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Abstract

Background: Cardiopulmonary exercise testing (CPET) is used as a preoperative risk-stratification tool for patients undergoing
non-cardiopulmonary intra-abdominal surgery. Previous studies indicate that CPET may be beneficial, but research is needed to
quantify CPET values protective against poor postoperative outcome [mortality, morbidity, and length of stay (LOS)].
Methods: This systematic review aimed to assess the ability of CPET to predict postoperative outcome. The following databases
were searched: PubMed, EMBASE, PEDro, The Cochrane Library, Cinahl, and AMED. Thirty-seven full-text articles were included.
Data extraction included the following: author, patient characteristics, setting, surgery type, postoperative outcome measure,
and CPET outcomes.

Results: Surgeries reviewed were hepatic transplant and resection (n=7), abdominal aortic aneurysm (AAA) repair (n=>5),
colorectal (n=6), pancreatic (n=4), renal transplant (n=2), upper gastrointestinal (n=4), bariatric (n=2), and general intra-
abdominal surgery (n=12). Cardiopulmonary exercise testing-derived cut-points, peak oxygen consumption (Vo, peak), and
anaerobic threshold (AT) predicted the following postoperative outcomes: 90 day-3 yr survival (AT 9-11 ml kg~* min™) and
intensive care unit admission (AT <9.9-11 ml kg~ min~") after hepatic transplant and resection, 90 day survival after AAA repair
(Vop peak 15 ml kg™* min™?), LOS and morbidity after pancreatic surgery (AT <10-10.1 ml kg~* min~?), and mortality and
morbidity after intra-abdominal surgery (AT 10.9 and <10.1 ml kg™ min ", respectively).

Conclusions: Cardiopulmonary exercise testing is a useful preoperative risk-stratification tool that can predict postoperative
outcome. Further research is needed to justify the ability of CPET to predict postoperative outcome in renal transplant,
colorectal, upper gastrointestinal, and bariatric surgery.

Key words: exercise test/methods; general surgery; health status indicators; postoperative complications; preoperative care/
methods; preoperative period; prognosis; risk; risk assessment/methods
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Cardiopulmonary exercise testing (CPET) is a dynamic, non- variables, including ventilatory parameters, heart rate (HR), and
invasive assessment of the cardiorespiratory system at rest inspiratory and expiratory gases (the definitions for CPET variables
and under stress. Cardiopulmonary exercise testing is the gold- are provided in Supplementary material, Table S1).

standard method of measuring an individual’s aerobic capacity. Cardiopulmonary exercise testing can be implemented to aid
Cardiopulmonary exercise testing measures several physiological clinical decision-making. These uses include assessing patients
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with significant complaints of exercise intolerance and dys-
pnoea’ and determining the severity impairment related to
heart failure and chronic obstructive pulmonary disease.” Car-
diopulmonary exercise testing is used as a preoperative risk-
stratification tool to predict postoperative mortality, length of
stay (LOS), and morbidity; however, its role requires validation.

Numerous studies have reported that CPET is a valid prognos-
tic measure of postoperative outcome in cardiopulmonary sur-
gery.”™ There have been four previous reviews of CPET in non-
cardiopulmonary surgery.® All reviews concluded that CPET
may be a strong predictor of postoperative outcome. These re-
views also concluded that: (i) CPET-derived cut-points need to
be refined and optimized for different surgical procedures and
(ii) the validity of CPET variables, such as O, pulse and the venti-
latory equivalent for carbon dioxide (Ve/Vco,), needs to be ana-
lysed; and (iii) further studies need to be performed to obtain a
greater understanding of the role of CPET as a preoperative
risk-stratification method. Since the publication of these reviews,
the number of studies analysing CPET has grown.

The aim of the present review is to assess the prognostic abil-
ity of CPET in predicting postoperative outcome associated with
non-cardiopulmonary intra-abdominal surgery. The objectives
are as follows: (i) to quantify the optimal CPET variable to predict
postoperative outcome; and (ii) to analyse and compare cardio-
pulmonary measurements such as anaerobic threshold (AT),
maximal oxygen uptake (Vo, max) and Ve/Vco, to find the most
accurate CPET variable in determining postoperative outcome
within each subgroup of surgery.

Postoperative outcome includes all-cause mortality, morbid-
ity, and LOS. Morbidity after surgical intervention includes all
complications; pulmonary, infectious, renal, gastrointestinal
(GI), cardiovascular, neurological, and haematological. The out-
come LOS covers the overall length of stay in hospital, intensive
care unit (ICU), high-dependency unit (HDU), and critical care
unit (CCU) admission and length of stay.

Methods

Literature search

The preferred reporting items for systematic reviews (PRISMA)
standardized reporting guidelines were used to standardize the
methods of conducting and reporting this review.'® The databases
CINAHL, AMED, PEDro, EMBASE, The Cochrane Library, and
PubMed were searched up to May 2015. A search strategy was
defined with all keywords and subject headings included (Sup-
plementary data, Appendix S1). In addition, the abstracts from
the annual European Anaesthisiology Congress (2004-2014), the
Anaesthetic Research Society (2007-2015), the Society of Academic
& Research Surgery 2012-2015, the Vascular Society (2005-2012),
the International Anaesthesia Research Society (2003-2015), the
World Federation of Society of Anaesthesiologists (2008-2012),
and the American Society of Anaesthesiologists (2000-2014) were
reviewed for eligibility. A hand search of reference lists of the
studies of interest was conducted to identify extra articles.

The inclusion criteria consisted of the following: (i) prognostic
studies of intra-abdominal surgery among adult populations; (ii)
the use of a preoperative CPET; (iii) measurement of post-
operative outcome (mortality, morbidity, or length of stay); and
(iv) comparison of preoperative CPET variables (anaerobic thresh-
old etc.) with postoperative outcome.

Studies were excluded if they contained the following: (i) a
cardiopulmonary surgical procedure; (ii) paediatric surgery; (iii)
head and neck surgery; (iv) orthopaedic surgery; (v) spinal

surgery; (vi) transfusion procedures, (e.g. blood or stem cells);
(vii) preoperative interventions (e.g. preoperative exercise pro-
grammes); or (viii) were systematic reviews, meta-analyses,
case studies, letters to the editor, or abstracts with no full text
available.

If studies had split the analysis of intra-abdominal and car-
diopulmonary surgery then the subgroup containing intra-ab-
dominal surgery was taken and the cardiopulmonary surgery
group was excluded. Procedures involving multiple incisions
which included major intra-abdominal surgery were included
(e.g. oesophagectomy).

Data extraction

Data extraction was performed independently by the lead inves-
tigator (J. Moran). All data were reviewed blind by another author
(F.W.). The data extracted included author, patient characteris-
tics, study setting, surgery type, postoperative outcome measure,
method of CPET, and CPET variables assessed (Table 1).

A total of 1086 titles were identified using the search strategy
on the above-mentioned databases. Of these, 1049 studies were
excluded (Fig. 1). The authors (J. Moran and F.W.) excluded arti-
cles based on titles and abstracts. If any disagreements could
not be resolved through discussion, an independent third author
was asked to intervene (J.H.). Thirty-seven full-text articles were
included in the data extraction and synthesis (Fig. 1). The authors
of abstracts and conference posters were contacted to gain the
full text. If full-text articles were not acquired then abstracts
were excluded because of the potential high risk of bias and
lack of a detailed methodology.

Assessment of the risk of bias

The methodological quality of the studies was assessed using the
Quality in Prognosis Studies (QUIPS) tool** (Supplementary ma-
terial, Appendix S2). The QUIPS tool analyses the risk of bias in
observational prognostic studies in six key areas, as follows:
study participation, attrition, prognostic factor measurement,
outcome measurement, study confounding, and statistical ana-
lysis and reporting. Each area contained several criteria. If a
study failed to address one or fewer criteria within an area, it
was deemed to have a low risk of bias. Two authors (J. Moran
and F.W.) independently assessed the risk of bias in each study.
An independent third author (J.H.) was asked to intervene if
any disagreements could not be resolved through discussion.
The overall risk of bias is presented in Table 2.

Results

The papers included in this review were categorized by surgical
procedures, as follows: hepatic transplant and resection (n=7), ab-
dominal aortic aneurysm (AAA) repair (n=>5), colorectal surgery
(n=4), pancreatic surgery (n=4), renal transplant (n=2), upper
gastrointestinal surgery (n=3), bariatric surgery (n=2), and intra-
abdominal surgery (studies that did not differentiate between
surgical procedures; n=10). A total of 7852 patients were included.

A meta-analysis was deemed inappropriate because of the
large heterogeneity of the data. The studies included varied in
the type of surgery, CPET variable analysed, outcome, time to
outcome, and the use of hazard ratios and odds ratios, resulting
in an inability to pool data effectively. A quantitative synthesis of
the results was deemed most appropriate.

Tables 3-5 show the outcomes and CPET variables deemed
significant that predict poor postoperative outcome. Supple-
mentary material, Tables S2-S4 provide a more detailed Results
section.
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Table 1: Demographic details of included studies

Author Surgery Sample Size Age Gender:  Location Outcome CPET Type Variables
(n=) Reported
Ausania et al. (2012) Pancreaticoduodenectomy 124 66 (Range: 67 M, 57 F Newcastle Upon Mortality, Morbidity, ~Cycle Ergometer Vo, Peak, AT, VE/
37-82) Tyne, UK LOS Vco,
Ausania, Vallance et al. Pancreatic (Palliative Double Bypass) 50 64 (Range: 33 M, 17 F Newcastle Upon Mortality, Morbidity ~ N/R AT
(2012) Surgery 39-79) Tyne, UK
Bernal et al. (2014) Liver Transplant 223 56 (Range: 151 M, London, UK Mortality, LOS Cycle Ergometer Vo, Peak, AT
42-61) 72 F
Carlisle and Swart Abdominal Aortic Aneurysm Repair 130 N/R N/R Torquay, UK Mortality Cycle Ergometer Vo, Peak, AT, VE/
(2007) Vco,, VE/VO,
Chandrabalan et al. Pancreatic Surgery 100 <65=47, 60M,40F Glasgow, UK Mortality, Morbidity, Cycle Ergometer AT
(2013) >65=53 LOS
Colson et al. (2012) Major Thoraco-Abdominal Surgery 1,725 71 (Range: 1,121 M, Geelong, Australia ~ Mortality Cycle Ergometer AT
36-93) 604 F
Dunne et al. (2014) Liver Surgery 197 70 (IQR: 138 M, Liverpool, UK Morbidity, LOS Cycle Ergometer Vo, Peak AT, VE/
64-75) 59 F Vco,, HR
Epstein et al. (2004) Liver Transplant 59 46 35M, 24 F Boston, USA Mortality Cycle Ergometer Vo, Peak, AT, 0,
Pulse
Forshaw et al. (2008) Oesophagectomy 78 65 (sp: 9) 64 M, 14F London, UK Mortality, Morbidity, Cycle Ergometer Vo, Peak, AT
(Range: LOS
40-81)
Grant et al. (2015) Abdominal Aortic Aneurysm Repair 506 73.4 (Range: 418 M, Manchester, UK Mortality Cycle Ergometer Vo, Peak, AT, VE/
44-90) 88 F Vco,
Hartley et al. (2012) Abdominal Aortic Aneurysm Repair 415 N/R 349 M, Manchester, UK Mortality Cycle Ergometer Vo, Peak, AT, VE/
66 F Vco,
Hennis et al. (2012) Gastric Bypass Surgery 106 43 (IQR: 18 M, 83 F London, UK Morbidity, LOS Cycle Ergometer Vo, Peak, AT
41-44.9)
Hightower et al. (2010) Major Abdominal Surgery 32 63 (Range: 21M, 11 F Texas, USA Morbidity Cycle Ergometer Vo, Peak, AT
22-80)
James et al. (2013) Intra-Abdominal 83 68 (IQR: 60M, 23F London, UK Morbidity Cycle Ergometer Vo, Peak, AT
63-75)
Junejo et al. (2012) Hepatic Resection 94 71 (Range: N/R Manchester, UK Mortality, Morbidity, Cycle Ergometer Vo, Peak, AT, VE/
24-85) LOS Vco,, Peak Vo,
Pulse
Junejo et al. (2014) Pancreaticoduodenectomy 64 64 (Range: 38 M, 26 F Manchester, UK Mortality, Morbidity =~ Cycle Ergometer Vo, Peak, AT, VE/
45-80) Vco,, VE/VO,
Kaibori et al. (2013) Hepatectomy 61 70 (sp: 9) 45M, 16 F Osaka, Japan Mortality Cycle Ergometer Vo, Peak, AT
Lai et al. (2013) Colorectal Surgery 269 N/R N/R Plymouth, UK Mortality, LOS Cycle Ergometer Vo, Peak, AT
Lee et al. (2013) Colorectal Surgery 112 59.9(sp:15.5) 65M, 47 F Montreal, Canada Morbidity Cycle Ergometer Vo, Peak, Distance
McCullough et al. Bariatric Surgery 109 46 (sp: 10.4) 27 M, 82F Michigan, USA Mortality, Morbidity, Treadmill Vo, Peak, AT, VE/

(2006)
Moyes et al. (2013)

Oesophagogastric Cancer Surgery 108

66 (sp:9,IQR: 83M, 25F
38-84)

Glasgow, UK

LOS
Morbidity
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Table 1: Continued

Author Surgery Sample Size Age Gender:  Location Outcome CPET Type Variables
(n=) Reported
Nagamatsu et al. (2001) Oesophagectomy and 91 59 (Range: 88 M, 3F Fukuoka, Japan Morbidity Cycle Ergometer Vo, Peak, AT
Lymphadenectomy 38-74)
Neviere et al. (2014) Liver Transplant 263 58.8 (sp: 8.5) 198 M, Lille, France Mortality Cycle Ergometer Vo, Peak, AT, VE/
65F Vco,, VE/VO,,
0, Pulse
Nugent et al. (1998) Abdominal Aortic Aneurysm Repair 30 71.3 (Range: 24M,6F Belfast, UK Mortality, Morbidity ~ Treadmill Vo, Peak, AT, 0,
57-85) Pulse
Older et al. (1993) Major Abdominal 187 70 (sp: 7) 102 M, Victoria, Australia Mortality Cycle Ergometer AT
85F
Older et al. (1999) Major Abdominal Surgery 548 69 N/R Victoria, Australia Mortality, Morbidity, Cycle Ergometer AT
LOS
Prentis et al. (2012) Liver Transplant 60 N/R N/R Newcastle Upon Mortality, LOS Cycle Ergometer Vo, Peak, AT, VE/
Tyne, UK Vco,
Prentis et al. (2012) Abdominal Aortic Aneurysm Repair 185 73.4 (sp:8.2) 161 M, Newcastle Upon Morbidity, LOS Cycle Ergometer Vo, Peak, AT, VE/
24 F Tyne, UK Vco,
Prentis et al. (2013) Radical Cystectomy 69 N/R 48 M, 21 F Newecastle Upon Mortality, LOS Cycle Ergometer Vo, Peak, AT, VE/
Tyne, UK Vco,, Peak Vo,
Pulse
Snowden et al. (2010)  Major Surgery 123 (7 excluded 69.2 (sp:9.3) 78 M,45F Newcastle Upon Morbidity, LOS Cycle Ergometer Vo, Peak, AT
from Tyne, UK
analysis)
Snowden et al. (2013)  Non-Laproscopic Hepatobiliary 389 65.8(sp:10.3) 218 M, Newcastle Upon Mortality, LOS Cycle Ergometer Vo, Peak, AT, VE/
Surgery 171F Tyne, UK Vco,
Ting et al. (2013) Kidney Transplant 70 41.7 (sp:14.5) 42 M, 28 F Coventry, UK LOS Cycle Ergometer Vo, Peak, AT, VE/
Vco,, Voo/HR
Tolchard et al. (2015) Radical Cystectomy 105 71 (Range: 88M, 17 F Bristol, UK Mortality, Morbidity, ~Cycle Ergometer Vo, Peak, AT, VE/
38-90) LOS Vco,
Ulubay et al. (2010) Renal Transplant 16 30.3(sp:6.5) 10M,6F Ankara, Turkey Mortality Cycle Ergometer Vo, Peak, AT, VE/
Vco,
West et al. (2013) Rectal Cancer Surgery 95 66 (sD: 10) 72M,23F Liverpool, UK Mortality, Morbidity =~ Cycle Ergometer Vo, Peak, AT, VE/
Vco,, VE/VO,
West et al. (2014) Major Colonic Surgery 136 71 (IQR: 89M, 47 F Liverpool, UK Mortality, Morbidity, ~Cycle Ergometer Vo, Peak, AT, VE/
62-77) LOS Vco,, 0, Pulse
Peak
Wilson et al. (2010) Colorectal Resection, Radical 847 N/R 506 M, York, UK Mortality, LOS Cycle Ergometer AT, VE/Vco,
Nephrectomy or Cystectomy 341F

AT = Anaerobic Threshold, Ve = Minute Ventilation, N/R = Not Reported
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Screening

l

Records screened (n=972)

Records excluded (n=926)

A

Eligibility

(n=47)

Full-text articles assessed for eligibility

Full-text articles excluded,
with reasons (n=10)

A

Studies included in qualitative synthesis
(n=37)

°
()
°
=
3]
c

Fig 1 PRISMA diagram.

Hepatic transplant and resection

Mortality

Six studies reported CPET as a significant predictor of mortality
after hepatic surgery’®™’ (Table 3). Junejo and colleagues'? re-
ported an AT of 9.9 ml kg™* min~" to be predictive of survival 30
days after surgery, whereas at 90 days after surgery an AT cut-
off point of 9.0 ml kg™' min~' was shown to be significant
(P<0.05) and had a 90.7% sensitivity and 83.3% specificity rate.”
Bernal and colleagues* reported that survivors had a median
AT of 11.7 ml kg™* min~! compared with non-survivors (median,
9.8 ml kg™* min™) at 1 yr post-transplant (P=0.04). Kaibori and
colleagues™ followed patients for 2 (range 1-3) yr and found an
AT >11.5 ml kg* min~" to be predictive of survival (P<0.05).
From the results of these four studies, a minimal AT of 9 ml
kg™* min~" can predict short-term mortality (up to 90 days), but
an AT of at least 11.5 ml kg™ min~" may predict long-term mor-
tality (>1 yr).

Peak oxygen uptake (Vo, peak) has also been shown to be
beneficial at predicting mortality after liver surgery. Neviere
and colleagues’® reported that survivors of liver transplant at 1
yr had a Vo, peak of 18.6 (sp 2.8) ml kg™ min~! when compared
with non-survivors 17.1 (sp 3.3) ml kg~ min~* (P=0.04). Kaibori
and colleagues’” presented a cut-off of >16.5 ml kg™* min~" as
predictive of survival at 24 months after surgery (P<0.05). Epstein
and colleagues’” stated that both predicted Vo, peak and AT were
effective at predicting mortality at 100 days. Peak oxygen uptake
appears to be beneficial at predicting mortality, but the evidence
for its use is weaker than than that for AT.

Length of stay

The relationship between AT and LOS is unclear. Junejo and col-
leagues’ and Prentis and colleagues™ found no relationship be-
tween AT and LOS. In contrast, Dunne and colleagues’® reported
that patients with higher AT (in litres per minute) were more like-
ly to be discharged early; however, this AT cut-off was not quan-
tified [hazard ratio 2.16; 95% confidence interval (CI) 1.18-3.96;
P<0.05]. An AT <9.2 ml kg™ min~" was associated with a LOS of
21 days (inter-quartile range 14-30) compared with patients
with an AT >9.2 ml kg™! min~* [LOS of 15 days (inter-quartile
range 13-23); P<0.03].™*

Junejo and colleagues’” reported that an AT of <9.9 ml kg™*
min~! was associated with increased unplanned ICU stay (1.2 us
0.3 days, P<0.05). In agreement, Prentis and colleagues’® demon-
strated that an AT of 11 ml kg~ min~" was significantly correlated
with CCU LOS (P<0.05).

The evidence for Vo, peak as a predictive factor of LOS and ICU
admission is weaker than that for AT. Dunne and colleagues’® re-
ported that Vo, peak was associated with LOS (P<0.05). Peak oxy-
gen consumption may also be predictive of ICU LOS stay in liver
transplant surgery (P<0.05)."* Anaerobic threshold appears to be
predictive of ICU or CCU admission after liver surgery.'? ** Further
studies are required to draw a definite conclusion about the abil-
ity of CPET to predict postoperative LOS after liver surgery.

Morbidity
Many studies did not examine postoperative morbidity. Kaibori
and colleagues™ grouped morbidity with mortality and analysed
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Table 2: Risk of Bias Assessment

Authors The QUIPS Tool
Study Study Prognostic Factor Outcome Study Statistical
Participation Attrition Measurement Measurement Confounding Analysis and
Reporting
Ausania et al. (2012) Low Bias Low Bias Low Bias Low Bias Moderate Bias Low Bias
Ausania, Vallance et al. (2012) Low Bias Low Bias High Bias High Bias High Bias Low Bias
Bernal et al. (2014) Low Bias Low Bias Low Bias Low Bias High Bias Low Bias
Carlisle and Swart (2007) High Bias Low Bias Low Bias Low Bias Moderate Bias Low Bias
Chandrabalan et al. (2014) High Bias Low Bias Low Bias Low Bias High Bias Low Bias
Colson et al. (2012) Moderate Bias ~ High Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Dunne et al. (2014) Moderate Bias ~ High Bias Low Bias Low Bias Moderate Bias Low Bias
Epstein et al. (2004) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Forshaw et al. (2008) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Grant et al. (2015) Low Bias Low Bias Low Bias Low Bias Moderate Bias Low Bias
Hartley et al. (2012) Low Bias Low Bias Low Bias Low Bias Moderate Bias Low Bias
Hennis et al. (2012) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Hightower et al. (2010) Low Bias Low Bias Low Bias Low Bias Low Bias Low Bias
James et al. (2013) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Junejo et al. (2012) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Junejo et al. (2014) Low Bias Moderate Bias Low Bias Low Bias Moderate Bias Low Bias
Kaibori et al. (2013) Low Bias Low Bias Low Bias Low Bias Low Bias Low Bias
Lai et al. (2013) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Lee et al. (2013) Low Bias Low Bias Low Bias Moderate Bias Moderate Bias Low Bias
McCullough et al. (2006) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Moyes et al. (2008) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Nagamatsu et al. (2001) Low Bias Low Bias Low Bias Low Bias Moderate Bias Low Bias
Neviere et al. (2014) Low Bias Low Bias Low Bias Low Bias Low Bias Low Bias
Nugent et al. (1998) Moderate Bias ~ Low Bias Low Bias High Bias Moderate Bias ~ Low Bias
Older et al. (1993) Moderate Bias ~ Moderate Bias Low Bias Low Bias High Bias Low Bias
Older et al. (1999) Moderate Bias ~ Low Bias Low Bias Moderate Bias Moderate Bias ~ High Bias
Prentis et al. (2012) Low Bias Moderate Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Prentis et al. (2012) Low Bias Low Bias Low Bias Low Bias Moderate Bias Low Bias
Prentis et al. (2013) Moderate Bias ~ Low Bias Low Bias Low Bias Moderate Bias Low Bias
Snowden et al. (2010) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Snowden et al. (2013) Moderate Bias ~ Low Bias Low Bias Low Bias Moderate Bias Low Bias
Ting et al. (2013) Moderate Bias ~ Low Bias Low Bias Low Bias Low Bias Low Bias
Tolchard et al. (2015) Moderate Bias ~ Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Ulubay et al. (2010) Moderate Bias ~ Low Bias Low Bias Moderate Bias Moderate Bias Low Bias
West et al. (2013) Low Bias Low Bias Low Bias Low Bias Moderate Bias ~ Low Bias
West et al. (2014) Low Bias Moderate Bias Low Bias Low Bias Moderate Bias ~ Low Bias
Wilson et al. (2010) Moderate Bias ~ Low Bias Low Bias Low Bias Moderate Bias Low Bias

outcome as event-free survival. This latter parameter will not be
included in the analysis of this section. Both Junejo and collea-
gues'? and Dunne and colleagues'® analysed the possible rela-
tionship between CPET and postoperative complications. In a
multivariable predictive regression model, a Ve/Vco, threshold
of 34.5 at AT was predictive of postoperative cardiopulmonary
complications.’” Dunne and colleagues'® reported that heart
rate at AT (P<0.05) and HR at Vo, peak (P<0.05) were associated
with all postoperative complications.

Preoperative CPET shows possible benefit for predicting post-
operative complications after liver surgery, but further studies
are required to validate the prognostic ability of CPET.

Abdominal aortic aneurysm repair

Mortality
Four full-text articles analysing the potential predictive ability of CPET
in AAA repair were reviewed.'””” In a small cohort (n=30), with only

two documented deaths, Nugent and colleagues reported no differ-
ence in preoperative Vo, peak between patients who did and did not
experience postoperative morbidity and mortality.

Grant and colleagues® found in the multivariable analysis
that Ve/Vco, >42 at AT was predictive of mortality (P<0.05) as
was Vo, peak <15 ml kg™* min~* (P<0.05). Anaerobic threshold
was not included because of missing values. An AT of <10.2 ml
kg™' min~"! was reported to be predictive of 30 day mortality
(P<0.05), and Vo, peak <15 ml kg™* min~* was predictive of
90 day mortality (P<0.05).”" The Ve/Vco, was predictive of
30 (P<0.05) and 90 day mortality (P<0.05) after AAA repair.”*
In a univariable analysis, Carlisle and Swart®” reported that
Ve/Vco, (P<0.01), ventilatory equivalent for oxygen (Ve/Voy;
P<0.01), AT (P<0.01), and Vo, peak (P<0.01) were predictive of mor-
tality. In the multivariable analysis, V£/Vco, and AT were predict-
ive of postoperative survival (P<0.01 and P=0.03, respectively).

The prognostic ability of CPET in determining postoperative
mortality after AAA repair appears useful but requires further
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Table 3: Preoperative Cardiopulmonary Exercise Testing and Mortality

Cardiopulmonary Exercise Testing and Mortality

Author Sample In-hospital 30 days 90 days 1 year > 2 years Duration of follow-up
Size not reported
Hepatic Resection and Transplant
Bernal and colleagues™® 223 - - - AT 9.8 (non-survivors) vs. 11.7 - -
(survivors) ml/kg/min
Dunne and colleagues'® 197 - - - - - -
Epstein and colleagues’” 59 - - (100 days) - - -
Predicted Vo, Peak
<60%
Predicted AT <50%
Junejo and colleagues’® 94 - AT <9.9 ml/kg/min - - - -
Kaibori and colleagues™® 61 - - - - AT <11.5 ml/kg/min -
Neviere and 263 - - - Vo, Peak; 18.6 vs. 17.1 ml/kg/ - -
colleagues'® min
Prentis and colleagues™® 60 - - AT of 9.0 ml/kg/min - - -
Abdominal Aortic Aneurysm
Carlisle and Swart®? 130 - - - - VE/ Vco, and AT -
Grant and colleagues®™® 506 - - - - Vo, Peak <15 ml/kg/min -
and VE/ Vco, >42 at AT
Hartley and 415 - AT <10.2 ml/kg/min Vo, Peak <15 ml/kg/min - - -
colleagues?’ and VE/ Vco, and VE/ Vco,
Nugent and colleagues™ 30 - - - Vo, Peak - Not Significant -
Colorectal
Lai and colleagues®* 269 - AT <11.0 ml/kg/min AT <11.0 ml/kg/min - AT <11.0 ml/kg/min -
West and colleagues® 95 - - - Vo, Peak of <10.6 ml/kg/min - -
West and colleagues®™ 136 - - - - - -
Pancreatic
Ausania and 124 - AT <10.1 ml/kg/min - - - - -
colleagues™ Not Significant
Ausania and 50 - - - - - AT - Not Significant
colleagues™
Chandrabalan and 100 AT - Not - - - - -
colleagues® Significant
Junejo and colleagues®’ 64 VE/Vco, VE/VCo, > 41 - - - -
Renal Transplant
Ulubay and colleagues®> 16 - - - - - -
Upper Gastrointestinal
Forshaw and 78 - - - - - -

colleagues®
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Table 3: Continued

Cardiopulmonary Exercise Testing and Mortality

Author

Duration of follow-up

not reported

> 2 years

1year

90 days

In-hospital 30 days

Sample
Size

Bariatric

Vo, Peakt

109

McCullough and

colleagues®”
Intra-Abdominal

AT - Not Significant

AT - Not Significant

AT - Not Significant

Colson and colleagues™ 1,725

Older and colleagues™

AT <11 ml/kg/min
AT <11 ml/kg/min

187

548
389

Older and colleagues™

Snowden and

AT <10 ml/kg/

AT of 10.9 ml/kg/min and

min

colleagues™®
Wilson and colleagues™ 847

VE/ Vco, of 34

Only one death

Anaerobic Threshold, * = No value was given for VE/VCO,, T =

AT =

validation. Only one study did not find Vo, peak to be predict-
ive.'? The variables and cut-off points used between studies
vary or are not reported.” ?* The length of postoperative fol-
low-up also differs; therefore, further studies will need to exam-
ine the prognostic ability of CPET and mortality at specific time
points to allow for suitable comparison (e.g. 30 and 90 days and
5yr). A Vo, peak cut-off point of 15 ml kg~ min~'is a good start-
ing point because it is predictive of 90 day mortality®* and at
(median) 26 months.*°

Length of stay

Anaerobic threshold was reported to be predictive of CCU and
overall hospital LOS in open AAA repair, but not endovascular an-
eurysm repair.”?

Morbidity

Nugent and colleagues™ reported no statistically significant rela-
tionship between Vo, peak and postoperative complications. An
AT of 10 ml kg~ min~" has been reported to be predictive of post-
operative morbidity’® (Table 5).

Colorectal surgery

Mortality

Lai and colleagues®” stratified patients into the following three
categories: fit (AT >11 ml kg™ min™?), unfit (AT <11 ml kg™’
min~?), and unable (unable to generate an AT). This study com-
pared mortality at 30 and 90 days and 2 yrs between fit and
unfit and between unfit and unable and reported that mortality
was significantly different between groups (P<0.01).

West and colleagues® reported that seven patients (total
n=95) died within 1 yr after surgery, all of whom had a Vo, peak
of <10.6 ml kg™ min~". West and colleagues”® were unable to con-
clude whether CPET was predictive of mortality after major co-
lonic surgery because there were only two deaths (1.5%;
Table 3). Anaerobic threshold and Vo, peak appear to be benefi-
cial in predicting postoperative mortality, but owing to the low
rate of mortality it is difficult to draw conclusions.

Length of stay

Patients with higher AT values (>11 ml kg~ min~) had a signifi-
cantly shorter LOS in hospital compared with unfit (AT <11 ml
kg™' min~!) and unable groups (unable to generate an AT;
P<0.01).>* West and colleagues®® reported that patients with low
AT (P<0.01) or Vo, peak (P<0.01) or with high V&/Vco, (P<0.01)
were susceptible to an increased hospital stay. The prognostic
ability of CPET appears viable; however, more research is needed
to validate the ability of AT to determine postoperative LOS.

Morbidity

Peak oxygen uptake and AT have been reported to be
associated with postoperative complications using the Post-
operative Morbidity Survey (POMS) on day 5 after rectal cancer
surgery and major colonic surgery.”® °° After major colonic sur-
gery, West and colleagues®® reported that Vo, peak, AT, and
VE/Vco, were independently predictive of morbidity in rectal
cancer surgery and major colonic surgery. Lee and colleagues®’
reported that Vo, peak was associated with occurrence of med-
ical complications (P<0.01) but not surgical and all complica-
tions (Table 5).

The data regarding preoperative CPET as a predictor of post-
operative morbidity are strong, but further research is needed
to quantify a level of aerobic fitness that is protective against
complications.
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Table 4: Preoperative Cardiopulmonary Exercise Testing and Length of Stay

Cardiopulmonary Exercise Testing and Length of Stay

Author Sample Size Hospital LOS ICU/CCU ICU/CCU LOS
Admission

Hepatic Transplant and Resection

Bernal and colleagues™ 223 AT <9.2 ml/kg/min, - Vo, Peak <13.4 ml/kg/min

Dunne and colleagues'® 197 AT, Vo, Peak (L/min) - -

Junejo and colleagues"” 94 - - AT <9.9 ml/kg/min

Prentis and colleagues’® 60 - - AT <11 ml/kg/min

Abdominal Aortic Aneurysm

Prentis and colleagues® 185 AT <10 ml/kg/min (Open Repair and EVAR) - AT <10 ml/kg/min (Open Repair)

Colorectal

Lai and colleagues™ 269 AT <11 ml/kg/min - -

West and colleagues®® 136 AT, Vo, Peak, VE/Vco, - -

Pancreatic

Ausania and colleagues®® 124 AT <10.1 ml/kg/min - -

Chandrabalan and colleagues® 100 AT (<10 ml/kg/min - -

Renal Transplant

Ting and colleagues™ 70 - AT -

Upper Gastrointestinal

Forshaw and colleagues™ 78 AT <11 ml/kg/min - Not Significant - -

Bariatric

McCullough and colleagues®” 109 Vo, Peak* - -

Hennis and colleagues™® 106 AT <11.4 ml/kg/min - -

Intra-Abdominal

Snowden and colleagues™ 389 AT <10 ml/kg/min - AT <10 ml/kg/min

Tolchard and colleagues™ 105 AT, VE/Vco, Vo, Peak* -

Wilson and colleagues™ 847 AT <11 ml/kg/min - -

AT = Anaerobic Threshold, CCU = Critical Care Unit, EVAR = Endovascular Aneurysm Repair, ICU = Intensive Care Unit, LOS = Length of Stay

*= No value given for Vo, Peak

Pancreatic surgery

Mortality
Three studies exclusively reported on the ability of AT to predict
postoperative mortality and concluded that there was no signifi-
cant relationship. Ausania and colleagues®® reported similar
mortality rates between groups, AT <10.1 and >10.1 ml kg™*
min~! (P=1.00). Anaerobic threshold was not associated with
postoperative mortality (P=0.74).”° Ausania and colleagues™® per-
formed Cox regression analysis and reported that AT was not cor-
related with long-term survival (P=0.5). Their study failed to
quantify the length of long-term survival. Junejo and collea-
gues®! reported Ve/Vco, to be a significant predictor of both 30
day (P=0.03) and in-hospital mortality (P=0.02; Table 3).
Preoperative AT is not predictive of postoperative mortality
after pancreatic surgery; however, Ve/Vco, may be able to predict
postoperative survival. Further studies are required to determine
the validity of VE / Vco,.

Length of stay

Only two studies examined LOS and CPET variables. Chandraba-
lan and colleagues® reported that an AT <10 ml kg~* min™" was
predictive of a median of 6 days longer LOS than those of AT
>10 ml kg~ min~"! (P<0.01). Likewise, Ausania and colleagues®
reported that an AT value of <10.1 ml kg™ min~" resulted in a me-
dian LOS of 29.4 days, whereas patients with an AT >10.1 mlkg™*
min~* had a median LOS of 17.5 days (P<0.01; Table 4).

An AT of 10-10.1 ml kg~ min~" appears to be predictive of LOS
after pancreatic surgery. This may be used in current practice to
guide postoperative care. Future studies will be required to valid-
ate this CPET result.

Morbidity

Junejo and colleagues® reported that no CPET variable was related
to postoperative morbidity (P<0.05). Ausania and colleagues® re-
ported that patients with a mean AT of 14.1 (range 10.3-16.9) ml
kg~! min~! experienced no complications, whereas patients who
did develop complications had a mean AT of 11.3 (range 6.2-15.4)
mlkg™ min~* (P=0.02). In contrast, Chandrabalan and colleagues®
reported that an AT <10 ml kg™ min~" was significantly related to
postoperative pancreatic fistula (P=0.03) and majorintra-abdomin-
al abscesses (P=0.04), but not cardiac (P=0.31) or pulmonary com-
plications (P=0.66). Ausania and colleagues®® reported that the
postoperative complication rate was significantly lower in the
group with AT >10.1 ml kg~* min~?* (P=0.01).

Renal transplant

Mortality

Ulubay and colleagues®” were unable to determine whether CPET
was predictive of postoperative mortality after renal transplant
surgery because there were no deaths in the relatively small sam-
ple size (n=16; Table 3).

Length of stay

No single study examined whether there was a relationship be-
tween CPET variables and LOS after renal transplant. Ting and col-
leagues™ reported that mean AT was significantly lower in the CCU
admission group vs the non-CCU admission group (P<0.01; Table 4).

Morbidity
There was no study that examined the prognostic ability of CPET
for postoperative morbidity after renal transplant.
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Table 5: Preoperative Cardiopulmonary Exercise Testing and Morbidity

Cardiopulmonary Exercise Testing and Morbidity

Author Sample Morbidity Measure
Size

In-hospital 7 days

30 days

90 days

>90 Days Not Reported

Hepatic Resection and Transplant
Dunne and colleagues’® 197 Clavien-Dindo

POMS, Clavien-Dindo
Clavien-Dindo

Junejo and colleagues™® 94
Kaibori and colleagues™® 61
Abdominal Aortic Aneurysm
Nugent and colleagues’® 30 Self-Defined

Prentis and colleagues® 185 Self-Defined

Colorectal
Lee and colleagues” 112
West and colleagues® 95

Clavien-Dindo
POMS, Clavien-Dindo

West and colleagues®® 136 POMS, Clavien-Dindo
Pancreatic
Ausania and 124 POMS, ISGPF
colleagues®®
Ausania and 50 POMS
colleagues™
Chandrabalan and 100

colleagues®
Junejo and colleagues®’ 64 ISGPS for pancreatic

complications. Non

pancreatic
complications were
self-defined.

Upper Gastrointestinal

Moyes and colleagues™® 108 Cardiopulmonary
complications

defined according to
the Common
Terminology Criteria
for Adverse Events.
Non-
cardiopulmonary
complications were
self-defined.

AT <10 ml/kg/min, -
Vo, Peak* and VE/
Vco,

Clavien-Dindo and ISGPF AT <10 ml/kg/min

Heart Rate at AT and
Heart Rate at Vo,
Peak

VE/Vco, at AT

Vo, Peak*

AT <10.1 ml/kg/min
and Vo, Peak 16.7
ml/kg/min

AT <10.1 ml/kg/min

AT <11.5 ml/kg/min -

Vo, Peak - Not -
Significant

Vo, Peak <18.6 ml/kg/ —
min and AT <10.6
ml/kg/min

- AT >14.1 ml/kg/min

No CPET variable was -
significant

- AT 9.9
(complications)
vs. 11.2 (no
complications)
ml/kg/min
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Nagamatsu and 91
colleagues®

Bariatric

Hennis and colleagues® 106

McCullough and 109
colleagues®

Intra-Abdominal

Hightower and 32
colleagues™®

James and colleagues®’ 83

Prentis and colleagues®* 69

Snowden and 116
colleagues™®

Tolchard and 105
colleagues™

Self-Defined

POMS
Self-Defined

Major adverse cardiac
events and self-
defined

Clavien-Dindo

POMS

Clavien-Dindo

AT <11 ml/kg/min

AT <12 ml/kg/min
AT (POMS <1) 11.9vs.
9.1 ml/kg/min

(POMS >1)

- Vo, Peak <18.5 ml/kg/ -
min
Heart Rate at AT, — -
Difference
between
Heart Rate
from rest to
AT and
Percentage
of predicted
AT achieved
(<75% vs.
>75%)
- AT <10.6 ml/kg/min -
and Vo, Peak
<14.0 ml/min/kg

AT (complications) 10.6
vs. 11.8 ml/kg/min
(no complications),
Vo, Peak
(complications) 14.3
vs. 15.4 ml/kg/min
(no complications),
VE/Vco,
complications 33.3
(complications) vs.
30.3 (no
complications)

Vo, Max/m? *

AT = Anaerobic Threshold, ISGPF = International Study Group on Pancreatic Fistula, POMS = Postoperative Morbidity Survey

*= No value was given
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Upper gastrointestinal surgery

Mortality

Forshaw and colleagues® could not conclude whether CPET was
predictive of postoperative mortality because there was only one
death after oesophagectomy (Table 3).

Length of stay

Forshaw and colleagues® reported that there was no apparent
correlation with AT and LOS (P=0.89). Cardiopulmonary exercise
testing appears unable to determine LOS after upper GI surgery,
but there have been few studies in this area. The present review
expresses the need for more high-quality CPET prognostic stud-
ies in the area of upper GI surgery.

Morbidity

Nagamatsu and colleagues® reported that Vo, max m~ was
lower in patients with cardiopulmonary complications vs pa-
tients without complications (P<0.01) after oesophagectomy
with lymphadenectomy. In contrast, Moyes and colleagues® re-
ported that Vo, peak was not associated with cardiopulmonary
complications (14 vs 16 ml min~" kg™, P=0.07) but that AT was as-
sociated with morbidity (P=0.05).

There have been too few studies to conclude whether CPET is
predictive of postoperative morbidity after upper GI surgery, but
the results are optimistic. The present review expresses the need
for more high-quality CPET prognostic studies in the area of
upper GI surgery.

Bariatric surgery

Mortality

McCullough and colleagues®” (total n=99) reported that Vo, peak
was predictive of morbidity and mortality (grouped together);
however, there was only one death, and the results of this
study cannot solely predict postoperative mortality (Table 3).

Length of stay

McCullough and colleagues®” reported that Vo, peak was predict-
ive of LOS (P<0.01). The AT of patients with LOS >3 days was lower
than that of patients with LOS <3 days after gastric bypass sur-
gery (P=0.02).?® The literature suggests that CPET is able to iden-
tify patients subject to increased LOS, but a consensus on the
optimal CPET variable and cut-point is required.

Morbidity
Hennis and colleagues®® reported that AT was significantly lower
in patients with complications compared with those without
complications (P<0.05). McCullough and colleagues®’ presented
a multivariable model using Vo, peak as a continuous variable
and included smoking status that was a significant predictor of
complications (odd ratio 1.61, 95% CI 1.19-2.18, P<0.01; Table 5).
Cardiopulmonary exercise testing shows potential for deter-
mining patients at risk of postoperative complications in the pre-
operative period, but further studies are required to quantify the
optimal CPET variable and cut-off point.

Intra-abdominal surgery

Mortality

Anaerobic threshold has been reported in four of the above-men-
tioned studies to be a significant predictor of mortality.>**?
Snowden and colleagues™ reported an AT of 10.9 ml kg~ min~
to be predictive of postoperative survival; however, their follow-
up was limited to in-hospital stay. An AT of 10.9 ml kg™* min™"

1

was reported to be predictive of survival up to 90 days
(P=0.03).”° Two studies presented an AT <11 ml kg™* min~" to be
predictive of postoperative mortality.** **

Colson and colleagues* concluded that AT was not a statistic-
ally significant predictor of mortality. Prentis and colleagues®* re-
ported only two postoperative deaths, and no statistical analysis
was performed. Tolchard and colleagues®® reported an insuffi-
cient sample size (Table 3).

The present review suggests that an AT of 10.9 ml kg~ min~
may have good clinical utility. It may also be beneficial to explore
the prognostic ability of other CPET variables. A Ve/Vco, of 34 has
been reported to be associated with postoperative mortality at 90
days (P=0.02).*°

1

Length of stay

Tolchard and colleagues® reported that a lower mean oxygen
uptake was correlated with ICU admission (14.9 vs 16.5 ml
kg~! min~?, P<0.05) and Vg/Vco, >33 correlated with LOS
(P<0.01). Wilson and colleagues®’ reported that the overall me-
dian LOS was lower in the group with AT >11 ml kg™ min~* (8 us
9 days, P<0.01). Snowden and colleagues® reported that cardio-
vascular fitness was a significant independent predictor of hos-
pital and critical care LOS. The prognostic ability of CPET in
predicting LOS after intra-abdominal surgery is strong; how-
ever, a consensus needs to be reached on the optimal CPET
variable.

Morbidity
Hightower and colleagues®® reported that HR at AT (P<0.01), the dif-
ference between HR at rest and at AT (P=0.01), and the percentage
AT achieved (P=0.02) to be predictive of postoperative morbidity.
Tolchard and colleagues,*” using Mann-Whitney U-tests, com-
pared patients who experienced complications with those who
did not and showed Vo, peak (P=0.02) and V&/Vco, (P<0.01) to be
predictive of complications. The following AT cut-off values have
been reported: 12,** 11,*° 10.6,*° and 10.1 ml kg~* min~.*%
Anaerobic threshold is the strongest predictor of post-
operative morbidity in intra-abdominal surgery. Patients with
an AT of <10.1 ml kg~ min~?* should have appropriate measures
adopted to ensure a smooth postoperative outcome. Any patients
with an AT between 10.1 and 12 ml kg~* min~" should be consid-
ered with caution.

Discussion

There are two main theories on how CPET can predict post-
operative outcome. One theory suggests that patients with a
higherlevel of fitness function better with the prolonged increase
in oxygen delivery induced by surgery without outpacing their
anaerobic physiological parameters. The alternative theory sug-
gests that regular exercise can create a systemic effect similar to
ischaemic preconditioning. By increasing a person’s ability to ex-
tract oxygen and tolerate ischaemic conditions, this lessens the
impact of any deficit in oxygen delivery and demand associated
with surgery.®

Previous reviews concluded that CPET is valuable, but more re-
search is needed to determine its validity in non-cardiopulmonary
surgery.® ® The area has since grown, and the present review has
analysed considerably more studies and is the largest systematic
review of preoperative CPET to date. Given that a quantitative syn-
thesis approach was undertaken, definite conclusions cannot be
drawn from the present review regarding the ability of CPET to pre-
dict postoperative outcome after surgery, but certain areas can be
highlighted and suggestions can be made.
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Main findings

This review recommends that CPET is included in the preopera-
tive assessment of liver, pancreatic, and intra-abdominal surgery
and AAA repair and that the following cut-points are used.

Hepatic transplant and resection: 90 day survival, AT 9 mlkg™*
min~%; 3 yr survival, AT 11.5 ml kg~* min~?; and ICU/CCU ad-
mission, AT <9.9-11 ml kg™* min™".

Abdominal aortic aneurysm repair: 90 day survival, Vo, peak
15 ml kg™ min™™%

Pancreatic surgery: LOS and morbidity, AT 10-10.1 ml kg™*
min~%

Intra-abdominal surgery: mortality, AT of 10.9 ml kg~ min~?;
morbidity, AT <10.1 ml kg~* min~%; and patients with an AT Of

10.1-12 ml kg* min~" should be treated with caution.

Anaerobic threshold is the optimal predictor of outcome in liver,
pancreatic, and intra-abdominal surgery. The reason for the vari-
ation in the type and strength of the relationship between CPET
variable and outcome in various surgical interventions has
been underexplored, but a possible explanation may be that
there is variation in the relative importance of different CPET
variables predisposing to adverse outcome.® Despite this, the re-
sults suggest AT to be the superior indicator within certain surgi-
cal interventions.

Studies were divided based on surgery type, similar to previous
reviews.® ®? The variation in cut-points between surgeries may be
because of the possibility that certain surgical procedures require
a greater physiological demand, or the pre- and postoperative
management varies between surgical procedures.” This topic
has been underexplored and requires further validation.

There are four main reasons for associations in observational
studies between cardiopulmonary fitness and postoperative out-
come: bias, confounding, chance, and cause.*® The level of bias
and confounding was assessed using the QUIPS tool.'" The
level of chance of association is summed up by the 95% CIs and
P-value (Supplementary material, Tables S2-S4). The CPET-
derived cut-points are similar between studies; as the level of
bias, chance, and confounding have been accounted for, it is pos-
sible that a cause of poor postoperative outcome is cardiorespira-
tory fitness below these cut-points.

Morbidity after pancreatic surgery has produced some con-
flicting results. One study reported no relationship between AT
and morbidity,*" and two studies produced similar findings,”® *°
whereas one study produced different results. The present

review suggests using an AT of 10-10.1 ml kg* min~" as a

cut-point for morbidity after pancreatic surgery”® *° instead of
14.1 ml kg™* min~" as reported by Ausania and colleagues®® be-
cause we found this study, using the QUIPS tool, to have a rela-
tively high bias in a number of areas.

There is large heterogeneity between studies; therefore, re-
sults could not be pooled to produce a meta-analysis. All surger-
ies were grouped together by surgical intervention (or grouped
into the intra-abdominal cohort when no distinctions were
made) to improve homogeneity. Despite this, there is consider-
able variation in areas such as surgical procedure (e.g. laparo-
scopic us open), the outcome measures used (e.g. postoperative
morbidity survey vs self-defined morbidity), and accounting
for co-morbidities. A number of important variables, such
as type of anaesthesia, were not reported in most studies
(n=34). The choice of statistical approaches also varied between
studies.

The present review included studies that did not have a priori
power calculation. The sample sizes of the included studies may

be underpowered and could potentially influence results. In
order for future studies to have sufficient power to determine
the ability of an AT <11 ml kg™ min™" to predict mortality at 90
days, we estimate that a sample size of 406 patients above and
below AT <11 ml kg min is required, and for 2 yr mortality a sam-
ple size of 253 above and below AT <11 ml kg min is required
(¢=0.05, p=0.80). The calculations were based on data reported
by Lai and colleagues.”*

A robust methodology should also be used”° consisting of the
following: (i) reporting all measured CPET variables (e.g. Vo, peak,
AT, V&/Vco,, and HR); (ii) predetermined outcome time points
should be used, including 30 day, 90 day, 1, 3, and 5 yr time
points for mortality and morbidity, and LOS should include
overall hospital stay, ICU/HDU/CCU admission, and length of
stay along with readmission; (iii) morbidity should be measured
using a combination of the Clavien-Dindo classification scoring
system®’ and the Postoperative Morbidity Survey;>? and (iv) odds
ratios should be determined for mortality and morbidity out-
comes to allow results to be pooled in a future meta-analysis.
Length of stay should be recorded with medians, standard de-
viations, and ClIs.

Many studies conclude separate CPET-defined cut-points that
predict postoperative outcome. Perhaps a single cut-point cannot
be recommended; instead, subgroups based on fitness could be
created to stratify patients before surgery based on the risk of
poor surgical outcome.”” It is also possible that the variation be-
tween CPET variables and strength of relationship with outcome
between studies is subject to the inconsistent methodology
coupled with data analysis and presentation.

Future research

The areas of colorectal, renal transplant, upper GI, and bariatric
surgery require further research to draw conclusions concerning
the ability of CPET to predict postoperative outcome. In hepatic
surgical intervention, the postoperative morbidity has not been
well analysed; currently, there is no consensus on the CPET vari-
able and cut-point to use. To predict LOS after hepatic surgery,
the ability of AT produces a divided opinion. The Vo, peak
shows potential, but evidence in its support is weak. It is recom-
mended that future studies examine the possible link between
preoperative aerobic fitness and morbidity and LOS.

A number of studies have examined CPET and survival after
AAA repair, but time points to survival vary and so future studies
will need to use specific time points, such as 1 and 5 yr survival.
The present review suggests future research should examine the
possible relationship between CPET and LOS and morbidity after
AAA repair because research in this area is lacking.

Increased physical fitness is correlated with improved
postoperative outcome. Patients with cardiopulmonary fitness
below the recommended cut-points are susceptible to post-
operative complications and mortality. Preoperative exercise pro-
grammes can improve fitness before surgery.”® The ability of
preoperative exercise interventions to improve postoperative
outcome requires further validation.

Conclusion

Cardiopulmonary exercise testing provides a good objective
measure of a patient’s preoperative fitness, which in turn is a
strong predictor of postoperative outcome. Cardiopulmonary ex-
ercise testing has been well documented in certain surgical inter-
ventions (liver, AAA, pancreatic, and intra-abdominal), but it is
less well defined in other areas (colorectal, renal transplant,

9T0Z ‘P2 JequenoN uo uopuoaba|joD A1siealun e /Hio'sfeuinolpioxoelq//:dny woly papeojumoq


http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aev454/-/DC1
http://bja.oxfordjournals.org/

190 | Moran et al.

upper GI, and bariatric). The CPET variables AT and Vo, peak are
the most analysed. Anaerobic threshold is a stronger predictor of
outcome in hepatic, pancreatic, and intra-abdominal surgery,
whereas Vo, peak is superior in AAA repair. Variables such as
VEe/Vco, show emerging significance but continue to be under-
used. Future studies should use a robust methodology to clarify
further the role of CPET in preoperative risk prediction.

Authors’ contributions

Conception: J. Moran, F.W., ].H., J. Moriarty

Study design: J. Moran, P.McC,, J.H., . Moriarty

Data acquisition: J. Moran, E.G., F.W.

Analysis: J. Moran, E.G., P.McC., FW.

Interpretation of data: J. Moran, F.W.

Drafting article: J. Moran, F.W., E.G., P.McC.

Revision and final approval: J. Moran, F.W., E.G., P.McC,, J.H,,
J. Moriarty

Supplementary material

Supplementary material is available at British Journal of Anaesthesia
online.

Acknowledgements

We wish to thank David Mockler (John Stearne Library, Trinity
Centre for Health Sciences, Dublin 8) for his assistance in devis-
ing the search strategy. We also wish to thank Kathleen Bennett
(Pharmacology & Therapeutics, Trinity Centre for Health
Sciences, Dublin 8) for her assistance in developing the sample
size calculations.

Declaration of interest

None declared.

Funding
Trinity College Dublin (studentship grant to J. Moran).

References

1. Stringer WW. Cardiopulmonary exercise testing: current ap-
plications. Exp Rev Respir Med 2010; 4: 179-88

2. Weisman IM, Zeballos RJ. Clinical exercise testing. Clin Chest
Med 2001; 22: 679-701, viii

3. Mancini DM, Eisen H, Kussmaul W, Mull R, Edmunds LH Jr,
Wilson JR. Value of peak exercise oxygen consumption for op-
timal timing of cardiac transplantation in ambulatory pa-
tients with heart failure. Circulation 1991; 83: 778-86

4. Beckles MA, Spiro SG, Colice GL, Rudd RM. The physiologic
evaluation of patients with lung cancer being considered
for resectional surgery. Chest 2003; 123: 1055-14S

5. Brunelli A, Belardinelli R, Refai M, et al. Peak oxygen con-
sumption during cardiopulmonary exercise test improves
risk stratification in candidates to major lung resection.
Chest 2009; 135: 1260-7

6. Hennis PJ, Meale PM, Grocott MP. Cardiopulmonary exercise
testing for the evaluation of perioperative risk in non-cardio-
pulmonary surgery. Postgrad Med J 2011; 87: 550-7

7. Levett DZ, Grocott MP. Cardiopulmonary exercise testing for
risk prediction in major abdominal surgery. Anesthesiol Clin
2015; 33: 1-16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Smith TB, Stonell C, Purkayastha S, Paraskevas P. Cardiopul-

monary exercise testing as a risk assessment method in non
cardio-pulmonary surgery: a systematic review. Anaesthesia
2009; 64: 883-93

. West M, Jack S, Grocott MP. Perioperative cardiopulmonary

exercise testing in the elderly. Best Pract Res Clin Anaesthesiol
2011; 25: 427-37

Antes G, von Elm E. [The PRISMA Statement - what should be
reported about systematic reviews?]. Dtsch Med Wochenschr
2009; 134: 1619

Hayden JA, van der Windt DA, Cartwright JL, Cote P,
Bombardier C. Assessing bias in studies of prognostic factors.
Ann Intern Med 2013; 158: 280-6

Junejo MA, Mason JM, Sheen A], et al.Cardiopulmonary exer-
cise testing for preoperative risk assessment before hepatic
resection. Br J Surg 2012; 99: 1097-104

Prentis JM, Manas DM, Trenell MI, Hudson M, Jones DJ,
Snowden CP. Submaximal cardiopulmonary exercise testing
predicts 90-day survival after liver transplantation. Liver
Transpl 2012; 18: 152-9

Bernal W, Martin-Mateos R, Lipcsey M, et al. Aerobic capacity
during cardiopulmonary exercise testing and survival with
and without liver transplantation for patients with chronic
liver disease. Liver Transpl 2014; 20: 54-62

Kaibori M, Ishizaki M, Matsui K, et al. Assessment of preopera-
tive exercise capacity in hepatocellular carcinoma patients
with chronic liver injury undergoing hepatectomy. BMC
Gastroenterol 2013; 13: 119

Neviere R, Edme JL, Montaigne D, Boleslawski E, Pruvot FR,
Dharancy S. Prognostic implications of preoperative aerobic
capacity and exercise oscillatory ventilation after liver trans-
plantation. Am ] Transplant 2014; 14: 88-95

Epstein SK, Freeman RB, Khayat A, Unterborn JN, Pratt DS,
Kaplan MM. Aerobic capacity is associated with 100-day out-
come after hepatic transplantation. Liver Transpl 2004; 10:
418-24

Dunne DF, Jones RP, Lythgoe DT, et al. Cardiopulmonary
exercise testing before liver surgery. J Surg Oncol 2014; 110:
439-44

Nugent AM, Riley M, Megarry J, O'Reilly MJG, MacMahon J,
Lowry R. Cardiopulmonary exercise testing in the pre-
operative assessment of patients for repair of abdominal
aortic aneurysm. Irish ] Med Sci 1998; 167: 238-41

Grant SW, Hickey GL, Wisely NA, et al. Cardiopulmonary
exercise testing and survival after elective abdominal aortic
aneurysm repair. Br ] Anaesth 2015; 114: 430-6

Hartley RA, Pichel AC, Grant SW, et al. Preoperative cardiopul-
monary exercise testing and risk of early mortality following
abdominal aortic aneurysm repair. BrJ Surg 2012; 99: 1539-46
Carlisle J, Swart M. Mid-term survival after abdominal aortic
aneurysm surgery predicted by cardiopulmonary exercise
testing. Br ] Surg 2007; 94: 966-9

Prentis JM, Trenell MI, Jones DJ, Lees T, Clarke M, Snowden CP.
Submaximal exercise testing predicts perioperative hospital-
ization after aortic aneurysm repair. J Vasc Surg 2012; 56:
1564-70

Lai CW, Minto G, Challand CP, et al. Patients’ inability to per-
form a preoperative cardiopulmonary exercise test or dem-
onstrate an anaerobic threshold is associated with inferior
outcomes after major colorectal surgery. Br ] Anaesth 2013;
111: 607-11

West MA, Parry MG, Lythgoe D, et al. Cardiopulmonary exer-
cise testing for the prediction of morbidity risk after rectal
cancer surgery. Br ] Surg 2014; 101: 1166-72

9T0Z ‘P2 JequenoN uo uopuoaba|joD A1siealun e /Hio'sfeuinolpioxoelq//:dny woly papeojumoq


http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aev454/-/DC1
http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aev454/-/DC1
http://bja.oxfordjournals.org/

Cardiopulmonary exercise testing for risk assessment | 191

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

West MA, Lythgoe D, Barben CP, et al. Cardiopulmonary exer-
cise variables are associated with postoperative morbidity
after major colonic surgery: a prospective blinded observa-
tional study. Br ] Anaesth 2014; 112: 665-71

Lee L, Schwartzman K, Carli F, et al. The association of the dis-
tance walked in 6 min with pre-operative peak oxygen con-
sumption and complications 1 month after colorectal
resection. Anaesthesia 2013; 68: 811-6

Ausania F, Snowden CP, Prentis JM, et al. Effects of low cardio-
pulmonary reserve on pancreatic leak following pancreatico-
duodenectomy. Br ] Surg 2012; 99: 12904

Chandrabalan VV, McMillan DC, Carter R, et al. Pre-operative
cardiopulmonary exercise testing predicts adverse post-
operative events and non-progression to adjuvant therapy
after major pancreatic surgery. HPB (Oxford) 2013; 15: 899-907
Ausania F, Vallance AE, Manas DM, et al. Double bypass for in-
operable pancreatic malignancy at laparotomy: post-
operative complications and long-term outcome. Ann R Coll
Surg Eng 2012; 94: 563-8

Junejo MA, Mason JM, Sheen AJ, et al. Cardiopulmonary exer-
cise testing for preoperative risk assessment before pancreati-
coduodenectomy for cancer. Ann Surg Oncol 2014; 21: 1929-36
Ulubay G, Ulasli SS, Kupeli E, Yilmaz EB, Sezgin A, Haberal M.
Value of exercise testing to estimate post-operative compli-
cations and mortality in solid organ recipients: a preliminary
study. Ann Transplant 2010; 15: 11-20

Ting SM, Igbal H, Hamborg T, et al. Reduced functional meas-
ure of cardiovascular reserve predicts admission to critical
care unit following kidney transplantation. PLoS ONE 2013;
8: 64335

Forshaw MJ, Strauss DC, Davies AR, et al. Is cardiopulmonary
exercise testing a useful test before esophagectomy? Ann
Thorac Surg 2008; 85: 294-9

Nagamatsu Y, Shima I, Yamana H, Fujita H, Shirouzu K,
Ishitake T. Preoperative evaluation of cardiopulmonary
reserve with the use of expired gas analysis during exercise
testing in patients with squamous cell carcinoma of the thor-
acic esophagus. ] Thorac Cardiovasc Surg 2001; 121: 1064-8
Moyes LH, McCaffer CJ, Carter RC, Fullarton GM, Mackay CK,
Forshaw M]J. Cardiopulmonary exercise testing as a predictor
of complications in oesophagogastric cancer surgery. Ann R
Coll Surg Engl 2013; 95: 125-30

McCullough PA, Gallagher MJ, Dejong AT, et al. Cardiorespira-
tory fitness and short-term complications after bariatric
surgery. Chest 2006; 130: 517-25

Hennis PJ, Meale PM, Hurst RA, et al. Cardiopulmonary exercise
testing predicts postoperative outcome in patients undergoing
gastric bypass surgery. Br ] Anaesth 2012; 109: 566-71
Snowden CP, Prentis ], Jacques B, et al. Cardiorespiratory
fitness predicts mortality and hospital length of stay after
major elective surgery in older people. Ann Surg 2013; 257:
999-1004

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wilson RJT, Davies S, Yates D, Redman J, Stone M. Impaired
functional capacity is associated with all-cause mortality
after major elective intra-abdominal surgery. Br ] Anaesth
2010; 105: 297-303

Older P, Hall A, Hader R. Cardiopulmonary exercise testing
as a screening test for perioperative management of major
surgery in the elderly. Chest 1999; 116: 355-62

Older P, Smith R, Courtney P, Hone R. Preoperative evaluation
of cardiac failure and ischemia in elderly patients by cardio-
pulmonary exercise testing. Chest 1993; 104: 7014

Colson M, Baglin J, Bolsin S, Grocott MPW. Cardiopulmonary
exercise testing predicts 5 yr survival after major surgery.
Br J Anaesth 2012; 109: 735-41

Prentis JM, Trenell MI, Vasdev N, et al. Impaired cardiopul-
monary reserve in an elderly population is related to post-
operative morbidity and length of hospital stay after radical
cystectomy. BJU Int 2013; 112: E13-9

Tolchard S, Angell ], Pyke M, et al. Cardiopulmonary reserve as
determined by cardiopulmonary exercise testing correlates
with length of stay and predicts complications after radical
cystectomy. BJU Int 2015; 115: 554-61

Hightower CE, Riedel BJ, Feig BW, et al. A pilot study evaluat-
ing predictors of postoperative outcomes after major abdom-
inal surgery: physiological capacity compared with the ASA
physical status classification system. Br ] Anaesth 2010; 104:
465-71

James S, Jhanji S, Smith A, O’Brien G, Fitzgibbon M, Pearse RM.
Comparison of the prognostic accuracy of scoring systems,
cardiopulmonary exercise testing, and plasma biomarkers:
a single-centre observational pilot study. Br ] Anaesth 2014;
112: 491-7

Snowden CP, Prentis JM, Anderson HL, et al. Submaximal car-
diopulmonary exercise testing predicts complications and
hospital length of stay in patients undergoing major elective
surgery. Ann Surg 2010; 251: 535-41

Jepsen P, Johnsen SP, Gillman MW, Sgrensen HT. Interpret-
ation of observational studies. Heart 2004; 90: 956-60
Grocott MPW, Pearse RM. Prognostic studies of perioperative
risk: robust methodology is needed. Br ] Anaesth 2010; 105:
243-5

Dindo D, Demartines N, Clavien PA. Classification of surgical
complications: a new proposal with evaluation in a cohort of
6336 patients and results of a survey. Ann Surg 2004; 240:
205-13

Bennett-Guerrero E, Welsby I, Dunn TJ, et al. The use of a
postoperative morbidity survey to evaluate patients with pro-
longed hospitalization after routine, moderate-risk, elective
surgery. Anesth Analg 1999; 89: 514-9

Dronkers JJ, Lamberts H, Reutelingsperger IM, et al. Preopera-
tive therapeutic programme for elderly patients scheduled
for elective abdominal oncological surgery: a randomized
controlled pilot study. Clin Rehab 2010; 24: 614-22

Handling editor: J. G. Hardman

9T0Z ‘P2 JequenoN uo uopuoaba|joD A1siealun e /Hio'sfeuinolpioxoelq//:dny woly papeojumoq


http://bja.oxfordjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


