial for further risk
stratification, prognostication, and tailored care
delivery. These studies were primarily single‐center,
and although well performed, they were limited by
their small sample size.

For CPET to become routinely utilized in all patients
with PPES, we must improve our understanding of its
role and interpretation. A unified, comprehensive syn-
thesis of literature examining pooled CPET findings from
all studies reporting these results in the post‐acute PE
patient population can refine our overall understanding
of the physiological mechanisms behind PPES and
overcome sample size limitations from previously pub-
lished work.

This systematic review and pooled analysis combines
published studies that have reported CPET findings fol-
lowing acute PE. Each of these studies also conducted a
pooled analysis of CPET parameters. Systematically
assessing CPET parameters across studies makes re-
porting the range and variability of CPET findings after
acute PE possible, providing insights into this popula-
tion's functional status and cardiovascular adaptations
during exercise.

METHODS

Search strategy and selection criteria

PubMed, EMBASE, and Cochrane were searched for
studies reporting post‐PE CPET results published before
August 1, 2023. Keywords used included “cardio-
pulmonary exercise,” “cardiopulmonary exercise testing,”
“exercise testing,” “stress testing,” “CPET,” “pulmonary
embolism,” “PE,” and “pulmonary thromboembolism.”
Inclusion criteria for this pooled analysis were (1) Man-
uscript publication in a peer‐reviewed journal (abstracts
not followed by a complete manuscript publication were
excluded). (2) Studies reporting CPET findings in patients
following PE. (3) Reported CPET data included pVO2,
percent predicted pVO2, or VE/VCO2 slope data. (4) The
patient population studied was ≥18 years old. Exclusion
criteria for this pooled analysis were (1) studies published
in any language other than English without available
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translation; (2) studies conducting CPET only for patients
with known pulmonary hypertension (PH); (3) ongoing
trials without complete data available; (4) studies con-
ducting CPET only for patients with known, chronic
thromboembolic pulmonary disease; (5) retrospective re-
views. This analysis was not registered and does not have
a published protocol.

Titles, followed by abstracts and complete studies, were
independently reviewed by two authors (G.V. and D.W.)
and selected based on inclusion and exclusion criteria using
Rayyan.13 Discrepancies at each stage were resolved by
consensus or by a third author (V.A.) (Figure 1).

Outcomes

Reported CPET findings were grouped under two broad
categories: (1) overall exercise capacity and (2) ventila-
tory efficiency. Exercise capacity assessment included
percent predicted pVO2 and pVO2. Ventilatory efficiency
outcomes include VE/VCO2 slope and VD/VT. To account
for heterogeneity driven by the timing of CPET per-
formed in relation to the index PE, we performed a
subgroup/sensitivity analysis by dividing our overall
cohort into two subgroups (1. CPET performed <6m post
index PE; 2. CPET performed ≥6 months post index PE).

FIGURE 1 Flow chart for inclusion of studies in the review. Of the full‐text articles reviewed (n= 77), 63 were excluded for only having
abstracts without full‐text publications,14–38 duplicate patient data,6,39–46 patient populations with chronic thromboembolic pulmonary
disease,47–51 review articles,10,52–56 protocol publications for ongoing trials,57–59 patients with known PH,60–62 studies without English
translations available,63,64 pediatric populations,65 retrospective studies,66,67 and studies without included CPET parameters.68–74 CPET,
cardiopulmonary exercise testing.
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For studies that conducted CPET at multiple time points,
the first CPET performed ≥2 weeks post‐PE was used for
total pooled analysis and analysis of CPET at <6 months
from acute PE. For studies that included results for both
VE/VCO2 slope and VE/VCO2 slope at anaerobic
threshold (AT), the results for VE/VCO2 slope at AT were
included in the analysis.

Data extraction

Three authors (G.V., D.W., and D.R.) extracted infor-
mation on the study design, outcomes assessed, and
participant characteristics, and then the other two au-
thors independently reviewed data for accuracy.

Statistical analysis

Excel 2023 was used for statistical analysis. Weighted
means and pooled standard deviations were calculated
when available for continuous variables. Pooled median
and IQR were calculated for studies that reported these
values. Student t‐tests were used for p‐value calculations.
As complete data sets were unavailable for all studies, p
values for pooled medians are not included.

Ethical considerations

This study conforms to the Recommendations for the
Conduct, Reporting, Editing, and Publication of Scholarly
Work in Medical Journals (ICMJE Recommendations)
and the Strengthening The Reporting of Observational
Studies in Epidemiology (STROBE) and the Preferred
Reporting Items for Systematic reviews and Meta‐
Analyses (PRISMA) guidelines.75–77

RESULTS

Study characteristics

The pooled analysis comprised 14 studies that reported
post‐PE CPET findings in 804 participants. All included
studies used noninvasive CPET, with only two not using
a cycle ergometer. Habedank et al. used treadmills for
3‐ and 6‐month CPETs.78 Kahn et al. did not specify the
exercise type used for CPET.79 All included studies were
prospective observational studies, except Guo et al., Yan
et al., Milne et al., and Huang et al., which were case‐
control study designs, and Stavrou et al., a randomized
trial. Stavrou et al. recruited patients (n= 14; 21.43%

female; mean age 50.75 years) ≥6 months following PE
who exercised for <100min/week from an outpatient
clinic. These individuals were then randomized into two
groups and underwent either supervised or unsupervised
pulmonary rehabilitation (PR) for 8 weeks. Cycle erg-
ometer CPET was conducted both before and after PR.
For our analyses, only the prepulmonary rehabilitation
CPET findings were used. Table 1 summarizes the key
characteristics of all included studies.

Exercise capacity

Percent predicted peak oxygen
consumption (pVO2%)

The pVO2% predicted was reported as a mean +/− SD
by Guo et al., Huang et al., Knox et al., Samaranayake
et al., Boon et al., and Stadlbauer et al.,7,80–84 and as a
median (IQR) by Farmakis et al., Boon et al., Held et al.,
Knox et al., and Albaghdadi et al.6,7,9,12,82 The means
and medians were pooled and are reported separately.
Pooled analysis demonstrated a weighted mean percent
predicted pVO2 of 76.90 ± 20.21 (n= 184) and a pooled
median percent predicted pVO2 of 78.53 (28.37)
(n= 785). In patients undergoing CPET < 6 months
from the acute PE occurrence (n= 76), the weighted
mean percent predicted pVO2 was 81.69 ± 26.06, which
was not significantly different from patients undergoing
CPET ≥ 6 months from acute PE occurrence (n= 88,
82.55 ± 21.47; p= 0.817). In patients undergoing
CPET < 6 months from acute PE occurrence, the
median percent predicted pVO2 was 77.15 (28.59)
(n= 405), compared to 79.99 (28.46) (n= 333) in pa-
tients who underwent CPET ≥ 6 months following acute
PE occurrence.

Peak oxygen consumption (pVO2, l/min)

Mean (+/− SD) pVO2 was reported by Milne et al., Kahn
et al., Guo et al., Huang et al., Knox et al., Samaranayake
et al., and Stavrou et al.8,79–83,85 while median (IQR)
pVO2 was reported by Knox et al. and Albaghadadi
et al.12,82 Pooled analysis demonstrated a weighted mean
pVO2 of 1.65 ± 0.51 L/min (n= 240) and a pooled median
peak VO2 of 2.22 (1.09) L/min (n= 42). In patients tested
<6 months from acute PE occurrence (n= 76), weighted
mean pVO2 was found to be 1.67 ± 0.51 L/min, which
was not significantly different compared to patients un-
dergoing CPET≥ 6 months from acute PE occurrence
(n= 144, 1.75 ± 0.57 L/min; p= 0.306). Table 2 summa-
rizes these parameters from included studies.
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Ventilatory efficiency

VE/VCO2 slope

The mean VE/VCO2 slope was reported by Boon et al.,
Milne et al., Habedank et al., Kahn et al., Huang et al.,
Samaranayake et al., Stadlbauer et al., and Yan
et al.7,8,78,79,81,83,84,86 The median VE/VCO2 slope was
reported by Farmakis et al., Boon et al., and Held
et al.6,7,9 Pooled analysis demonstrated a weighted mean
VE/VCO2 slope of 32.72 ± 6.02 (n= 244). In patients
tested <6 months from acute PE occurrence, the
weighted mean VE/VCO2 slope was found to be
36.52 ± 6.64 (n= 91), which was significantly higher
compared to participants tested ≥6 months after acute PE
(31.99 ± 5.71; n= 191, p< 0.001) as shown in Table 3.

Dead space ventilation (VD/VT)

Knox et al., Samaranayake et al., Boon et al., and Milne
et al. reported mean VD/VT.7,8,82,83 Pooled analysis
demonstrated a weighted mean VD/VT of 0.20 ± 0.08
(n= 76), as shown in Supporting Information S1: Table 1.

DISCUSSION

Noteworthy findings from this systematic review include
(1) CPET data from patients post‐PE are predominately
available in smaller single‐center observational cohort
studies, which makes the currently available data pool
for this topic very heterogeneous and limited. (2)
Exercise capacity, assessed by peak oxygen consumption,
was reduced following acute PE, and contrary to ex-
pectations, the reduction in exercise capacity was similar
at <6 months and ≥6 months post‐acute PE (Figure 2).

In our analysis, overall ventilatory efficiency was
reduced in PE survivors. However, ventilatory effi-
ciency was notably poorer in individuals who under-
went CPET < 6 months post‐acute PE than those who
underwent CPET ≥ 6 months post‐acute PE. This
indicates that ventilatory efficiency may improve over
time, but additional studies that collect serial CPET
parameters in such patients over time are needed.
Interestingly, exercise capacity did not differ amongst
those tested <6 months post‐PE and ≥6 months post‐
acute PE. This may suggest a significant contribution
from skeletal muscle deconditioning towards lower
exercise capacity in such patients; it is also possible
that this skeletal muscle deconditioning was present
before the index PE event and persisted post‐PE. One
could hypothesize that an early exercise interventionT
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may be beneficial in such patients who will otherwise
remain limited over time post‐PE, even if there is an
improvement in their ventilatory efficiency. In
Albaghdadi et al., the investigators demonstrated no
significant change in the percent predicted pVO2 at
1‐ and 6‐months post‐PE.12 Additionally, this analysis'
results align with findings from the studies by Boon,
Knox, and Kahn et al., who reported ventilatory effi-
ciency parameters stratified by those with percent
predicted pVO2 < 80% or >80%. In these analyses,
both VD/VT and VE/VCO2 slope at AT were similar in
the pVO2 < 80% cohort compared to the >80% cohort.

Limitations of our analysis include (1) The limited
number of multicenter studies included in this analysis.
(2) Farmakis et al. had the large majority of study par-
ticipants (n= 396), while most included studies had <50
participants to be analyzed. (3) Many of the included
studies excluded patients with specific disease states. (4)
In this analysis, time to CPET could not be treated as a
continuous variable, as individual patient data for each
study was unavailable. (5) There was a significant
amount of heterogeneity between the studies analyzed.

In conclusion, these results further refine our un-
derstanding of the physiological mechanisms behind
PPES and suggest a multifactorial explanation for
decreased overall exercise capacity in such patients.
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