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A B S T R A C T

Background: Preoperative spirometry and cardiopulmonary exercise testing (CPET) may stratify risk for respi-
ratory complications. This secondary analysis of the Measurement of Exercise Tolerance before Surgery
(METS) study examined whether CPET performance (i.e., cardiopulmonary fitness) confounds associations of
spirometry with outcomes.
Methods: The analysis included 1200 participants having major non-cardiac surgery at 25 hospitals in Can-
ada, Australia, New Zealand and UK. Forced expiratory volume in 1 s (FEV1), and ratio of FEV1 to forced vital
capacity (FVC) were measured during preoperative spirometry, and peak oxygen consumption and ventila-
tory efficiency during preoperative CPET. Outcomes were respiratory morbidity (Postoperative Morbidity
Survey) and pulmonary complications (pneumonia or respiratory failure). We used multivariable logistic
regression models to estimate associations of FEV1 with outcomes after adjustment for risk factors and either
peak oxygen consumption or ventilatory efficiency.
Findings: 128 participants (11%) developed respiratory morbidity, and 48 (4%) developed pulmonary compli-
cations. There was no strong evidence that FEV1 predicted respiratory morbidity after adjustment for peak
oxygen consumption (p = 0¢80) or ventilatory efficiency (p = 0¢76), or FEV1 predicted pulmonary complica-
tions after adjustment for ventilatory efficiency (p = 0¢37). Peak oxygen consumption (odds ratio 0¢66 per
5 mL/kg/min increase; 95% CI, 0¢54�0¢82) was associated with respiratory morbidity. Ventilatory efficiency
was associated with respiratory morbidity (p = 0¢04) and pulmonary complications (p = 0¢02). Peak oxygen
consumption also confounded the association between FEV1 and respiratory morbidity.
Interpretation: After accounting for fitness and clinical factors, FEV1 was not strongly predictive of respiratory
complications. Prior associations between FEV1 and respiratory morbidity may be explained by confounding
by peak oxygen consumption.
Funding: 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 Anaesthe-
tists, and Monash University.
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Research in context

Evidence before this study

Preoperative spirometry may stratify risk for postoperative pul-
monary complications. A search (“spirometry”, “pulmonary func-
tion tests”, “postoperative pulmonary complications”, or
“mortality”) of PubMed, MEDLINE, EMBASE and Cochrane Data-
base of Systematic Reviews showed that low forced expiratory
volume in 1 s (FEV1) and low ratio of FEV1 to forced vital capacity
(FVC) were associated with mortality and complications after
lung resection and aortocoronary bypass surgery, but these asso-
ciations were inconsistent in extra-thoracic surgery. Residual
unmeasured confounding by cardiopulmonary fitness may
explain these prior inconsistent associations. We therefore
undertook a secondary analysis of the Measurement of Exercise
of Tolerance before Surgery (METS) study to determine the asso-
ciation of preoperative spirometry with cardiopulmonary fitness
and pulmonary complications after major non-cardiac surgery.

Added value of this study

We evaluated the association of spirometry measures (FEV1 and
FEV1/FVC) with cardiopulmonary exercise testing measures
(peak oxygen consumption and ventilatory efficiency) and
postoperative respiratory complications in 1200 adults having
major elective non-cardiac surgery. Following risk adjustment,
peak oxygen consumption and ventilatory efficiency � but not
FEV1 � were predictive of respiratory complications. Peak oxy-
gen consumption was a confounder in the association between
FEV1 and some types of respiratory complications.

Implications of all available evidence

Inconsistent associations between spirometry and respiratory
morbidity in the previous literature may be explained, in part,
by residual confounding related to cardiopulmonary fitness.
Unlike FEV1, cardiopulmonary fitness appears to be an impor-
tant preoperative determinant of risk for postoperative pulmo-
nary complications.
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1. Introduction

Worldwide, about 300 million people have major surgery every
year.1�3 Following in-patient surgery, postoperative respiratory com-
plications are common, occurring in up to 10% of patients, and impor-
tant, owing to their association with increased mortality, hospital
length-of-stay, and health care resource utilisation. Nonetheless,
there remains a paucity of evidence on whether preoperative testing
of respiratory function can help stratify risk for postoperative pulmo-
nary complications.4,5

Spirometry is a specialised non-invasive test for measuring lung
function that may be useful for identifying patients at risk of postop-
erative pulmonary complications.6 The prognostic value of preopera-
tive spirometry has been reasonably well-established in lung
resection and aortocoronary bypass surgery, where a reduced forced
expiratory volume in 1 s (FEV1) and reduced ratio of FEV1 to forced
vital capacity (FVC) are strongly associated with postoperative mor-
tality and complications.7�9 Following extra-thoracic surgery, how-
ever, the association of spirometry measures with outcomes have
been inconsistent. While these inconsistencies have contributed to
some practice guidelines recommending against preoperative spi-
rometry for extra-thoracic surgery,10�13 the reasons underlying these
inconsistent associations have been minimally explored to date.

An important possible explanation for this inconsistency in prior
research is residual confounding by cardiopulmonary fitness.
Previous studies examining the association of spirometry with respi-
ratory complications included patients with varying levels of cardio-
pulmonary fitness. Individuals with poor spirometry results in these
studies were more likely to also have poor exercise capacity and
inability to perform activities of daily living.14 Thus, if preoperative
fitness is measured with sufficient accuracy, spirometry may have
limited incremental prognostic utility. These associations of spirome-
try with cardiopulmonary fitness and outcomes have not been exten-
sively studied to-date. We therefore conducted a pre-specified
secondary analysis of the Measurement of Exercise Tolerance before
Surgery (METS) multicentre prospective cohort study to assess
whether preoperative spirometry measures were associated with
measures of cardiopulmonary fitness, and whether there was an
association between preoperative spirometry and outcomes follow-
ing major elective non-cardiac surgery after accounting for associated
differences in cardiopulmonary fitness.15,16

2. Methods

2.1. Design

The objectives of this pre-specified secondary analysis of the
METS study were to examine the associations of preoperative spi-
rometry measures (FEV1 and FEV1/FVC ratio) with measures of car-
diopulmonary fitness from cardiopulmonary exercise testing (peak
oxygen consumption and ventilatory efficiency); and to examine the
association of FEV1 with postoperative respiratory outcomes, while
adjusting for peak oxygen consumption or ventilatory efficiency. The
first objective was addressed in a nested cross-sectional analysis,
while the second objective was addressed in a nested cohort analysis.

The data source was the METS study, which was a multicentre
prospective cohort study of patients who had major non-cardiac sur-
gery at 25 hospitals in Canada, New Zealand, Australia, and the
United Kingdom. The METS study objectives, design, methods, and
primary results have been previously reported.15,16 This secondary
analysis was restricted to participants in the METS study who com-
pleted their scheduled preoperative cardiopulmonary exercise test-
ing (including spirometry) with valid test results, had their scheduled
non-cardiac surgical procedures, and successfully completed 30-day
postoperative follow-up. We also excluded patients who underwent
lung resection surgery because preoperative spirometry would not
reflect their postoperative respiratory function.

2.2. Ethics statement

All participants in the METS study provided written informed con-
sent, and each centre obtained research ethics board approval before
commencing recruitment. Additional research ethics approval for
this secondary analysis was obtained at the University Health Net-
work (Toronto, Ontario, Canada).

2.3. Participants and study procedures

Eligible participants were aged 40 years or older, scheduled to
have inpatient elective non-cardiac surgery using general and/or
regional anaesthesia, and deemed to have one or more risk factors
for cardiac complications or coronary artery disease. For safety rea-
sons, participants were excluded if their preoperative FEV1 was less
than 30% predicted (based on the age-, sex- and height-based refer-
ence standards used at each participating institution).

Consenting participants underwent spirometry and cardiopulmo-
nary exercise testing within one to 90 days before their surgical pro-
cedure. Spirometry and exercise testing were performed on the same
hospital visit. Both tests were protocolised, and results were masked
from patients, clinicians and outcome adjudicators. For spirometry,
FEV1 was defined as the volume (L) of gas exhaled during the first
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second of a forced expiration, starting from a position of full inspira-
tion; FVC was defined as the total volume of gas (L) exhaled during a
forced exhalation, starting from a position of full inspiration and end-
ing at complete expiration; and the ratio of FEV1/FVC was expressed
as a percentage. Both FEV1 and FVC were also expressed as percent
predicted values, based on the age-, sex- and height-based reference
standards used at each participating institution. Following spirome-
try, patients underwent cardiopulmonary exercise testing on an elec-
tromagnetically braked cycle ergometer in accordance with
published guidelines,17 during which breath-by-breath measurement
of minute ventilation, oxygen uptake and carbon dioxide production
were performed. Patients exercised against an incremental load until
they reached their limit of tolerance. The measures of interest from
cardiopulmonary exercise testing were peak oxygen consumption
(expressed in mL/kg/min), which was defined as the average oxygen
uptake during the last 20 s of the incremental phase of exercise
before attaining the limit of tolerance, and ventilatory efficiency
(expressed without units), which was defined as the slope of the min-
ute ventilation to CO2 production curves (or VE/VCO2) at the anaero-
bic threshold. The anaerobic threshold was determined using the
modified V-slope method. Higher VE/VCO2 values represent poor
ventilatory efficiency and lower values represent better ventilatory
efficiency. Participants underwent routine pre-, intra-, and post-
operative care at the discretion of their clinical teams. They were fol-
lowed for 30 days after surgery to ascertain postoperative complica-
tions. While in hospital, participants were followed up daily by
research personnel; following hospital discharge, they were con-
tacted at home to ascertain 30-day outcomes. All outcome assessors
were blinded to preoperative spirometry and cardiopulmonary exer-
cise testing results.

The outcomes for the nested cohort analysis were postoperative
respiratory morbidity and postoperative pulmonary complications.
Respiratory morbidity was defined as the respiratory component of
the Postoperative Morbidity Survey (POMS), which was administered
on postoperative days 3 and 5. The POMS instrument assesses major
organ system function postoperatively; it has construct and criterion
validity.18,19 The respiratory morbidity component of the POMS
instrument is defined as the de novo requirement for supplemental
oxygen or other respiratory support. This definition approximates
contemporary definitions of postoperative respiratory failure.4,20

Postoperative pulmonary complications were defined as unplanned
mechanical ventilation within 30 days after surgery, respiratory fail-
ure (defined as any condition requiring unplanned intubation of the
trachea and mechanical ventilation after completion of surgery) or
pneumonia (defined as any condition with documented hypoxaemia
or fever with clinical, radiologic or serologic evidence of a respiratory
infection). Although previous definitions of postoperative pulmonary
complications have varied and the outcome is a composite end-
point,21,22 the events comprising postoperative pulmonary complica-
tions in this present study are exclusively those of high severity.

2.4. Statistical analyses

Descriptive statistics were used to characterise the cohort. Cate-
gorical variables were described using counts and frequencies, and
continuous variables were described using means with standard
deviations and medians with interquartile ranges.

The nested cross-sectional analysis (first study objective) evalu-
ated the association between FEV1 and FEV1/FVC with peak oxygen
consumption and ventilatory efficiency. Initially, scatter plots were
used to graphically examine the association of each of FEV1 and FEV1/
FVC against each of peak oxygen consumption and ventilatory effi-
ciency. The correlation between these variables was described using
the Spearman coefficient. For this analysis, Spearman’s rho of 0 to 0¢2
indicated ‘very weak’; 0¢2 to 0¢4 indicated ‘weak’; 0¢4 to 0¢6 indicated
‘moderate’; 0¢6 to 0¢8 indicated ‘strong’, and 0¢8 to 1 indicated ‘very
strong’ correlation.23 To evaluate the relationship between FEV1 and
FEV1/FVC with peak oxygen consumption and ventilatory efficiency,
the spirometry variables of interest were expressed as a 4-knot
restricted cubic spline to flexibly model possible non-linear associa-
tions while accounting for the available study sample size.

The nested cohort analysis (second study objective) evaluated the
association of FEV1 with respiratory morbidity and postoperative pul-
monary complications, while accounting for peak oxygen consump-
tion or ventilatory efficiency. Unadjusted associations between
demographics, comorbidities, surgical procedure, FEV1, FEV1/FVC,
peak oxygen consumption, and ventilatory efficiency with each of
respiratory morbidity and postoperative pulmonary complications
were assessed using the Chi-square statistic for categorical variables
and the Wilcoxon rank sum test for continuous variables.

A series of nested multivariable logistic regression models were
then used to evaluate the adjusted association of FEV1 with respira-
tory morbidity, while accounting for peak oxygen consumption or
ventilatory efficiency. We initially estimated a regression model
where the independent variables were FEV1, age, sex, body mass
index (BMI), coronary artery disease, smoking history, and surgical
procedure type. These covariates were chosen a priori based on previ-
ous literature and clinical sensibility. Peak oxygen consumption and
ventilatory efficiency were then included as additional covariates in
two separate models. Interaction terms were also used to test for the
presence of effect modification between FEV1 and either peak oxygen
consumption or ventilatory efficiency. Adjusted estimates of associa-
tion from these models were expressed as odds ratios (OR) with 95%
confidence intervals (CIs). The underlying assumption of linear asso-
ciations between continuous predictor variables and outcomes was
tested by expressing spirometry (FEV1) and CPET (peak oxygen con-
sumption or ventilatory efficiency) variables as 4-knot restricted
cubic splines; if there was evidence of non-linearity, the predictor
variable was expressed using the spline terms.

The number of covariates that could be included in a multivariable
logistic regression model predicting postoperative pulmonary com-
plications was limited because there were relatively few (i.e., 48) out-
come events.24 Two preliminary univariable models were therefore
initially developed with FEV1 and ventilatory efficiency as predictors
expressed as 3-knot restricted cubic splines. These initial analyses
were used to determine whether any transformations of FEV1 or ven-
tilatory efficiency were needed to account for non-linear associations
with postoperative pulmonary complications. No transformation of
FEV1 was necessary; however, ventilatory efficiency had a non-linear
association with the log odds of postoperative pulmonary complica-
tions and was modelled as a 3-knot restricted cubic spline. Two
nested multivariable logistic regression models were then used to
evaluate the adjusted association of FEV1 with postoperative pulmo-
nary complications, while accounting for ventilatory efficiency. We
initially estimated a regression model where the independent varia-
bles were FEV1, age, sex, and surgical procedure type. These covari-
ates were chosen a priori based on previous literature and clinical
sensibility. Ventilatory efficiency was then included as an additional
covariate in the model.

To quantify optimism (overfitting), the multivariable logistic
regression models in the nested cohort analysis were internally vali-
dated using bootstrap resampling. The optimism-corrected C index
was derived from 100 bootstrap resamples. Statistical analyses were
conducted using the R statistical package (Version 3.2.4).

2.5. Post-Hoc analyses

To address comments from an external peer-reviewer, we per-
formed post-hoc analyses to assess the impact of age-, sex- and
height-specific reference values when evaluating the prognostic sig-
nificance of FEV1 and FEV1/FVC ratio with respect to predicting respi-
ratory morbidity. Specifically, multivariable logistic regression
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models were used to separately estimate the adjusted association of
(i) FEV1 below the lower limit of normal and (ii) FEV1/FVC ratio below
the lower limit of normal with respiratory morbidity. Covariates in
the models were age, sex, BMI, cardiopulmonary exercise testing per-
formance (i.e., peak oxygen consumption and ventilatory efficiency
evaluated in separate models), coronary artery disease, smoking his-
tory, and surgical procedure type.
2.6. Role of the funding source

The funders of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. The
first author (AS) and corresponding author (DNW) had full access to
all the data in the study and had final responsibility for the decision
to submit for publication.
3. Results

The study included 1200 participants, which represents about
86% of the 1401 individuals included in the primary METS study
analysis.16 The sample (characteristics summarised in Table 1) was
comprised of 63% males, had a median age of 65 years and a median
BMI of 28 kg/m2. Common comorbidities included hypertension
(54%), diabetes mellitus (18%) and coronary artery disease (11%).
Table 1
Sample characteristics.

Study Cohort
(n = 1200)

Age in years (median, IQR;mean (SD)) 65 (57 � 72); 64 (10)
Male sex (%) 757 (63%)
BMI in kg/m2 (median, IQR;mean (SD)) 28 (25 � 32); 29 (6)
Current or recent smoker * (n,%) 173 (14%)
Comorbidities
Aortic stenosis (n,%) 16 (1%)
Atrial fibrillation (n,%) 45 (4%)
Coronary artery disease (n,%) 135 (11%)
Heart failure (n,%) 15 (1%)
Known obstructive lung disease (n,%) 136 (11%)
Diabetes mellitus (n,%) 215 (18%)
Preoperative renal insufficiencyy (n,%) 93 (8%)
Peripheral artery disease (n,%) 29 (2%)
Hypertension (n,%) 653 (54%)
Surgical procedure
Upper abdominal and/or thoracic 412 (34%)
Vascular 19 (2%)
Urology or gynaecology 375 (31%)
Orthopaedic 280 (23%)
Other 114 (10%)
Spirometry results
FEV1 in L (median, IQR;mean (SD)) 2.66 (2¢14 � 3¢16); 2¢68 (0¢73)
% FEV1 Predicted (median, IQR;mean (SD)) 95 (82 � 108); 96 (22)
FEV1 below lower limit of normalz 302 (25%)
FVC in L (median, IQR;mean (SD)) 3¢52 (2¢88 � 4¢24); 3¢59 (0¢97)
% FVC Predicted (median, IQR;mean (SD)) 96 (85 � 109); 97 (19)
FVC below lower limit of normalz 229 (19%)
FEV1/FVC Ratio (median, IQR;mean (SD)) 0¢76 (0¢70 � 0¢81); 0¢75 (0¢10)
FEV1/FVC Ratio below lower limit of normalz 198 (17%)
CPET results
Peak oxygen consumption (median, IQR;

mean (SD))
18¢9 (15¢0 � 22¢1); 19¢5 (6¢3)

Ventilatory efficiency (median, IQR;mean
(SD))

31 (28 � 35); 32 (6)

Outcomes
POMS respiratory morbidity (n,%) 129 (11%)
Postoperative pulmonary complications (n,%) 48 (4%)

* history of smoking within 1 year before surgery.
y defined as an estimated glomerular filtration rate <60 mL/min/1¢73 m2 based

on the Chronic Kidney Disease Epidemiology Collaboration equation.
z normal range based on age-, sex- and height-specific reference standards (5th

percentile of a healthy non-smoking population).
Frequent surgical procedures included upper abdominal and/or tho-
racic (45%), urologic or gynaecologic (31%), or orthopaedic (23%)
procedures. With respect to preoperative spirometry, the median
FEV1 was 2¢66 L and median FEV1/FVC ratio was 0¢76; these values
were within the normal to low-normal ranges. Based on age-, sex-
and height-based reference standards, 25% (n = 302) had a FEV1

below the lower limit of normal and 17% (n = 198) had a FEV1/FVC
ratio below the lower limit of normal. Similarly, the median peak
oxygen consumption was 18¢9 mL/kg/min and median ventilatory
efficiency was 31. These values were also within normal to low-nor-
mal ranges. About 11% (n = 129) of the cohort developed respiratory
morbidity, while 4% (n = 48) developed postoperative pulmonary
complications.

We evaluated associations between FEV1 and FEV1/FVC with peak
oxygen consumption and ventilatory efficiency using scatter plots.
There was a moderate positive correlation between FEV1 and peak
oxygen consumption (Spearman rho 0¢47; Fig. 1A), but very weak
correlation between FEV1/FVC and peak oxygen consumption (Spear-
man rho �0¢08; Fig. 1B). Scatter plots of each of FEV1 and FEV1/FVC
versus ventilatory efficiency (Fig. 2) showed negative weak correla-
tions between FEV1 and ventilatory efficiency (Spearman rho �0¢25;
Fig. 2A), and between FEV1/FVC and ventilatory efficiency (Spearman
rho �0¢23; Fig. 2B).

For the nested cohort component of this present study, the unad-
justed associations of baseline characteristics with both POMS respi-
ratory morbidity and postoperative pulmonary complications are
presented in Table 2. Both FEV1 and peak oxygen consumption
showed linear adjusted associations with respiratory morbidity,
while the adjusted association of ventilatory efficiency with this out-
come appeared to be non-linear (Appendix Figure S1).

The unadjusted association of FEV1 with respiratory morbidity
was an OR of 0¢97 (95% CI, 0¢75 to 1¢25; p = 0¢81) per 1 L increase.
After adjustment for demographics and clinical factors (including
surgery type), the OR was 0¢85 (95% CI, 0¢61 to 1¢18; p = 0¢33) per 1 L
increase. Following further adjustment for either peak oxygen con-
sumption or ventilatory efficiency, there was no strong statistical evi-
dence of an association between FEV1 and respiratory morbidity
(Table 3). The association of FEV1 with respiratory morbidity changed
substantially with further adjustment for peak oxygen consumption
(i.e., change in adjusted OR from 0.85 to 1.05 � consistent with a 23%
relative change in the OR), while it was minimally changed after fur-
ther adjustment for ventilatory efficiency (i.e., change in adjusted OR
from 0.85 to 0.88 � consistent with a 4% relative change in the OR).
There was also stronger evidence for both peak oxygen consumption
(OR 0¢66 per 5 mL/kg/min increase; 95% CI, 0¢54 to 0¢82; p<0¢001)
and ventilatory efficiency (non-linear association, p = 0¢04; OR 2¢06
for increase from 25 to 30; CI, 1¢15 to 3¢71, Appendix Table S1) being
associated with respiratory morbidity. There was little evidence for
an interaction of FEV1 with either peak oxygen consumption
(p = 0¢42) or ventilatory efficiency (p = 0¢44).

In post-hoc analyses, there was little statistical evidence that a
preoperative FEV1 below the lower limit of normal was predictive of
respiratory morbidity after adjustment for either peak oxygen con-
sumption (Appendix Table S3: p = 0¢10) or ventilatory efficiency
(Appendix Table S4; p = 0¢60). Similarly, we found little evidence that
a preoperative FEV1/FVC ratio below the lower limit of normal was
associated with respiratory morbidity after adjustment for either
peak oxygen consumption (Appendix Table S5; p = 0¢39) or ventila-
tory efficiency (Appendix Table S6; p = 0¢80).

The unadjusted association of FEV1 with postoperative pulmonary
complications was an OR of 1.00 (95% CI, 0¢67 to 1¢50; p = 0¢98) per
1 L increase. After adjustment for demographics and clinical factors
(including surgery type), the adjusted association was an OR of 0¢78
(95% CI, 0¢48 to 1¢28; p = 0¢33) per 1 L increase. Following further
adjustment for ventilatory efficiency, there was no strong statistical
evidence of an association between FEV1 and postoperative



Fig. 1. Correlation of FEV1 and FEV1/FVC versus peak oxygen consumption (VO2 peak). Panel A is a scatter plot presenting the association of peak oxygen consumption (VO2 peak �
shown on y-axis) and forced expiratory volume in 1 s (FEV1 � shown on x-axis). The plotted line is a line of best fit (estimated using restricted cubic splines), while the grey shaded
zone represents its 95% confidence limits. Panel B is a scatter plot presenting the association of peak oxygen consumption (VO2 peak � shown on y-axis) and the ratio of FEV1 to
forced vital capacity (FEV1/FVC� shown on x-axis). The plotted line is a line of best fit (estimated using restricted cubic splines), while the grey shaded zone represents its 95% confi-
dence limits.
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pulmonary complications (Table 3). The association between FEV1

and postoperative pulmonary complications remained essentially
unchanged with further adjustment for ventilatory efficiency (i.e.,
change in adjusted OR from 0.78 to 0.79 � consistent with a 1%
relative change in the OR). Conversely, ventilatory efficiency showed
a stronger non-linear adjusted association with postoperative pulmo-
nary complications (p = 0¢02; OR 2¢51 for increase from 25 to 30; CI,
1¢11 to 5¢69, Appendix Table S2).



Fig. 2. Scatter plot of FEV1and FEV1/FVC versus ventilatory efficiency (VE/VCO2). Panel A is a scatter plot presenting the association of ventilatory efficiency (VE/VCO2 � shown on y-
axis) and forced expiratory volume in 1 s (FEV1 � shown on x-axis). The plotted line is a line of best fit (estimated using restricted cubic splines), while the grey shaded zone repre-
sents its 95% confidence limits. Panel B is a scatter plot presenting the association of ventilatory efficiency (VE/VCO2 � shown on y-axis) and the ratio of FEV1 to forced vital capacity
(FEV1/FVC � shown on x-axis). The plotted line is a line of best fit (estimated using restricted cubic splines), while the grey shaded zone represents its 95% confidence limits.
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4. Discussion

An examination of the relationship between commonly used spi-
rometry measures (i.e., FEV1, FEV1/FVC) with measures from
cardiopulmonary exercise testing (peak oxygen consumption, venti-
latory efficiency) helps inform their utility in clinical practice. In this
secondary analysis of an international multicentre cohort study of
patients having major elective non-cardiac surgery, the measures of



Table 2
Unadjusted associations with primary and secondary outcomes.

Respiratory Morbidity Pulmonary Complications

Present Absent p-value Present Absent p-value
(n = 129) (n = 1071) (n = 48) (n = 1152)

Age in years (median, IQR) 63 (56 � 70) 65 (57 � 72) 0¢1 65 (59 � 72) 65 (56 � 72) 0¢92
Male sex (%) 81 (63%) 676 (63%) 1 36 (75%) 721 (63%) 0¢11
BMI in kg/m2 (median, IQR) 28 (24 � 31) 28 (25 � 32) 0¢45 27 (24 � 31) 28 (25 � 32) 0¢28
Current or recent smokery (n,%) 20 (16%) 153 (14%) 0¢81 6 (13%) 167 (15%) 0¢84
Comorbidities
Aortic stenosis (n,%) 1 (1%) 15 (1%) 1 0 (0%) 16 (1%) 0¢99
Atrial fibrillation (n,%) 7 (5%) 38 (4%) 0¢32 4 (8%) 41 (4%) 0¢1
Coronary artery disease (n,%) 11 (9%) 124 (12%) 0¢37 6 (13%) 129 (11%) 0¢81
Heart failure (n,%) 2 (2%) 13 (1%) 0¢67 0 (0%) 15 (1%) 0¢99
Cerebrovascular disease (n,%) 7 (5%) 38 (4%) 0¢32 3 (6%) 42 (4%) 0¢42
Diabetes mellitus (n,%) 18 (14%) 197 (18%) 0¢26 9 (19%) 206 (18%) 0¢99
Renal insufficiencyz (n,%) 10 (8%) 83 (8%) 1 2 (4%) 91 (8%) 0¢58
Peripheral artery disease (n,%) 2 (2%) 27 (3%) 0¢76 1 (2%) 28 (2%) 0¢99
Hypertension (n,%) 59 (46%) 594 (56%) 0¢05 21 (44%) 632 (55%) 0¢17
Surgical Procedure
Upper abdominal and/or thoracic 86 (67%) 326 (30%) <0¢001 28 (58%) 384 (33%) <0¢001
Vascular 4 (3%) 15 (1%) 2 (4%) 17 (2%)
Urology or gynaecology 25 (19%) 350 (33%) 11 (23%) 364 (32%)
Orthopaedic 5 (4%) 275 (26%) 3 (6%) 277 (24%)
Other 9 (7%) 105 (10%) 4 (8%) 110 (10%)
Spirometry Results
FEV1 in L (median, IQR) 2¢67 (2¢13 � 3¢11) 2¢66 (2¢14 � 3¢16) 0¢77 2¢77 (2¢31 � 3¢05) 2¢66 (2¢13 � 3¢16) 0¢72
% FEV1 Predicted (median, IQR) 96 (84 � 106) 95 (82 � 108) 0¢68 96 (82 � 105) 95 (82 � 108) 0¢61
FEV1 below lower limit of normalz 30 (23%) 272 (25%) 0¢59 13 (27%) 289 (25%) 0¢76
FVC in L (median, IQR) 3¢52 (2¢85 � 3¢99) 3¢52 (2¢88 � 4¢27) 0¢28 3¢62 (3¢38 � 4¢18) 3¢51 (2¢87 � 4¢24) 0¢29
% FVC Predicted (median, IQR) 94 (83 � 108) 96 (85 � 109) 0¢3 95 (90 � 105) 96 (85 � 110) 0¢94
FVC below lower limit of normalz 22 (17%) 207 (19%) 0¢54 5 (10%) 224 (19%) 0¢12
FEV1/FVC Ratio (median, IQR) 0¢78 (0¢71 � 0¢84) 0¢76 (0¢70 � 0¢81) 0¢03 0¢76 (0¢69 � 0¢79) 0¢76 (0¢70 � 0¢81) 0¢24
FEV1/FVC Ratio below lower limit of normalz 24 (19%) 174 (16%) 0¢50 10 (21%) 188 (16%) 0¢41
CPET Results
Peak oxygen consumption (median, IQR) 17¢0 (14¢0 � 21¢0) 19¢0 (15¢0 � 22¢9) 0¢001 18¢8 (15¢1 � 21¢0) 18¢9 (15¢0 � 22¢3) 0¢63
Ventilatory efficiency (median, IQR) 32 (29 � 35) 31 (28 � 35) 0¢03 32 (30 � 35) 31 (28 � 35) 0¢04

*history of smoking within 1 year before surgery.
y defined as an estimated glomerular filtration rate <60 mL/min/1¢73 m2 based on the Chronic Kidney Disease Epidemiology Collaboration equation.
z normal range based on age-, sex- and height-specific reference standards (5th percentile of a healthy non-smoking population).
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spirometry and cardiopulmonary fitness in the sample were predom-
inantly in the low-normal to normal range. There was moderate cor-
relation between FEV1 and peak oxygen consumption, very weak
Table 3
Adjusted association of respiratory morbidity with FEV1, clinical factors and peak oxy

A. Models* predicting respiratory morbidity using FEV

Factor Unadjusted Odds Ratio (95% CI) Adjust

FEV1 (per 1 L increase) 0¢97 (0¢75 - 1.25) 0¢85 (0
Peak oxygen consumption

(per 5 mL/kg/min increase)
0¢74 (0¢63 - 0¢88) N.A.

Age (per 10-year increase) 0¢89 (0¢75 - 1¢06) 0¢93 (0
Female sex 1¢01 (0¢69 - 1¢48) 0¢91 (0
BMI (per 5-unit increase, in kg/m2) 0¢92 (0¢79 - 1¢09) 0¢93 (0
Coronary artery disease 0¢71 (0¢37 - 1¢36) 0¢77 (0
Current or recent smoker 1¢10 (0¢66 - 1¢83) 1¢05 (0
Upper abdominal or thoracic surgery 4¢57 (3¢10 - 6¢74) 4¢52 (3

B. Modelsy predicting respiratory morbidity using F

Factor Unadjusted Odds Ratio (95% CI) Adjust

FEV1 (per 1 L increase) 0¢97 (0¢75 - 1¢25) 0¢85 (0
Ventilatory efficiency Non-linear N.A.
Age (per 10-year increase) 0¢89 (0¢75 - 1¢06) 0¢93 (0
Female sex 1¢01 (0¢69 - 1¢48) 0¢91 (0
BMI (per 5-unit increase, in kg/m2) 0¢92 (0¢79 - 1¢09) 0¢93 (0
Coronary artery disease 0¢71 (0¢37 - 1¢36) 0¢77 (0
Current or recent smoker 1¢10 (0¢66 - 1¢83) 1¢05 (0
Upper abdominal or thoracic surgery 4¢57 (3¢10 - 6¢74) 4¢52 (3

Abbreviations: BMI, body mass index; CPET, cardiopulmonary exercise test.
* Regression model had an optimism-corrected c-index of 0¢71 (1198 observations
y Regression model had an optimism-corrected c-index of 0¢69 (1149 observations
correlation of FEV1/FVC with peak oxygen consumption, and weak
correlation of both FEV1 and FEV1/FVC with ventilatory efficiency. We
found no strong evidence that preoperative FEV1 predicted
gen consumption or ventilatory efficiency (separate models).

1, clinical factors, and peak oxygen consumption.

ed Odds Ratio (no CPET) (95% CI) Adjusted Odds Ratio (with CPET) (95% CI)

¢61 - 1¢18) 1¢05 (0¢74 - 1¢47; p = 0¢8)
0¢66 (0¢54 - 0¢82; p = 0¢0001)

¢75 - 1¢15) 0¢88 (0¢71 � 1¢09; p = 0¢23)
¢57 - 1¢47) 0¢77 (0¢47 � 1¢25; p = 0¢29)
¢79 - 1¢10) 0¢84 (0¢71 � 1¢01; p = 0¢06)
¢39 - 1¢51) 0¢69 (0¢35 � 1¢37; p = 0¢28)
¢61 - 1¢81) 1¢02 (0¢59 � 1¢76; p = 0¢94)
¢05 - 6¢69) 4¢25 (2¢86 � 6¢32; p<0.0001)

EV1, clinical factors, and ventilatory efficiency

ed Odds Ratio (no CPET) (95% CI) Adjusted Odds Ratio (with CPET) (95% CI)

¢61 - 1¢18) 0¢88 (0¢52 - 1¢49; p = 0¢76)
Non-linear (p = 0¢02)

¢75 - 1¢15) 0¢87 (0¢70 � 1¢08; p = 0¢21)
¢57 - 1¢47) 0¢88 (0¢54 � 1¢43; p = 0¢6)
¢79 - 1¢10) 0¢97 (0¢81 � 1¢15; p = 0¢7)
¢39 - 1¢51) 0¢75 (0¢37 � 1¢49; p = 0¢4)
¢61 - 1¢81) 1¢04 (0¢60 � 1¢80; p = 0¢89)
¢05 - 6¢69) 4¢46 (3¢00 � 6¢62; p<0.0001)

with 129 outcome events).
with 128 outcome events).
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postoperative respiratory complications; however, there was stron-
ger evidence that diminished preoperative cardiopulmonary fitness
(as characterized by peak oxygen consumption and ventilatory effi-
ciency) predicted postoperative complications. Our findings also sug-
gest that previously observed associations of spirometry results
(specifically FEV1) with respiratory morbidity was explained, in part,
by residual confounding related to peak oxygen consumption.

The moderate correlation between FEV1 and peak oxygen consump-
tion highlights the possible overlap in the underlying constructs mea-
sured by these tests. Some overlap is to be expected as they are both
effort-dependant, and respiratory function measured by FEV1 should
contribute to cardiopulmonary fitness.6,17 Reduction in FEV1 is predic-
tive of incident cardiovascular disease (including ischaemic heart dis-
ease, stroke, and heart failure) in the general population, further
highlighting potential overlap with cardiovascular fitness measured by
peak oxygen consumption.25,26 However, the moderate magnitude of
this correlation highlights important differences between the measures.
Peak oxygen consumption reflects the cardiovascular and pulmonary
systems’ integrated physiological response to incremental exercise
stress. In contrast, FEV1 is a measure of lung function that may be influ-
enced by non-pulmonary conditions such as frailty.27 Another factor
contributing to the weak-to-moderate correlation between spirometry
and cardiopulmonary testing measures in the METS study cohort might
its relatively low prevalence of pre-existing respiratory disease (i.e., 11%
prevalence of known obstructive pulmonary disease). This correlation
has been higher in older patients with respiratory disease such as
chronic obstructive pulmonary disease,28�30 suggesting that respiratory
limitations are a relatively larger contributor to impaired cardiopulmo-
nary fitness in these higher risk patients.

The weak correlations of FEV1/FVC with peak oxygen consumption,
and both FEV1 and FEV1/FVC with ventilatory efficiency were unex-
pected. Several factors may explain these weak associations. First, FEV1

and FEV1/FVC assess lung function obtained during rest, while ventila-
tory efficiency is a measure of the respiratory system’s dynamic ability
to adapt to increasing exercise requirements.6,17 Second, FEV1 and
FEV1/FVC are effort-dependant, while ventilatory efficiency is calculated
at the anaerobic threshold, which is effort-independent. Third, determi-
nation of the anaerobic threshold is subject to inter-rater variability. In
the pragmatic design of the METS study, anaerobic threshold was
determined by trained investigators at each study site; therefore, these
results need to be replicated following central determination of anaero-
bic thresholds, and by extension, ventilatory efficiency. Notably, limita-
tions in ventilatory efficiency have been observed in patients with
symptomatic chronic obstructive pulmonary disease who have ‘out-of-
proportion breathlessness’ despite preserved FEV1, suggesting that
unlike FEV1, ventilatory efficiency is influenced by cardiocirculatory fac-
tors such as heart failure and pulmonary hypertension.31�33

Our observation that spirometry measures were not predictive of
postoperative respiratory complications after accounting for cardio-
pulmonary fitness is a notable addition to the literature, where previ-
ously reported associations of spirometry measures with outcomes
following extra-thoracic surgery have been inconsistent.10�13 A prior
small single-centre study of colorectal surgery patients showed that
patients with cardiopulmonary complications had lower anaerobic
Table 4
Adjusted association of postoperative pulmonary complications with FEV1, clinical fac

Factor Unadjusted Odds Ratio (95% CI) Adjust

FEV1 (per 1 L increase) 1¢00 (0¢68 - 1¢49) 0¢78 (0
Ventilatory efficiency Non-linear N.A.
Age (per 10-year increase) 1¢04 (0¢78 - 1¢37) 1¢01 (0
Female sex 0¢55 (0¢29 - 1¢08) 0¢48 (0
Upper abdominal or thoracic surgery 2¢80 (1¢56 - 5¢03) 2¢84 (1

Abbreviations: CPET, cardiopulmonary exercise test.
* Regression model had an optimism-corrected c-index of 0¢66 (1149 observations
threshold values but no differences in FEV1 or FEV1/FVC; however,
this analysis did not include any risk adjustment.34 Our results sug-
gest that the extent to which spirometry (specifically FEV1) predicted
outcomes in prior studies may be related, in part, to its association
with cardiopulmonary fitness (i.e., maximal exercise capacity as char-
acterized by peak oxygen consumption). These findings have impor-
tant implications for clinical practice, as pulmonary complications
are important contributors to postoperative morbidity, length-of-
stay and resource utilisation. Improved preoperative risk stratifica-
tion for these complications will better inform risk discussions sur-
rounding surgery, allow for initiating interventions to decrease risk,
and facilitate targeted use of postoperative monitored beds. Our find-
ings suggest that risk stratification for pulmonary complications
must consider an assessment of patients’ cardiopulmonary fitness,
which was measured objectively using CPET in this study. This associ-
ation is plausible since fitness impacts the ability to cope with periop-
erative stress, which may play an important role in postoperative
recovery including propensity to develop complications.35 Though an
assessment of functional capacity has been emphasised in prior
guidelines pertaining to postoperative cardiac complications,36 the
results of our present study suggest that cardiopulmonary fitness is
an important element of risk stratification for respiratory complica-
tions. These findings also have implications for existing risk calcula-
tors for postoperative pulmonary complications, since these tools
include clinical factors such as age and anaemia, but no measures of
fitness.20,21 The addition of measures of fitness may enhance assess-
ment of risk for respiratory complications, and future prospective
study addressing this topic is warranted.

While the focus of this present study was patients’ performance
on spirometry and cardiopulmonary exercise testing, it is noteworthy
that the dominant predictor of respiratory morbidity and postopera-
tive pulmonary complications in the study cohort was the surgical
procedure. Upper abdominal or thoracic procedures plausibly influ-
ence the risk of pulmonary complications because these procedures
significantly impact the mechanical properties of respiratory muscles
after surgery. In the study cohort, about 60% to 70% of respiratory
morbidity events and postoperative pulmonary complications
(Table 2) occurred in patients having upper abdominal or thoracic
surgery. Even after multivariable risk adjustment, these procedures
were associated with a three to four times higher adjusted odds of
respiratory complications (Tables 3 and 4). This finding, which is con-
sistent with prior research,20,21 suggests that the surgical procedure
� as opposed to patient characteristics such as spirometry perfor-
mance � is the major predictor of pulmonary complications.

This study has several strengths. The METS study had a robust
design, including standardised inclusion criteria to select elective
inpatient non-cardiac surgical patients at risk for complications, a
large sample in a multi-centre design, preoperative testing that was
conducted in standardised fashion, blinding of treating clinicians and
outcome assessors to results of preoperative investigations, minimal
loss to follow-up, and statistical risk adjustment for confounding var-
iables.15 However, this study also has certain limitations. First, the
requirement that participants undergo strenuous preoperative exer-
cise testing purely for research purposes was likely associated with
tors and ventilatory efficiency*.

ed Odds Ratio (no CPET) (95% CI) Adjusted Odds Ratio (with CPET) (95% CI)

¢48 - 1¢32) 0¢79 (0¢47 - 1¢32; p = 0¢37)
Non-linear (p = 0¢02)

¢74 - 1¢38) 0¢93 (0¢68 - 1¢29; p = 0¢68)
¢22 - 1¢03) 0¢47 (0¢21 - 1¢01; p = 0¢05)
¢57 - 5¢14) 2¢96 (1¢62 - 5¢40; p = 0¢0004)

with 47 outcome events).
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self-selection bias, whereby more fit patients were more likely to par-
ticipate. Consistent with this possibility, the consent rate amongst eli-
gible patients approached for participation in the METS study was
27%.16 The exclusion of patients with FEV1 values less than 30% pre-
dicted, while instituted in the interest of patient safety, likely com-
pounded this bias. The study cohort therefore had spirometry results
with skewed distributions towards normal values. As such, the gener-
alisability of these findings to the sicker spectrum of surgical patients
requires further study. For instance, examining the comparative util-
ity of these measures in predicting postoperative complications
amongst surgical patients with respiratory comorbidities such as
COPD requires further study. Second, the relatively low number of
postoperative pulmonary complications events precluded it from
being the primary outcome for the nested cohort analysis component
of this present study. Instead, the primary outcome was respiratory
morbidity, which was defined based on POMS as the de novo oxygen
requirement following surgery.18 While this primary outcome has
limitations in that oxygen may be prescribed based on clinical judge-
ment for different reasons, the endpoint still has similarities to the
contemporary definition of postoperative respiratory failure.20

Finally, the comparisons of FEV1, FEV1/FVC, peak oxygen consump-
tion, ventilatory efficiency, respiratory morbidity and postoperative
pulmonary complications necessitated multiple comparisons. No sta-
tistical correction was employed, as these comparisons are not inde-
pendent and were planned a priori. Furthermore, the consistent
associations observed regardless of how these parameters were
expressed provide support to study findings.

Overall, our findings highlight limitations in using a single investi-
gation such as spirometry in predicting complications following
major surgery. What is warranted is a comprehensive approach that
considers the patient’s fitness, specialised investigations and espe-
cially the planned surgical procedure to generate complication-spe-
cific risk profiles. Further work is needed to translate these risk
profiles to tailored perioperative management that ultimately
improves outcomes amongst surgical patients.
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