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Summary
Background Poor functional capacity has been identified as an important modifiable risk factor for postoperative
complications. Cardiopulmonary exercise testing (CPET) provides objective parameters of functional capacity (e.g.,
oxygen consumption at peak exercise, peak VO2), with significant prognostication for postoperative complications.
However, sex-specific thresholds for functional capacity to predict surgical risk are yet to be established. Therefore, we
performed a post hoc analysis of the international, multicentre, prospective observational METS (Measurement of
Exercise Tolerance before Surgery) study to evaluate if sex-specific thresholds of peak VO2 improve risk prediction
of postoperative complications.

Methods We undertook a post hoc analysis (HREC/71824/PMCC) of the METS study, which was performed between
March 2013 and March 2016. We investigated whether sex-specific differences exist for CPET-derived parameters and
associated thresholds for predicting postoperative complications in this large cohort of patients that had major non-
cardiac surgery (n = 1266). Logistic regression models were analyzed for the association of low peak VO2 with
moderate-to-severe in-hospital postoperative complications. Optimal sex-specific peak VO2 thresholds were
obtained by maximizing the Youden index of receiver operating characteristic (ROC) curves. Finally, multivariable
logistic regression models tested the resulting sex-specific thresholds against the established non-sex-specific peak
VO2 threshold (14 mL kg−1 min−1) adjusted for clinically relevant features such as comorbidities and surgical
complexity. Models were evaluated by bootstrapping optimism-corrected area under the ROC curve and the net
reclassification improvement index (NRI).

Findings Female patients (n = 480) had a lower mean (SD) peak VO2 than males (16.7 (4.9) mL kg−1 min−1 versus
21.2 (6.5) mL kg−1 min−1, p < 0.001) and a lower postoperative complication rate (10.4% versus 15.3%; p = 0.018)
than males (n = 786). The optimal peak VO2 threshold for predicting postoperative complications was
12.4 mL kg−1 min−1 for females and 22.3 mL kg−1 min−1 for males, respectively. In the multivariable regression
model, low non-sex-specific peak VO2 did not independently predict postoperative complications. In contrast, low
sex-specific peak VO2 was an independent predictor of postoperative complications (OR 2.29; 95% CI: 1.60, 3.30;
p < 0.001). The optimism-corrected AUC-ROC of the sex-specific model was higher compared with the non-sex-
specific model (0.73 versus 0.7; DeLong’s test: p = 0.021). The sex-specific model classified 39% of the patients
more correctly than the baseline model (NRI = 0.39; 95% CI: 0.24, 0.55). In contrast, the non-sex-specific
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model only classified 9% of the patients more correctly when compared against the baseline model (NRI = 0.09;
95% CI: −0.04, 0.22).

Interpretation Our data report sex-specific differences in preoperative CPET-derived functional capacity parameters.
Sex-specific peak VO2 thresholds identify patients at increased risk for postoperative complications with a higher
discriminatory ability than a sex-unspecific threshold. As such, sex-specific threshold values should be considered
in preoperative CPET to potentially improve risk stratification and to guide surgical decision-making, including
eligibility for surgery, preoperative optimization strategies (prehabilitation) or seeking non-surgical options.

Funding There was no funding for the present study. The original METS study was funded by Canadian Institutes of
Health Research, Heart and Stroke Foundation of Canada, Ontario Ministry of Health and Long-Term Care, Ontario
Ministry of Research, Innovation and Science, UK National Institute of Academic Anaesthesia, UK Clinical Research
Collaboration, Australian and New Zealand College of Anaesthetists, and Monash University.

Copyright © 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study
The objective assessment of a patient’s functional capacity
with cardiopulmonary exercise testing (CPET) before major
non-cardiac surgery is widely used for surgical risk
assessment. Importantly, poor functional capacity is a
modifiable risk factor, with increasing evidence that
exercise-based prehabilitation before surgery significantly
reduces postoperative complications and hospital length of
stay. A universal threshold of increased risk is typically set
at four metabolic equivalents (4 METS, peak VO2

14 mL kg−1 min−1) for cardiovascular risk assessment, as
per the current clinical guidelines, such as the American
College of Cardiology and the American Heart Association
(ACC/AHA) guidelines. However, sex-specific differences in
exercise capacity have not been investigated in the
perioperative setting for predicting postoperative
complications after major non-cardiac surgery. We
postulated that sex-specific differences exist in patients’
functional capacity and that a single non-sex-specific
threshold (e.g., 4 METS) will likely overestimate the risk in
females and underestimate the risk in males, potentially
leading to disparity in healthcare.

Added value of this study
This post hoc analysis of the METS study contributes to precision
medicine by recognising that sex-related differences in
functional capacity exist in preoperative risk prediction when
using CPET-derived parameters such as peak VO2. This improves
risk stratification and, thereby, the guidance of surgical decision-
making, including delaying surgery for preoperative
optimization strategies such as exercise-based prehabilitation.

Implications of all the available evidence
Numerous studies have shown that low functional capacity is
associated with an increased risk of postoperative complications
in non-cardiac surgery and that preoperative interventions, such
as exercise-based prehabilitation, modify this risk. We provide
evidence that sex-adjusted interpretation of CPET-derived
functional capacity parameters such as peak VO2 may improve
risk prediction and, thereby, the guidance for surgical decision-
making. Specifically, we demonstrate improved risk prediction
for high-grade postoperative complications when considering
sex-specific peak VO2 thresholds compared to the established
standard of care of a non-sex-specific CPET threshold set at 4
METS (14 mL kg−1 min−1) that is widely accepted in
perioperative risk prediction guidelines.
Introduction
Mortality within 30 days after surgery is the third leading
cause of death globally, and postoperative complications
primarily drive it.1 Poor functional capacity has been
identified as an important modifiable risk factor for
postoperative complications.2 This necessitates improved
preoperative surgical risk stratification and optimization
strategies. Preoperative cardiopulmonary exercise testing
(CPET) using cycle ergometry with spirometry provides
objective parameters of functional capacity (e.g., oxygen
consumption at anaerobic threshold [AT] or at peak ex-
ercise [peak VO2]), which allows for prognostication for
postoperative complications and for guiding preoperative
exercise-based optimization strategies (prehabilitation).3

Older et al.4,5 were the first to correlate CPET testing
with mortality in patients undergoing major abdominal
surgery in the early 1990s. Subsequently, numerous
studies confirmed that CPET-derived functional capacity
parameters independently predict postoperative
morbidity and mortality in patients scheduled for major
www.thelancet.com Vol 64 October, 2023

http://creativecommons.org/licenses/by-nc-nd/4.0/
www.thelancet.com/digital-health


Articles
abdominal surgery, including colorectal, upper gastroin-
testinal, hepatobiliary, urological, and abdominal aortic
aneurysm surgery.6–18 Importantly, these studies failed to
consider the differences in functional capacity attributed
to biological sex.

Sex-specific differences are the subject of contempo-
rary clinical practice and medical research, as biological
sex is a genetic modifier of disease pathophysiology and
response to medical treatment. Sex differences with ex-
ercise testing have been reported, with sex-related differ-
ences in the progression of metabolic responses during
incremental exercise.19 Similarly, one study reported that
functional capacity in men and chronotropic competence
in women are the primary prognosticators for longevity,
respectively.18 Thomas et al.20 reported that CPET-derived
AT and peak VO2 differed significantly between males
and females, however, they did not investigate its impli-
cations for postoperative outcome. As such, little is known
about sex-related differences in interpreting CPET-derived
parameters and their risk stratification threshold for
postoperative complications after major non-cardiac sur-
gery. This necessitates deeper investigation to promote sex
equity in health care, as there may be different thresholds
for increased surgical risk that guide the need for surgical
deferment for prehabilitation or the consideration of
alternative therapy to surgery.

In 2018, the prospective, international, multicentre
METS (Measurement of Exercise Tolerance before Sur-
gery) study was published in The Lancet.2 This is
the largest (n = 1401 patients) observational study
assessing the association of functional capacity with
postoperative risk—with death or myocardial infarction
within 30 days of surgery investigated as the primary
outcome. Notably, the physician estimate of patients’
functional capacity was very poor. The patient reported
Duke Activity Status Index (DASI) score was the only
parameter associated with the primary outcome of death
or myocardial infarction by postoperative day 30.
Significantly, CPET-derived parameters, specifically peak
VO2, did associate with increased risk for moderate or
severe in-hospital postoperative complications and hence
reinforces the importance of objective functional capacity
assessment before major non-cardiac surgery for surgi-
cal risk assessment. The importance of this is further
underpinned by the fact that poor functional capacity is a
modifiable risk factor, with an increasing number of
studies of exercise-based prehabilitation reporting a sig-
nificant reduction, by as much as half, of postoperative
complications21 and a reduction in hospital length of stay,
by as much as three days.22 Consequently, cardiopul-
monary exercise testing for preoperative surgical risk
assessment is well established in the United Kingdom,
with more than 50% of hospitals providing preoperative
CPET facilities and prehabilitation services.3

Thresholds for CPET-derived functional parameters
allow for risk stratification that guides clinical decision-
making. A widely accepted threshold of increased
www.thelancet.com Vol 64 October, 2023
surgical risk is typically set at four metabolic equiva-
lents (4 METs, peak VO2 14 mL kg−1 min−1) and pri-
marily for cardiac risk prediction.23 This threshold
reflects low cardiac performance within guidelines set
for patients with chronic heart failure.24,25 Given that
sex-specific differences in exercise capacity have not
been investigated in the non-cardiac surgery setting,
we postulated that sex-specific differences exist in pa-
tients’ functional capacity. As the METS study has
already demonstrated that peak VO2 is related to the
risk of moderate-to-severe complications, the present
work focuses on the role of sex regarding this rela-
tionship. We set out to investigate whether sex-specific
thresholds for peak VO2 are more suitable than the
non-sex-specific threshold of 14 mL kg−1 min−1 to
predict moderate-to-severe complications after major
non-cardiac surgery. Furthermore, considering the
common use of questionnaire-based assessment of
METs, our secondary objective set out to examine sex-
specific differences among the relationship between
Duke Activity Status Index (DASI) and both AT and
peak VO2.
Methods
Study design and participants
We conducted a post hoc analysis (HREC/71824/PMCC)
of the METS study,2 which was performed between
March 2013 and March 2016. The METS study
compared preoperative subjective assessment by physi-
cians with alternative markers of fitness (CPET, scores
of the DASI questionnaire, and serum N-terminal pro-
B-type natriuretic peptide [NT pro-BNP] concentra-
tions) for predicting the primary endpoint of myocardial
infarction, death within 30 days after surgery or a sec-
ondary endpoint of complications after major elective
non-cardiac surgery. The METS study was conducted as
a prospective multicenter study, with patients enrolled
from 25 hospitals in Australia, Canada, New Zealand,
and the United Kingdom, between 2013 and 2016.
Eligible patients were scheduled for major non-cardiac
surgery with at least one overnight stay, were aged 40
years or older, with at least one risk factor for a cardiac
complication (diabetes, coronary artery disease, cere-
brovascular disease, renal dysfunction, peripheral arte-
rial disease, hypertension, smoker, aged over 70 years).
Exclusion criteria were inadequate time to complete
CPET before surgery (defined as <24 h), planned use of
CPET for preoperative risk stratification independent of
METS study protocol, planned surgery exclusively per-
formed by an endovascular approach, presence of an
automated implantable cardioverter-defibrillator, known
or suspected pregnancy, previous enrollment in the
METS Study, absolute contraindications to CPET (ac-
cording to American Thoracic Society and American
College of Chest Physicians guidelines26), conditions
expected to preclude CPET (e.g., lower limb amputation,
3
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severe claudication), systolic blood pressure
≥180 mmHg and diastolic blood pressure ≥100 mmHg
at the time of study recruitment.

Study objectives
Within our post hoc analysis, our main objectives were
primarily whether functional capacity, specifically peak
VO2, resulted in sex-specific differences with regards to
preoperative risk stratification. Therefore, classification
models were built with subsequent determination of
optimal sex-specific thresholds for predicting post-
operative complications. Sex-specific thresholds were
then compared with an established sex-unspecific
threshold in terms of prediction accuracy. Our second-
ary objective was to investigate how biological sex affects
the correlation of DASI and both the actual CPET-
derived AT and peak VO2 value.

Assessment of functional capacity
Functional capacity was objectively assessed by
measuring AT and peak VO2 using CPET subjectively
using the DASI questionnaire. Both procedures were
performed between the time of recruitment and one day
before scheduled surgery. Peak VO2 and AT were
measured by medical-supervised CPET that used a
symptom-limited computer-controlled ramp protocol
with an electromagnetically braked cycle ergometer and
according to international guidelines.26 A 3-min phase of
seated rest was followed by a 3-min phase of unloaded
cycling (0 W). In the subsequent loading phase, work
load was gradually increased by approximately 10–30 W
per minute at 60–70 revolutions per minute (rpm)
depending on patient performance until pedaling at
60 rpm became unsustainable thus reaching tolerance
limit. During the entire procedure, besides heart rate,
blood pressure and ECG were recorded. Breath-by-
breath analysis allowed calculation of minute ventila-
tion, oxygen uptake and carbon dioxide production. The
evaluation of CPET was blinded and peak VO2 was ob-
tained at the time of the tolerance limit. AT was deter-
mined using the modified V-slope method.27 Patients
with missing data on peak VO2 or AT were excluded
from our analysis.

For our secondary objective, self-reported functional
capacity was measured via the DASI using a 12-item
questionnaire for activities of daily living that has been
correlated with peak VO2.28 Study participants were
asked to complete the DASI questionnaire at the time of
study recruitment.

Main outcome measures
All study participants were visited daily during their
hospital stay. For our study, the primary outcome of
interest was the occurrence of moderate-to-severe in-
hospital postoperative complications, which was re-
ported in the METS study and other studies to be
significantly associated with impaired functional
capacity objectively measured as peak VO2 during
CPET.2,29,30 Complications were graded using an adap-
tion of Clavien-Dindo scoring system.31,32 Mild compli-
cations were defined as those resulting in temporary
harm that would not usually require specific clinical
treatment. Moderate complications were defined as
more serious complications requiring clinical treatment
but did not result in permanent harm or functional
limitation. Severe complications were defined as those
that required clinical treatment and resulted in signifi-
cant prolongation of hospital stay and/or permanent
functional limitation. Types of complications were
categorized into myocardial infarction (according to
Third Universal Definition of Myocardial Infarction33),
myocardial injury (defined as postoperative troponin
concentrations exceeding 99th percentile of the normal
reference population), non-fatal cardiac arrest, conges-
tive heart failure, stroke or transitory ischemic attack,
respiratory failure, pneumonia, surgical site infection,
deep venous thrombosis, pulmonary embolism, and re-
operation according to their definition outlined in the
original publication of the METS study.2 Patients with
missing data on postoperative complications were
excluded from our analysis.

Building of regression models
The association of peak VO2 with moderate-to-severe
complications as a binary outcome was examined us-
ing logistic regression models. In a first step, a baseline
model was built to adjust for clinically relevant vari-
ables for adverse postoperative events. Here, we
considered patient age, high-risk surgery (open surgi-
cal intraperitoneal, retroperitoneal, intrathoracic, or
supra-inguinal vascular procedure), body mass index
(BMI), chronic obstructive pulmonary disease (COPD),
hypertension, coronary artery disease (CAD), cerebro-
vascular disease (CVD), and heart failure. Orthopedic
surgery was considered an additional explanatory var-
iable in the baseline model, as these patients may have
limitations in their capacity to perform CPET due to
joint pain and mobility issues, rather than solely
reflecting differences in cardiovascular functional ca-
pacity. The baseline model was then extended with
peak VO2 as a continuous variable to determine its
adjusted odds ratio for the outcome of postoperative
complications and to investigate whether an unbiased
relationship existed between functional capacity and
postoperative complications before performing
dichotomization of peak VO2. This continuous peak
VO2 model was then further applied separately for fe-
males and males to test for an association of contin-
uous peak VO2 with the outcome of postoperative
complications. To determine the optimal peak VO2

thresholds, receiver operating characteristic (ROC)
curves were generated separately for females and
males. Subsequently, the Youden index34 was calcu-
lated for each possible peak VO2 threshold. The
www.thelancet.com Vol 64 October, 2023
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optimal peak VO2 threshold for each biological sex was
obtained by finding the maximum Youden index. In-
dividuals were then classified into low versus normal
peak VO2 according to (1) the computed sex-specific
threshold and (2) the widely accepted threshold of
14 mL kg−1 min−1. To compare sex-specific peak VO2

thresholds versus the sex-unspecific peak VO2

threshold for prediction of postoperative complica-
tions, two distinct logistic regression models adjusted
to the baseline model with low peak VO2 as a cate-
gorical explanatory variable either by the sex-specific or
by the sex-unspecific peak VO2 threshold were built
and applied on the full study population.

For the secondary objective, we investigated how bio-
logical sex affects the linear relationship between DASI
score and both actual measured peak VO2 and AT.
Therefore, multivariable linear regression models were
built utilizing peak VO2 or AT as response variables and
an interaction term between DASI score and biological sex
as explanatory variables. This determined how biological
sex influenced the steepness of the linear relationship of
DASI score and actual peak VO2 or AT, respectively.
Additionally, we compared the DASI-predicted peak VO2

(formula: peak VO2 = 0.43 × DASI + 9.6)28 with the actual
CPET-derived peak VO2.

Statistical analysis
All statistical tests and regression model development
was carried out in R version 4.2.2 (R Foundation for
Statistical Computing, Vienna, Austria).35 Categorical
variables were compared using the Pearson’s chi-
squared test. The two-sample t-test was applied for in-
dependence testing of two sample means. Logistic
regression models were evaluated by ROC curve anal-
ysis with subsequent calculation of the area under the
curve (AUC-ROC). Internal validation of AUC-ROC was
achieved by the optimism-corrected bootstrapping
method. Optimism-corrected AUC-ROC were compared
by DeLong’s test. Moreover, discriminatory power of
classification models was assessed by computing the
continuous Net Reclassification Improvement Index
(NRI).36 As for the AUC-ROC, the NRI was also vali-
dated internally via bootstrapping. Model calibration was
tested using the Hosmer–Lemeshow test and moreover
assessed by calibration plots including bias-corrected
calibration curves that were computed by boot-
strapping. All bootstrapping approaches were per-
formed with 2000 replicates each. All statistical tests
were two-tailed, and a p-value below 0.05 was considered
significant.

Ethics statement
Ethical approval was obtained on January 14, 2021 (Peter
MacCallum Cancer Centre Human Research Ethics
Committee, Melbourne, Australia: #20/246L, January
14, 2021). All study participants provided informed
written consent.
www.thelancet.com Vol 64 October, 2023
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Results
Study population
The original population of the METS study comprised
1401 eligible patients who met the inclusion criteria
according to the study protocol and underwent both
CPET and surgery. In our post hoc analysis, we excluded
patients with incomplete CPET data or missing infor-
mation on postoperative complications within the first
30 days after surgery. Consequently, 1266 (90.4% of the
original study) patients were included, with the study
cohort having a median age of 65 years and comprising
37.9% female patients. Relevant preoperative risk
scores, stratified by sex, including the American Society
of Anesthesiologists (ASA) Physical Status and Revised
Cardiac Risk Index (RCRI), data on comorbid disease,
and surgery type are reported in Table 1. High-risk
surgery was performed in 475 (37.5%) patients.

Postoperative outcome
During the hospital stay and within the first 30 days
after surgery, one (0.2%) female and three (0.4%) male
patients died. The severity and types of postoperative
complications are summarised in Table 2. The primary
endpoint of moderate-to-severe complications during
hospital stay occurred less frequent in females than
males (10.4% [n = 50] versus 15.3% [n = 120], respec-
tively; p = 0.014).

Sex-specific differences of peak VO2

We observed sex-specific differences in the parameters,
with both AT and peak VO2 being significantly lower in
female patients (Table 3). There were no differences
regarding ventilatory equivalents for oxygen (VE/VO2

ratio) and carbon dioxide (VE/VCO2 ratio). Poor func-
tional capacity was regarded as functional capacity less
than four METs (peak VO2 14 mL kg−1 min−1). Of the
female patients, 130 (27.1%) had a peak VO2 below this
threshold, which was significantly more frequent than
in males (63 patients; 8%) being below this traditional
threshold (p < 0.001). Distribution of peak VO2 stratified
by biological sex and severity of postoperative compli-
cations is demonstrated in Fig. 1B.

We built three nested logistic regression models. The
baseline model was used for adjusting for clinically
relevant features. In this baseline model, only surgical
properties were independent predictors of moderate-to-
severe complications with orthopedic surgery patients
being at lower risk in contrast to high-risk surgery pa-
tients, which were more likely to experience the
5
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Female, N = 480 (38%) Male, N = 786 (62%) Missing data

Demographics

Age (years) 62.3 (11.0) 64.9 (9.8) –

Body weight (kg) 77.3 (19.3) 85.7 (17.9) –

BMI (kg/m2) 29.5 (6.9) 28.4 (6.0) –

Composite Risk Scores

ASA statusa 2 (0.2%)

Class 1 37 (7.7%) 62 (7.9%)

Class 2 294 (61%) 453 (58%)

Class 3 140 (29%) 259 (33%)

Class 4 9 (1.9%) 10 (1.3%)

Revised Cardiac Risk Index (RCRI)b 44 (3.5%)

Class 0 231 (49%) 301 (40%)

Class 1 213 (45%) 359 (48%)

Class 2 21 (4.5%) 69 (9.2%)

Class 3 3 (0.6%) 21 (2.8%)

Class 4 1 (0.2%) 3 (0.4%)

Duke activity status index (DASI) 38.4 (14.4) 45.0 (13.7) 55 (4.3%)

Surgical properties

Surgery type –

Head-and-neck surgery 39 (8.1%) 46 (5.9%)

Intra-peritoneal or retro-peritoneal 156 (32%) 269 (34%)

Intra-thoracic 15 (3.1%) 16 (2.0%)

Orthopedic 138 (29%) 140 (18%)

Other 18 (3.8%) 14 (1.8%)

Urologic or gynecologic surgery 114 (24%) 282 (36%)

Vascular 0 (0%) 19 (2.4%)

History of comorbidities

Diabetes mellitus 69 (14%) 158 (20%) –

Coronary artery disease 24 (5.0%) 131 (17%) –

Cerebrovascular disease 17 (3.5%) 33 (4.2%) –

Heart failure 6 (1.3%) 12 (1.5%) –

Peripheral artery disease 9 (1.9%) 25 (3.2%) –

Arterial hypertension 271 (56%) 413 (53%) –

aASA 1: normal healthy patient, ASA 2: mild systemic disease, ASA 3: severe systemic disease, ASA 4: severe systemic disease that is a constant threat to life. bRCRI is
calculated by existence of the following risk factors, assigning one point for each: High-risk surgery (intraperitoneal, intrathoracic, supra-inguinal vascular), history of
ischemic heart disease, history of congestive heart failure, history of cerebrovascular disease, preoperative treatment with insulin, preoperative serum creatinine >2 mg/dL or
176.8 μmol/L.

Table 1: Characteristics of the study population.
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outcome of postoperative complications (Table 4). After
the extending the baseline model by peak VO2 as a
continuous variable, this parameter was also an inde-
pendent predictor of the likelihood of experiencing
moderate-to-severe complications (OR = 0.95 per unit
increase, 95% CI: 0.92, 0.98; p = 0.0011). The optimal
peak VO2 cut point was evaluated after applying this
continuous peak VO2 model to males and females
separately. Maximum Youden index corresponded to a
threshold of 12.4 mL kg−1 min−1 for females and
22.3 mL kg−1 min−1 for males. The ratio of males and
females with a critically reduced peak VO2 was reversed
after applying these sex-specific threshold values, in
contrast to the non-sex-specific threshold value of
14 mL kg−1 min−1. Significantly, 66.7% of male patients
showed a critically decreased sex-specific peak VO2

compared to 16.7% of female patients (p < 0.001). To
compare the predictive performance of low peak VO2

based on the non-sex-specific versus sex-specific
thresholds, we built two logistic regression models,
each as an extension of the baseline model. The sex-
unspecific model included low peak VO2 < 14 mL kg−1

min−1 as a predictor, and in the sex-specific model, the
corresponding computed threshold value for each sex
was used to define low peak VO2. Notably, a reduced
peak VO2 was an independent predictor of moderate-to-
severe complications only when sex-specific thresholds
were applied and not when determined by the non-sex-
specific threshold value (Table 4). The optimism-
corrected AUC-ROC of the sex-specific model was 0.73
www.thelancet.com Vol 64 October, 2023
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Female, N = 480 Male, N = 786 p-valuea Missing data

Fatal outcome

Death within 30 days 1 (0.2%) 3 (0.4%) >0.9 1 (0.1%)

Death during hospital stay 1 (0.2%) 3 (0.4%) >0.9 –

Postoperative complications

Severity of postoperative complicationsb 0.2 –

None 402 (84%) 617 (78%)

Mild 28 (5.8%) 49 (6.2%)

Moderate 38 (7.9%) 89 (11%)

Severe 11 (2.3%) 28 (3.6%)

Fatal 1 (0.2%) 3 (0.4%)

None or mild 430 (90%) 666 (85%) 0.014 –

Moderate-to-severe 50 (10%) 120 (15%) 0.014 –

Type of complication

Myocardial infarction 6 (1.3%) 12 (1.5%) 0.7 –

Myocardial injury 56 (12%) 92 (12%) >0.9 –

Non-fatal cardiac arrest 0 (0%) 2 (0.3%) 0.5 –

Congestive heart failure 1 (0.2%) 0 (0%) 0.4 –

Stroke or TIA 0 (0%) 1 (0.1%) >0.9 –

Respiratory failure 4 (0.8%) 12 (1.5%) 0.3 –

Pneumonia 5 (1.0%) 15 (1.9%) 0.2 –

Surgical site infection 6 (1.3%) 22 (2.8%) 0.069 –

Deep venous thrombosis 0 (0%) 1 (0.1%) >0.9 –

Pulmonary embolism 1 (0.2%) 2 (0.3%) >0.9 –

Re-operation 8 (1.7%) 22 (2.8%) 0.2 –

New requirement for dialysis 0 (0%) 3 (0.4%) 0.3 –

Unexpected ICU admission 15 (3.1%) 32 (4.1%) 0.4 –

ap-values were calculated using Pearson’s Chi-squared test. bSeverity of complications was assessed by an adaption of Clavien-Dindo classification.

Table 2: Postoperative outcome.

Articles
and thus higher than that of the non-sex-specific model
with 0.7, with higher discriminatory ability of the sex-
specific model as verified by DeLong’s test (p = 0.021).
The non-sex-specific model improved the net reclassifi-
cation of patients for the primary endpoint compared to
Female, N = 480

Peak VO2 (mL kg−1 min−1)

Mean (SD) 16.7 (4.9)

Median (IQR) 16.0 (5.7)

VO2 at AT (mL kg−1 min−1)

Mean (SD) 11.4 (3.5)

Median (IQR) 11.0 (4.0)

VE/VCO2 at AT

Mean (SD) 32.4 (6.1)

Median (IQR) 31.2 (8.0)

VE/VO2 at AT

Mean (SD) 29.4 (6.6)

Median (IQR) 29.0 (8.0)

AT, anaerobic threshold; IQR, Interquartile Range; SD, Standard Deviation VE/VCO2, ven
calculated using Welch’s t-test.

Table 3: Cardiopulmonary exercise testing-derived parameters of functional
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the baseline model with 9% of patients classified more
correctly, while patients with the outcome were even
classified worse as revealed by a negative event NRI
(event NRI = −0.6, non-event NRI = 0.69, overall
NRI = 0.09, 95% CI for overall NRI −0.04, 0.22).
Male, N = 786 p-valuea Missing data

<0.001 –

21.2 (6.5)

20.0 (7.4)

<0.001 –

13.4 (4.3)

12.8 (4.1)

0.022 2 (0.2%)

31.5 (5.3)

31.0 (6.0)

0.044 2 (0.2%)

28.7 (5.6)

28.0 (6.0)

tilatory equivalent for CO2; VE/VO2, ventilatory equivalent for O2.
ap-values were

capacity and reserve.
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Fig. 1: Sex-related differences in subjective and objective functional capacity. A: The proportionality between subjective functional capacity
reported via the DASI questionnaire and the objectifiable counterpart mapped as peak VO2 (left panel) differs significantly between males and
females, but not for oxygen consumption at AT (right panel). The graphs result from linear regression analysis with an interaction term
between DASI and biological sex (details in Table A-1). Accordingly, peak VO2 increases steadily and more steeply with increasing DASI in males
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Predictor Baseline model Non-sex-specific peak VO2 model Sex-specific peak VO2 model

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Age (years) 1.01 1.00, 1.03 0.157 1.01 0.99, 1.03 0.200 1.00 0.99, 1.02 0.634

COPD 0.92 0.52, 1.53 0.754 0.90 0.51, 1.51 0.702 0.91 0.52, 1.53 0.737

BMI (kg/m2) 0.98 0.95, 1.01 0.302 0.98 0.95, 1.01 0.209 0.98 0.95, 1.01 0.128

Hypertension 0.96 0.67, 1.38 0.819 0.96 0.67, 1.38 0.827 0.93 0.64, 1.34 0.683

Coronary artery disease 0.77 0.42, 1.35 0.383 0.77 0.42, 1.34 0.375 0.66 0.36, 1.17 0.170

Cerebrovascular disease 1.47 0.63, 3.12 0.340 1.46 0.62, 3.09 0.352 1.51 0.64, 3.23 0.312

Heart failure 0.37 0.02, 2.02 0.352 0.36 0.02, 1.96 0.336 0.41 0.02, 2.27 0.409

High risk surgery 3.42 2.37, 5.02 <0.001 3.41 2.36, 5.00 <0.001 3.31 2.28, 4.88 <0.001

Orthopedic surgery 0.39 0.18, 0.76 0.009 0.39 0.18, 0.76 0.009 0.42 0.19, 0.81 0.016

Low non-sex-specific peak VO2
a 1.41 0.89, 2.20 0.136

Low sex-specific peak VO2
b 2.29 1.60, 3.30 <0.001

95% confidence intervals and p-values of predictor variables were obtained by Wald’s test. a14 mL kg−1 min−1. bMales: 22.3 mL kg−1 min−1; Females: 12.4 mL kg−1 min−1; OR:
Odds Ratio; CI: Confidence interval.

Table 4: Multivariable logistic regression models for the association of low peak VO2 with moderate-to-severe postoperative complications.

Articles
However, the net reclassification improvement by the
sex-specific model was substantially higher, improving
classification for 39% of patients (event NRI = 0.29, non-
event NRI = 0.1, overall NRI = 0.39, 95% CI for overall
NRI 0.24, 0.55). The Hosmer–Lemeshow test showed a
good fit for both the non-sex-specific model (p = 0.9996)
and the sex-specific model (p = 0.9114). Additionally,
calibration plots revealed a good calibration as shown by
a bias-corrected calibration curve (Figure A-1,
Appendix).

Sex-specific association of AT and peak VO2 with
DASI
The mean (SD) DASI score was lower in females than
males (38.4 (14.4) versus 45 (13.7); p < 0.001), respec-
tively. A linear regression analysis was performed with
either peak VO2 or AT as the dependent variable and
with an interaction term between DASI score and sex
as independent variables (Table A-1). Peak VO2 posi-
tively correlated with DASI in both males and females
(Fig. 1A). A significant interaction with a positive co-
efficient of the interaction term (coefficient for male
sex 0.06, p = 0.019) was observed, with a significantly
steeper positive correlation between DASI score and
peak VO2 in males than females. Furthermore, peak
VO2 estimated through DASI was higher than the
actual CPET-derived peak VO2 in both sexes, with fe-
males being overestimated both to a greater extent
than females. B: Plots of probability density function (left panel) and cum
complications (POC) and biological sex. The black dashed line represents th
blue and red dashed line represent the optimal peak VO2 threshold for ma
prediction was determined via maximization of the Youden index. For m
indices. At 22.3 mL kg−1 min−1, the Youden index is maximal for males. A
for females. AT, Anaerobic threshold; DASI, Duke Activity Status Index; V

www.thelancet.com Vol 64 October, 2023
(9.3 versus 7.7 mL kg−1 min−1; p < 0.001) and more
frequent (86.5 versus 83.5%; p = 0.0021). Furthermore,
the correlation between DASI and AT was investigated.
No significant interaction was observed between sex
and DASI score in the linear regression analysis
(Fig. 1A, Table A-1).
Discussion
Cardiopulmonary exercise testing (CPET) has an estab-
lished track record of objectively assessing the func-
tional capacity of patients, and increasingly so for
surgical risk assessment and to guide exercise-based
prehabilitation strategies. However, sex-specific aspects
remain overlooked in interpreting CPET-derived data to
date. In the original METS study, among all CPET pa-
rameters, peak VO2 was most strongly associated with
moderate-to-severe postoperative complications, and
hence we investigated this association separately for
both biological sexes. Within the study population, more
females than males were below the established non-sex-
specific peak VO2 threshold of 14 mL kg−1 min−1

(4 METS), a threshold that is widely accepted for pre-
operative risk assessment.23 Males exhibited a higher
rate of postoperative complications than females with
similar risk profiles despite higher preoperative peak
VO2 values, suggesting a higher functional capacity.
This highlights the need for a sex-specific approach to
ulative distribution function (right panel) stratified by postoperative
e non-sex-specific peak VO2 threshold of 14 mL kg−1 min−1, while the
les and females, respectively. C: The optimal threshold for surgical risk
ales, a relatively broad interval yields approximately equal Youden
correspondingly lower threshold of 12.4 mL kg−1 min−1 was obtained
O2, oxygen consumption.
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functional capacity parameters as reliable predictors of
postoperative outcomes.

We could identify sex-specific peak VO2 thresholds
and apply them in a classification model for moderate-
to-severe complications. More males than females
were ranked below their corresponding sex-specific
threshold, translating into poorer functional capacity
and thus potentially higher surgical risk. This poses a
possible explanation for the higher complication rate in
males, as their functional capacity relative to surgical
risk may subsequently be overestimated by the sex-
unspecific peak VO2 threshold, whereas females
appear to be underestimated. Indeed, sex-specific
threshold values were more accurate in their associa-
tion with moderate-to-severe complications. We
demonstrated this by comparing logistic regression
models with low peak VO2 as a feature variable either
defined by the sex-unspecific threshold or the computed
sex-specific threshold. Measures of discriminatory abil-
ity such as AUC-ROC and NRI were higher in the sex-
specific model. Applying the sex-specific peak VO2 led
to a higher proportion (39% of the study cohort) of study
patients being more correctly classified compared to the
baseline model. In contrast, the sex-unspecific model
only led to an improvement in risk classification of 9%
of patients.

Besides objective assessment of functional capacity
we also investigated sex-related differences of the DASI
questionnaire, which is widely used in the Anglo-
American region. DASI allows an approximation of
peak VO2 based on subjective assessment of functional
capacity by a 12-item questionnaire about daily activ-
ities.28 We compared the DASI-derived approximated
peak VO2 with the objectively identified values obtained
by CPET and could demonstrate that DASI over-
estimated peak VO2 in females more often and to a
greater extent than it did in males. The linear relation-
ship of DASI score and true peak VO2 is modulated by
patient’s sex as revealed by a statistical interaction
within linear regression analysis. In males, there is a
steeper correlation between DASI and peak VO2 than in
females. Thus, in males, actual peak VO2 increases
more strongly with DASI, suggesting a more substantial
impact of subjective functional capacity on its objective
counterpart. However, this could be potentially rooted in
musculoskeletal differences that generate performance
differences in the DASI questionnaire regardless of
cardiopulmonary fitness.

The appropriate consideration of sex in the medical
field is increasingly scrutinized. A review by Mauvais-
Jarvis et al.37 highlights the kaleidoscope of factors
influencing health, disease, and medicine. Sex is a ge-
netic modifier of biology and disease and carries sig-
nificant implications for sex-specific precision medicine,
necessitating sex-specific medical practice recommen-
dations. Similarly, diagnostic tools such as CPET should
be tailored to the patient’s sex, and CPET parameters
should be adjusted as a basis for perioperative risk
prediction and clinical decision-making. CPET-derived
values are embedded into clinical practice and define
risk for surgery, used to defer surgery for prehabilitation
purposes or even recommend against surgery in
deconditioned patients. In a comprehensive data anal-
ysis of the FRIEND registry, Kaminsky et al.38 found
significant sex-related differences in peak VO2, which
aligns with our findings. Indeed, sex-specific CPET
differences are found in athletes,39,40 cancer patients,41,42

and other patient groups.43,44 However, these differences
have not yet been accounted for when using CPET for
surgical risk prediction. Thomas et al.20 similarly re-
ported sex-related differences in a post hoc analysis of
703 patients in the perioperative setting with AT and
peak VO2 values being significantly higher in males
than females before and after correction for body
weight. However, it is important to note that biological
sex can influence multiple aspects of health, but the
existence of gender-related aspects must not be dis-
regarded. Gender-related lifestyle and behavioral di-
versity may also have influenced the observed
differences in biological sex.

Despite our consistent findings, there are several
limitations of the study that must be considered. Since
this work is a post hoc analysis of a prospective study,
the primary endpoint in this work differs from that the
original METS study, where postoperative complications
were considered a secondary endpoint. This post hoc
choice of endpoint must be considered a methodological
limitation. Furthermore, the consent rate of eligible
patients of the original METS study was only 20%, with
potential of a selection-bias. Yet, it is known from pre-
vious CPET trials that a dropout rate of 10–20% is not
unusual and oftentimes related to the busy clinical
schedule that patients have while being prepared for
surgery and while in the hospital.45,46 Of those patients
that consented to the METS study, CPET was not per-
formed or had incomplete data in 145 patients, with the
potential that patients with higher risk were excluded
from our post hoc analysis. In consideration of this, we
evaluated whether these patients who underwent sur-
gery without preoperative CPET had a higher compli-
cation rate than the cohort from which we performed
our post hoc analysis. Reassuringly, in the cohort of pa-
tients that were excluded due to absence of CPET data,
10.3% had moderate-to-severe complications. The
complication rate in the analyzed cohort was even
higher (13.9%), although the difference was not statis-
tically significant via the chi-squared test (p = 0.29).
Consequently, it is unlikely that the exclusion of a small
cohort of patients biased the study results. On the other
hand, we found indeed some differences regarding
comorbidities. The excluded cohort (n = 145) showed a
higher rate of diabetes mellitus (25% versus 18%,
p = 0.04), and higher rate of heart failure (4.1% versus
1.4%, p = 0.03). Moreover, DASI was significantly lower
www.thelancet.com Vol 64 October, 2023
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in the excluded individuals (32.6 (16.1) versus 42.5
(14.3), p < 0.001), suggesting that in certain aspects
sicker patients did not undergo CPET.

In the original METS study, where myocardial
infarction was a primary endpoint, its incidence was
lower than expected. Indeed, in our study cohort the
incidence of perioperative myocardial infarction and
myocardial injury was low with an incidence of 1.4%
and 11.7%, respectively. In comparison, Puelacher
et al.47 reported 4.6% and 16% incidence of perioperative
myocardial infarction and myocardial injury,
respectively.

Other limitations include the fact that the METS
study had an imbalance of enrollment of males and fe-
males, with twice as many males included in the study
compared to females. As such, our study cohort is not
fully representative for the noncardiac surgical popula-
tion with regards to sex distribution. However, we know
from previous exercise studies that female patients are
willing to exercise preoperatively in a similar manner to
male patients.20,48 Additionally, our analysis does not
consider the fact that body composition differs between
males and females, and the fact that differences in lean
body mass may have influenced our results. However,
data on this is unfortunately not available. Similarly,
differences between males and females may not only be
related to differences in functional capacity related to
biological sex. It is important to note that biological sex
can also influence multiple aspects of health, including
immune responses, hormonal profiles and certainly
gender-related aspects. Determinants related to gender,
including healthcare-seeking behaviors, and adherence
to care/research could also have played a role in patient
enrollment. This may align with our findings for the
relationship between DASI and peak VO2, where self-
declared subjective assessment of functional capacity
might be affected by sex- and gender-related aspects,
which might cause overestimation of peak VO2 by fe-
males compared to males. Given that females received
orthopedic surgery significantly more frequent in this
cohort, it is possible that limitations in their capacity to
perform CPET due to joint pain and mobility issues
accounted for lower average peak VO2, rather than solely
reflecting differences in cardiovascular functional ca-
pacity. Thus, we adjusted the classification model for
orthopedic procedures besides to high-risk surgery and
found that orthopedic procedures were associated with a
lower risk of moderate-to-severe complications.

Regarding the potential biological pathway between
functional capacity and complications of infectious or
respiratory origin, we acknowledge that further investi-
gation is required to elucidate the precise mechanisms
involved. Individuals with higher functional capacity
often exhibit better overall physiological reserve,
including immune function, which could potentially
contribute to a reduced risk of postoperative infections.
Additionally, higher functional capacity is associated
www.thelancet.com Vol 64 October, 2023
with better oxygenation and ventilation during physical
exertion, potentially minimizing the risk of post-
operative respiratory, perfusion, and wound complica-
tions. We acknowledge the need for additional research
to better understand the specific mechanisms involved,
as well as the potential reasons for the observed differ-
ences between males and females.

Evaluation of model performance was assessed by
quantifying AUC-ROC. In our case, the sex-specific
model had a statistically significant higher AUC-ROC,
as determined per DeLong’s test, and was 0.73
compared to 0.7. While this may not appear a numeri-
cally large increase it is important to remember that the
increase in AUC often has a small magnitude in nested
logistic regression models. This is because the AUC
calculates the average sensitivity over all calculated
values of specificity against all theoretical thresholds of
the test, thereby also considering clinically irrelevant
thresholds. Thus, changes in clinically relevant
threshold ranges may be faded by inverse or absent ef-
fects in clinically irrelevant threshold ranges. It is
known that only very strong associations of a new pre-
dictor will noticeably increase the AUC-ROC, to the
point that the new predictor is associated with an
exceptionally high odds ratio.49–51 For this reason, we
decided to use the NRI alongside the AUC as an addi-
tional estimate for discriminatory power, which showed
a meaningful improvement in the discrimination of the
sex-specific model. Importantly, while the establishment
of threshold values for continuous variables is prefer-
able for clinical routine to allow pragmatic classification
into, for example, low risk versus high risk groups, it
should be remembered that dichotomization of a
continuous variable is accompanied by relevant infor-
mation loss. Therefore, algorithms that implement
continuous peak VO2 as a sex-specific feature and esti-
mate perioperative risk suggest a potential future
approach.

Our post hoc analysis of study data from 1266 patients
who underwent CPET and a DASI survey before surgery
showed that despite similar risk profiles and comor-
bidities, CPET parameters differ according to sex. It is
reasonable to suppose different reference values for
males and females with respect to the distributions of
peak VO2 among sex. Consequently, there are implica-
tions for the risk stratification of postoperative compli-
cations based on peak VO2. We were able to identify sex-
specific threshold values and compared these with a
widely accepted non-sex-specific threshold value within
classification models. Here, the sex-specific model was
able to dominate in terms of its discriminatory ability.
Since biological sex and perhaps also gender-associated
factors potentially interfere with the relationship be-
tween peak VO2 and postoperative complications, it is
suggested to consider applying sex-specific threshold
values when evaluating CPET examinations in the
context of preoperative exercise testing for clinical
11
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decision-making, e.g., referral for prehabilitation or
deferment of surgery, lest we perpetuate disparity in
healthcare.
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