Validation of preoperative cardiopulmonary exercise testing-derived variables to predict in-hospital morbidity after major colorectal surgery
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Background: In single-centre studies, postoperative complications are associated with reduced fitness. This study explored the relationship between cardiorespiratory fitness variables derived by cardiopulmonary exercise testing (CPET) and in-hospital morbidity after major elective colorectal surgery.
Methods: Patients underwent preoperative CPET with recording of in-hospital morbidity. Receiver operating characteristic (ROC) curves and logistic regression were used to assess the relationship between CPET variables and postoperative morbidity.   
Results: Seven hundred and three patients from six centres in the UK were available for analysis (428 men, 275 women). ROC curve analysis of oxygen uptake at estimated lactate threshold ([image: ]O2 at [image: ]L) and at peak exercise ([image: ]O2peak) gave an area under the ROC curve (AUROC) of 0.79 (95 per cent c.i. 0.76 to 0.83; P < 0.001; cut-off 11.1 ml per kg per min) and 0.77 (0.72 to 0.82; P < 0.001; cut-off 18.2 ml per kg per min) respectively, indicating that they can identify patients at risk of postoperative morbidity. In a multivariable logistic regression model, selected CPET variables and body mass index (BMI) were associated significantly with increased odds of in-hospital morbidity ([image: ]O2 at [image: ]L 11.1 ml per kg per min or less: odds ratio (OR) 7.56, 95 per cent c.i. 4.44 to 12.86, P < 0.001; [image: ]O2peak 18.2 ml per kg per min or less: OR 2.15, 1.01 to 4.57, P = 0.047; ventilatory equivalents for carbon dioxide at estimated lactate threshold ([image: ]E/[image: ]CO2 at [image: ]L) more than 30.9: OR 1.38, 1.00 to 1.89, P = 0.047); BMI exceeding 27 kg/m2: OR 1.05, 1.03 to 1.03, P < 0.001). A laparoscopic procedure was associated with a decreased odds of complications (OR 0.30, 0.02 to 0.44; P = 0.033). This model was able to discriminate between patients with, and without in-hospital morbidity (AUROC 0.83, 95 per cent c.i. 0.79 to 0.87). No adverse clinical events occurred during CPET across the six centres.	Comment by Hilary Gower: Typesetter: Throughout article, please close up space(s) in the terms O2, L , E/O2 andE/CO2 (author please ignore this)	Comment by Hilary Gower: Should this be 1.08, as in Table 5 (originally Table 6)?	Comment by West M.: Correct, please change
Conclusion: These data provide further evidence that variables derived from preoperative CPET can be used assess risk before elective colorectal surgery.

+A: Introduction
Major colorectal surgery carries substantial morbidity1 and mortality, particularly in elderly patients and those with co-morbidities2. The 2014 UK colorectal cancer audit2 reported an overall 30-day mortality rate of 2.9 per cent for elective colorectal cancer surgery and a 90-day mortality rate of 3.2 per cent for major rectal cancer surgery. Outcome after major surgery depends on fixed variables (age and sex) as well as potentially modifiable factors, such as perioperative medical care and physiological tolerance of surgical trauma. Accurate risk stratification permits more effective collaborative decision-making, optimization of perioperative management and efficient use of hospital resources. Current approaches to risk prediction include clinical acumen, and use of risk prediction scores (for example American Society of Anesthesiologists physical score, Duke’s Activity Scores, POSSUM (CR-POSSUM in colorectal surgery)3,4, plasma biomarkers5, measures of cardiac function6 and shuttle walk tests7. Their effectiveness in predicting surgical morbidity remains poorly defined, especially in patients undergoing major surgery7,8. 	Comment by Hilary Gower: Do you mean Duke Activity Status Index?	Comment by West M.: Yes please change	Comment by Hilary Gower: Is edited text OK?	Comment by West M.: Yes
Cardiopulmonary exercise testing (CPET) is now performed widely before surgery9,10 and is considered to be the most objective and precise means of evaluating presurgical physical fitness11–13. CPET evaluates physical fitness under stress, mimicking major surgery. This allows interrogation of the causes of exercise intolerance in individuals whose exercise capacity is reduced. CPET has also been shown to stratify risk accurately before major thoracic and abdominal surgery14–16. Single-centre studies have demonstrated a statistically significant association between CPET variables and in-hospital morbidity following major colonic and rectal cancer surgery17,18.  The aim of this study was to confirm (or refute) the predictive value of selected CPET variables (identified in previous publications17,18) and their association with in-hospital morbidity in patients scheduled for major colorectal surgery in a multicentre setting.
+A: Methods
Six National Health Service (NHS) Trusts across the UK (Aintree University Hospitals NHS Foundation Trust, Liverpool; University Hospital Crosshouse – NHS Ayrshire and Arran, Kilmarnock; Medway NHS Foundation Trust, Gillingham; South Devon Healthcare NHS Foundation Trust, Torbay; Maidstone and Tunbridge Wells NHS Trust, Maidstone; Plymouth Hospitals NHS Trust, Plymouth) recruited consecutive adult patients between February 2011 and April 2014. Patients were referred for CPET by colorectal multidisciplinary teams (MDTs) and were assessed for suitability for inclusion. The predefined inclusion criterion was patients listed to undergo major elective colorectal surgery. Predefined exclusion criteria were: mechanical inability to perform CPET owing to lower limb dysfunction, inability to give informed consent for CPET, patients undergoing neoadjuvant cancer therapies, patients undergoing emergency surgery, patients diagnosed with distant metastasis and patients diagnosed with inflammatory bowel disease. Use of data for this validation study was approved by the NRES Committee East Midlands – Northampton (14/EM/1038) and the study was registered with clinicaltrials.gov (NCT02298907). All patients received an information sheet regarding CPET and written consent was obtained. No patient was refused surgery on the basis of gas exchange measurements, although any electrocardiographic abnormalities or oxygen transport variable patterns suggestive of clinically relevant myocardial ischaemia were raised at the colorectal MDT meetings and referred appropriately. 	Comment by Hilary Gower: Is change OK? (town/city required instead of country)	Comment by West M.: Gillingham, Kent
+B: Cardiopulmonary exercise testing
CPET at all centres followed American Thoracic Society/American College of Chest Physicians recommendations19, previously reported from Torbay15, Plymouth20 and Aintree18. CPET was conducted on an electromagnetically braked cycle ergometer, and comprised 2–3 min resting (to allow gas exchange variables to stabilize), 3 min freewheel pedalling, then a ramped incremental protocol until volitional termination, and between 2–5 min recovery. Resting spirometry (flow–volume loops) was carried out before the CPET resting phase. Ventilation and gas exchange was measured using a metabolic cart (Aintree: Geratherm Respiratory ™, LoveMedical, Manchester, UK; Crosshouse: Carefusion™, San Diego, USA;n; Medway: Cortex™, Leipzig, Germany; Maidstone: Geratherm Respiratory™, Bad Kissingen, Germany; Plymouth: Zan nSpire™; Hertford, UK; Torbay, MedGraphics™, Gloucester, UK). Heart rate, full disclosure 12-lead electrocardiogram, blood pressure and pulse oximetry were monitored throughout. The ramp gradient was set to 10–25 W/min based on a calculation using predicted freewheel oxygen uptake ([image: ]O2), predicted oxygen uptake at peak exercise ([image: ]O2peak), height and age21. 	Comment by Hilary Gower: For each instrument, please specify whether name is ® or ™, and provide manufacturer name and location (town/city and country)	Comment by Hilary Gower: Is change OK?	Comment by West M.: OK
+B: Patient characteristics and outcome measures
Patient characteristics recorded at the initial CPET session included: age, sex, height, weight, and benign or malignant diagnosis (TNM stage if malignant). Resting flow–volume loops were used to derive forced expiratory volume over 1 s and forced vital capacity. Ventilation and gas exchange variables derived from CPET included [image: ]O2, ventilatory equivalents for oxygen and carbon dioxide ([image: ]E/[image: ]O2 and[image: ]E/[image: ]CO2 respectively) and oxygen pulse ([image: ]O2/heart rate), all measured at estimated lactate threshold ([image: ]L) and at peak exercise21. The[image: ]O2 at [image: ]L (anaerobic threshold, also sometimes referred to as the lactate threshold, ventilatory threshold, gas exchange threshold or lactic acidosis threshold) characterizes the upper limit of exercise intensity that can be accomplished almost wholly aerobically. The term [image: ]O2 at [image: ]L was used here. [image: ]L was estimated conventionally (breakpoint in the [image: ]CO2–[image: ]O2 relationship22, with increases in [image: ]E/[image: ] O2 and partial pressure of end-tidal oxygen but no increase in [image: ]E/[image: ]CO2 or decrease in partial pressure of end-tidal carbon dioxide23.  [image: ]O2peak was averaged over the last 30 s of exercise. CPET results were reported by experienced assessors, all with more than 5 years’ experience.
In-hospital surgical morbidity was recorded prospectively at day 5 after surgery by medical and nursing staff using the nine domains listed in the PostOperative Morbidity Survey (POMS)24; the Dindo classification25 (highest grade for the most serious sustained in-hospital morbidity during the whole in-hospital stay) and 30-day mortality were also recorded. Postoperative in-hospital morbidity was defined as a POMS score of at least 1 or Dindo grade of I or higher. Patients who had been discharged by postoperative day 5 were presumed to have a POMS score of 0. Duration of hospital stay was also recorded and all patients were followed up to 1 year for mortality. 	Comment by Hilary Gower: Was the Dindo classification assessed on day 5 (see query in Table 3)?	Comment by West M.: The Dindo morbidity score was the most serious morbidity sustained whilst in-hospital.	Comment by Hilary Gower: Is change OK?	Comment by West M.: Yes
The primary variables of interest were [image: ]O2 at [image: ]L (ml per kg per min) and [image: ]O2peak (ml per kg per min). Exploratory variables included O2 pulse at [image: ]L (ml/beat) and [image: ]E/[image: ]CO2 at [image: ]L. The primary aim was to establish the relationship between postoperative morbidity (present or absent when in hospital, assessed by POMS or Dindo classification) and [image: ]O2 at [image: ]L and [image: ]O2peak. A secondary aim was to explore the multivariable relationship between patient demographics, CPET variables and postoperative in-hospital morbidity.
+B: Statistical analysis
A sample size calculation was based on number needed to evaluate the area under the receiver operating characteristic (AUROC) curve. For a hypothesized AUROC of more than 0.63, based on a previous study18, 425 patients with complete data for both [image: ]O2 at [image: ]L and [image: ]O2peak would be required to demonstrate that these variables are better than chance at discriminating between patients with, and without postoperative in-hospital morbidity. This estimate was based on a 5-day morbidity incidence of 48 per cent, 90 per cent power and a two-tailed 5 per cent significance level. 
Continuous data are presented as median (i.q.r.) Univariable logistic regression with robust standard errors to take into account the clustered (centres) nature of the data was used to investigate the association between baseline demographics and postoperative complications. 
ROC curves were constructed for [image: ]O2 at [image: ]L, [image: ]O2peak, O2 at [image: ]L and [image: ]E/[image: ]CO2 at [image: ]L to assess their independent ability to discriminate between patients with, and without postoperative complications, taking into account the centre clustering. Optimal cut-off points were found by minimizing the distance between points on the ROC curve and the upper left corner. A variable was considered able to discriminate between patients with, and without postoperative complications if the AUROC and its 95 per cent c.i. were both greater than 0.7.
A multivariable logistic regression model with robust standard errors, taking into account the centre clustering, was fitted to the data and a stepwise selection procedure using Akaike’s information criteria was implemented. Variables with P < 0.250 in the univariable analysis were used as candidates for the final model ([image: ]O2 at [image: ]L, [image: ]O2peak and [image: ]E/[image: ]CO2 at [image: ]L, age at operation, body mass index (BMI) and operation type). O2 pulse at [image: ]L was not included owing to a large proportion of missing data. The remaining CPET variables were dichotomized at their optimal cut-off point to improve model fit. The ability of the final model to discriminate between patients with, and without postoperative complications was investigated using ROC analysis, namely AUROC. 
To explore the univariable association of CPET variables with duration of hospital stay, CPET variables were dichotomized at their optimal cut-off point and Kaplan–Meier curves were constructed. The log rank test was used to compare survival curves. DeLong’s test was used to investigate any differences in the discriminatory ability of each CPET between centres. All analyses were conducted using Stata release 12 (StataCorp LP, College Station, Texas, USA).	Comment by Hilary Gower: Note added text here	Comment by West M.: OK
+A: Results
Seven hundred and three consecutive patients were recruited (428 men). All patients underwent CPET followed by major elective surgery and had complete outcome data on the primary outcome. Three of the six centres (Aintree, Torbay and Plymouth) recruited more than 85 per cent of the patients (Table 1). None of patients recruited from Aintree, Crosshouse, Medway and Maidstone were included in any other trial, and their data have never been published. Some patients recruited from Plymouth were part of the MIDAS (Microvascular Imaging During Abdominal Surgery) study (UKCRN ID 10093; ISRCTN21597243 – in press). Data for some patients recruited from Torbay had already been published in another case-controlled study26.	Comment by Hilary Gower: Is change OK?	Comment by West M.: OK
+B: Safety
No major adverse clinical events occurred during CPET. Fifteen patients (reported from 3 of 6 centres) developed supraventricular tachycardia at peak exercise, which resolved spontaneously during recovery; after review by a cardiologist, surgery proceeded as normal. Another patient developed CPET signs suggestive of severe myocardial ischaemia during early exercise. He was subsequently diagnosed with flow-limiting left mainstem coronary artery stenosis and underwent coronary revascularization before returning for low anterior resection 2 months later. 
+B: Postoperative morbidity
A total of 258 patients (36.7 per cent) sustained in-hospital complications. Twenty-eight patients (4.0 per cent) had an anastomotic leak, and required relaparotomy, radiological-inserted drainage or conservative treatment with intravenous antibiotics. All of these patients developed further morbidity and their discharge from hospital was delayed. Increased BMI, age as well as method of operation (open versus laparoscopic) were associated with increased odds of in-hospital morbidity (Table 1). Analysis of grouped CPET data showed that lower [image: ]O2 at [image: ]L,[image: ]O2peak and O2 pulse at [image: ]L were independently associated with increased odds of in-hospital morbidity (Table 2). 	Comment by Hilary Gower: Do you mean radiologically guided drainage?	Comment by West M.: Yes	Comment by Hilary Gower: Is ‘independently’ correct? Table 2 shows results of univariable analysis, whereas independent predictors are usually identified by multivariable analysis 
There was a significant difference in the distribution of Dindo morbidity grade when the patient cohort was dichotomized at the optimal cut-off point for [image: ]O2 at [image: ]L; patients with [image: ]O2 at [image: ]L below or equal to 11.1 ml per kg per min had higher morbidity grades (I–V) (Table 3).	Comment by Hilary Gower: Is this at POD 5?	Comment by West M.: No during Dindo score is the highest morbidity sustained during the whole in-hospital stay	Comment by Hilary Gower: Is < 11.1 correct here? Note that the subgroups are shown as ≤ and >11.1 in other analyses in this article
The median number of in-hospital morbidity events was 1 (0–2). Postoperative POMS-defined morbidity at day 5 dichotomized at the optimal cut-off for [image: ]O2 at [image: ]L also differed significantly between groups, except for neurological and haematological morbidities (Table S1, supporting information).	Comment by Hilary Gower: Is this per patient?	Comment by West M.: Median number of events over the whole patient cohort
+B: Duration of hospital stay
The overall median duration of hospital stay was 7 (4–11) days. Patients with no POMS-defined morbidity had a median stay of 6 (4–7) days compared with 14 (9–19) days in patients with POMS-defined morbidity (P < 0.001) (Fig. S1, supporting information). One hundred and twenty-one patients were discharged within 5 days and were assumed to have a POMS score of 0. Kaplan–Meier analysis was conducted for each CPET variable (Table S2 and Fig. S2, supporting information).  Sixteen patients in whom no clear [image: ]L could be identified sustained morbidity and their discharge was delayed.
+B: Mortality
Twelve patients (1.7 per cent) died within 30 days of surgery and 36 (5.1 per cent) had died by 1 year. All patients who were dead 1 year after surgery had a postoperative complication. The median [image: ]O2 at [image: ]L in this group was 10.1 (8.6–10.6) ml per kg per min. 
+B: Cardiopulmonary exercise testing variables and outcome prediction
To investigate any differences between centres with regards to the discriminatory ability of each CPET variable, AUROCs were compared using DeLong’s test.  The AUROCs differed significantly between centres for[image: ]O2 at [image: ]L,[image: ]O2peak and O2 pulse at [image: ]L (P < 0.001) but not for [image: ]E/[image: ]CO2 at [image: ]L (P = 0.766) (Table S3 and Fig. S3, supporting information).
The data from all centres were combined to find the optimal cut-off point for each variable. Both [image: ]O2 at [image: ]L and [image: ]O2peak were able to discriminate between patients with, and without postoperative complications. For [image: ]O2 at [image: ]L (AUROC 0.79, 95 per cent c.i. 0.76 to 0.83) the optimal cut-off point was 11.1 ml per kg per min, giving 78.2 per cent sensitivity and 71.4 per cent specificity (Fig. 1a). For [image: ]O2peak (AUROC 0.77, 0.72 to 0.82) the optimal cut-off point was 18.2 ml per kg  per  min, giving 70.3 per cent sensitivity and 72.0 per cent specificity (Fig. 1b). O2 pulse at [image: ]L and [image: ]E/[image: ]CO2 at [image: ]L did not discriminate between patients with, and without a postoperative complication (AUROC and/or 95 per cent c.i. 0.7 or less) (Table 4). 	Comment by Hilary Gower: Please provide these two percentages each to one decimal place	Comment by West M.: amended	Comment by Hilary Gower: Please provide these two percentages each to one decimal place	Comment by West M.: amended
A total of 462 patients had complete observations and were included in the multivariable analysis; of these, 170 (36.8 per cent) had postoperative complications. Six variables were identified as candidates for a multivariable logistic regression model, all of which were retained in the final model (Table 5).  In this model, the CPET variables, BMI and operation type were significantly associated with postoperative complications, with a [image: ]O2 at [image: ]L of 11.1 ml per kg  per  min or less (odds ratio (OR) 7.56, 95 per cent c.i. 4.44 to 12.86; P < 0.001), [image: ]O2peak of 18.2 ml per kg  per  min or less (OR 2.15, 1.01 to 4.57; P = 0.047), [image: ]E/[image: ]CO2 at [image: ]L over 30.9 (OR 1.38, 1.00 to 1.89; P = 0.047) and BMI exceeding 27 kg/m2 (OR 1.05, 1.03 to 1.038; P < 0.001) being associated with increased odds of complications, holding all other variables constant. A laparoscopic procedure was associated with a decreased odds of complications in comparison with an open procedure (OR 0.30, 0.02 to 0.44; P = 0.033) holding all other variables constant. The ability of this model to discriminate between patients with, and without complications was good (AUROC 0.83, 95 per cent c.i. 0.79 to 0.87; sensitivity 86.2 per cent, specificity 67.4 per cent, PPV 82.0 per cent, NPV 73.1 per cent)  (Fig. S4, supporting information).	Comment by Hilary Gower: Should this be 1.08, as in Table 5?	Comment by West M.: Yes, amended	Comment by Hilary Gower: Please provide these four percentages each to one decimal place	Comment by West M.: amended
+A: Discussion
The findings in this study provide further evidence that preoperative CPET-derived variables can be used to risk assess patients before major elective colorectal surgery. Optimal cut-off points identified for [image: ]O2 at [image: ]L and [image: ]O2peak were 11.1 and 18.2 ml per kg per min respectively. ROC analysis showed that both variables were effective at identifying patients at risk of postoperative morbidity.
The cut-off values established here for both primary outcome variables were similar to those found by others14,16,27–29, although individual variables from patients in this study showed higher sensitivity and specificity than reported from a previous single-centre study that included both benign and malignant colonic disease18. In contrast, in the present study [image: ]O2 at [image: ]L demonstrated lower sensitivity and specificity compared with a previous single-centre study on rectal cancer surgery17. In support of previous research in patients undergoing colorectal surgery, [image: ]E/[image: ]CO2 at [image: ]L did not discriminate between patients with, and without a postoperative complication. CPET-derived variables acting as prognostic variables for in-hospital morbidity here were similar to those identified in the authors’ previous two studies17,18. The prediction model generated in the present study, which included [image: ]O2 at [image: ]L, [image: ]O2peak, [image: ]E/[image: ]CO2 at [image: ]L, BMI and operation type, was found to predict in-hospital complications with better discrimination than another published model used for major colonic surgery18, and better still than a univariable model in two cohorts of patients undergoing major surgery16,29.  	Comment by Hilary Gower: Is change OK?	Comment by West M.: yes	Comment by Hilary Gower: Is edited text OK?	Comment by West M.: correct
When comparison is made to the literature supporting objective assessment of physical fitness before major abdominal surgery, similar trends emerge. Older and colleagues28 showed that in elderly patients a preoperative [image: ]O2 at [image: ]L of 11.0 ml per kg per min or less was associated with increased cardiovascular postoperative mortality. Assessing 843 patients undergoing major colorectal surgery, radical nephrectomy or cystectomy, Wilson and colleagues14 concluded that a [image: ]O2 at [image: ]L of 10.9 ml per kg min or less and [image: ]E/[image: ]CO2 at [image: ]L of 34 or more had 88 per cent sensitivity and 47 per cent specificity for identifying patients at risk of in-hospital mortality. Snowden and co-workers16 also evaluated CPET in elderly patients (mean age 70 years) undergoing major intra-abdominal surgery; they reported that the optimal cut-off point of [image: ]O2 at [image: ]L of 10.1 ml per kg per min gave 88 per cent sensitivity and 79 per cent specificity for discriminating postoperative complications (AUROC 0.85, 95 per cent c.i. 0.78 to 0.91; P < 0.001). Furthermore, Snowden and colleagues27 went on to evaluate 389 patients before major hepatobiliary surgery and identified a [image: ]O2 at [image: ]L of 10.0 ml per kg per min as the most significant independent predictor of postoperative mortality among all other exercise variables. 
The strengths of this study include the homogeneous study population, the clearly defined inclusion and exclusion criteria, the number of contributing centres, the wide ranging geographical distribution (in an attempt to reduce bias owing to socioeconomic status and geography), the robust reporting of objectively measured CPET variables, use of the POMS24 and Dindo25 classifications as primary outcome measures for morbidity, and the robust statistical analyses. The multivariable model can now be regarded as generalizable in patients undergoing major colorectal surgery. A final strength of this study is that 1-year postoperative mortality was recorded. Only one other study20 investigated mortality beyond 30 days after colorectal surgery, albeit in a smaller population. Also consistent with previous literature in other major surgical populations30, [image: ]O2 at [image: ]L as part of a multivariable model appeared to predict survival. 
Potential limitations include the lack of blinding of colorectal MDTs (including anaesthetists) to CPET data; thus perioperative management might have been influenced31. Morbidity outcome collection was not performed in a blinded fashion either. CPETs were not recorded in a dual reporting style. Blinding and dual reporting were undertaken in previous publications17,18; however, the authors felt that this study should mimic real-life clinical practice. Finally, the AUROCs differed significantly between centres for three of the four CPET variables. This was an expected finding, as this study was not powered to assess intercentre variable discrimination; a large sample size in each centre would have been necessary to address this specific question.
The reliability and association of CPET variables with outcome following major surgery, especially major colorectal surgery, is established. CPET can identify high-risk patients by measuring [image: ]O2 at [image: ]L and [image: ]O2peak before major colorectal surgery. The evidence supporting whether preoperative CPET is a useful test to alter clinician’s decisions in selected high-risk patients is, at present, incomplete. Studies are still required to assess whether CPET variables can be used with other non-CPET markers (Revised Cardiac Risk Index, Veterans Specific Activity Questionnaire (VSAQ), POSSUM, plasma biomarkers) to enhance perioperative risk assessment29. Meanwhile, decisions regarding perioperative care or fitness for surgery should be based on complete clinical and CPET assessment, and not on individual CPET variables or predictive models in isolation. 	Comment by West M.: Amended	Comment by Hilary Gower: Please give vsaq in full
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Typesetter: please refer to marked-up figures

Fig. 1 Receiver operating characteristic (ROC) curves for a oxygen uptake at estimated lactate threshold ([image: ]O2 at [image: ]L) and b oxygen uptake at peak ([image: ]O2peak). Symbols indicate optimal cut-off point obtained by minimizing the distance to the upper left corner. Area under ROC curve: a 0.79, b 0.77


Table 1 Patient demographics and morbidity after elective colorectal surgery	Comment by Hilary Gower: Changes can be made directly to tables but please use track changes or highlighting so that I can see what has been done
	
	
	
	Postoperative complications
	

	
	Overall
(n = 703)
	
	No
(n = 445)
	Yes
(n = 258)
	P§

	Centre*
   Aintree
   Crosshouse
   Medway
   Torbay
   Maidstone
   Plymouth
	
192 (27.3)
26 (3.7)
8 (1.1)
180 (25.6)
58 (8.3)
239 (34.0)
	
	
111 (57.8)
20 (77)
5 (63)
101 (56.1)
51 (88)
157 (65.7)
	
81 (42.2)
6 (23)
3 (37)
79 (43.9)
7 (12)
82 (34.3)
	< 0.001







	Age (years)†
	69 (61–76)
	
	67 (60–74)
	72 (64–78)
	< 0.001

	Sex ratio (M : F)
	428 : 275
	
	279 : 166 
	149 : 109 
	0.408

	Body mass index (kg/m2)†
	27 (24–31)
	
	27 (24–30)
	29 (25–32)
	0.007

	Method of surgery
    Open
    Laparoscopic
	
435 (61.9)
268 (38.1)
	

	
245 (55.1)
200 (44.9)
	
190 (73.6)
68 (26.4)
	0.026



	Surgical procedure	Comment by Hilary Gower: Please provide P value for procedure
     Right hemicolectomy
     Transverse hemicolectomy
     Left hemicolectomy
     Subtotal colectomy
     Anterior resection
     Hartman’s procedure
     APR
     Other
	
159 (22.6)
4 (0.6)
37 (5.3)
25 (3.6)
374 (53.2)
30 (4.3)
47 (6.7)
27 (3.8)
	
	
99 (22.2)
2 (0.4)
21 (4.7)
12 (2.7)
247 (55.5)
17 (3.8)
29 (6.5)
18 (4.0)
	
60 (23.3)
2 (0.8)
16 (6.2)
13 (5.0)
127 (49.2)
13 (5.0)
18 (7.0)
9 (3.5)
	0.426

	Disease status
    Benign
    Malignant
    Other	Comment by Hilary Gower: What does ‘other’ include, if not malignant or benign?	Comment by West M.: Can be changed to “Missing” or “Unknown”
	
85 (12.1)
617 (87.8)
1 (0.1)
	
	
51 (11.5)
393 (88.3)
1 (0.2)
	
34 (13.2)
224 (86.8)
0 (0)
	0.532




	Pathological tumour category‡
     pT0
     pT1
     pT2
     pT3
     pT4
     Unknown	Comment by Hilary Gower: Should this be ‘Unknown or not applicable’ (the latter for benign disease)?	Comment by West M.: Includes benign disease and also missing data
	
16 (2.3)
30 (4.3)
78 (11.1)
209 (29.7)
59 (8.4)
311 (44.2)
	
	
10 (2.2)
17 (3.8)
46 (10.3)
130 (29.2)
28 (6.3)
214 (48.1)
	
6 (2.3)
13 (5.0)
32 (12.4)
79 (30.6)
31 (12.0)
97 (37.6)
	0.600







	Pathological node category‡
     pN0
     pN1
     pN2
     pN3
     Unknown	Comment by West M.: Includes benign disease and also missing data
	
222 (31.6)
122 (17.4)
44 (6.3)
2 (0.3)
313 (44.5)
	
	
133 (29.9)
70 (15.7)
25 (5.6)
2 (0.4)
215 (48.3)
	
89 (34.5)
52 (20.2)
19 (7.4)
0 (0)
98 (38.0)
	0.844







Values in parentheses are percentages by group size unless indicated otherwise; values are *percentage by centre and †median (i.q.r.). APR, abdominoperineal excision of the rectum. ‡International Union Against Cancer TNM Classification of Malignant Tumours, seventh edition, LH. Sobin, MK. Gospodarowicz and C. Wittekind; Wiley-Blackwell. §Univariable logistic regression. 	Comment by Hilary Gower: Please provide full reference details
Table 2 Cardiopulmonary exercise testing data in relation to postoperative complications

	
	No. of patients tested
	
	
	Postoperative complications
	

	
	
	Overall
	
	No
	Yes
	P

	[image: ]O2 at [image: ]L (ml per kg per min)
	703
	11.9 (9.9–14.3)
	
	13 (11.3–15.5)
	9.9 (8.6–11.6)
	0.002

	[image: ]O2peak (ml per kg per min)
	465
	18.8 (15.4–22.9)
	
	20.4 (17.5–24.7)
	15.5 (12.8–18.6)
	0.031

	O2 pulse at L (ml/beat)
	284
	9.1 (7.1–11.2)	Comment by Hilary Gower: Please provide value to one decimal place
	
	9.9 (7.8–12.3)	Comment by Hilary Gower: Please provide value to one decimal place
	7.5 (5.7–9.2)
	< 0.001

	E/CO2 at L 
	690
	30.9 (27.5–34.2)
	
	30.2 (27.4–33.2)
	32.0 (27.9–36.0)	Comment by Hilary Gower: Please provide value to one decimal place
	0.111



Values are median (i.q.r.). [image: ]O2 at [image: ]L, oxygen uptake at estimated lactate threshold; [image: ]O2peak, oxygen uptake at peak exercise; O2 pulse at L , oxygen pulse at estimated lactate threshold; E/CO2 at L, ventilatory equivalents for carbon dioxide at estimated lactate threshold. †Continuous univariable comparisons by logistic regression.


Table 3 Postoperative morbidity by Dindo grade in patients grouped according to the optimal cut-off point for oxygen uptake at estimated lactate threshold 	Comment by Hilary Gower: Does this apply to the first 5 days?  Results text notes 12 deaths within 30 days, cf. 5 here)	Comment by West M.: No, this is the highest sustained morbidity score per patient for the whole in-hospital patient stay. 12 is the 30-day mortality; 5 is the in-hospital mortality. 
	Grade*
	[image: ]O2 at [image: ]L (ml per kg per min)

	
	11.1
(n = 284)
	11.1	Comment by Hilary Gower: Should subgroups be ≤ and > 11.1, as in other analyses in this article?	Comment by West M.: Yes, amended
(n = 419)

	0
	100 (35.2)
	344 (82.1)

	I
	20 (7.0)
	9 (2.1)

	II
	125 (44.0)
	40 (9.5)

	IIIa
	10 (3.5)
	11 (2.6)

	IIIb
	20 (7.0)
	12 (2.9)

	IVa
	4 (1.4)
	2 (0.5)

	IVb
	1 (0.4)
	0 (0)

	V
	4 (1.4)
	1 (0.2)



Values in parentheses are percentages. *Dindo classification25. [image: ]O2 at [image: ]L, oxygen uptake at estimated lactate threshold. P < 0.001 (Fisher’s exact test). 


Table 4 Summary of receiver operating characteristic (ROC) curve analysis for selected cardiopulmonary exercise testing variables

	
	[image: ]O2 at [image: ]L	Comment by Hilary Gower: Have correct units been added?
	Comment by West M.: Correct
(ml per kg per min)
	[image: ]O2peak
(ml per kg per min)
	O2 pulse at L
(ml/beat)
	E/CO2 at L

	No. of patients tested
	703
	465
	284
	690

	Cut-off point
	11.1
	18.2
	8.7
	30.9

	AUROC
	0.79 (0.76, 0.83)
	0.77 (0.72, 0.82)
	0.75 (0.69, 0.81)
	0.58 (0.54, 0.63)

	Sensitivity (%)	Comment by Hilary Gower: Please provide all sensitivity, specificity, PPV and NPV values to one decimal place (including c.i.)
	78.2 (73, 81)
	70.3 (65, 75)
	69.2 (62, 76)
	59.1 (52, 65)

	Specificity (%)
	71.4 (65, 77)
	72.0 (65, 79)
	68.4 (58, 77)
	55.0 (50, 60)

	PPV (%)
	82.0 (78, 86)
	81.4 (76, 86)
	81.0 (74, 86)
	42.4 (37, 48)

	NPV (%)
	65.1 (59, 70)
	59.1 (52, 65)
	53.2 (44, 62)
	70.4 (65, 75)


Values in parentheses are 95 per cent c.i. [image: ]O2 at [image: ]L, oxygen uptake at estimated lactate threshold; [image: ]O2peak, oxygen uptake at peak exercise; O2 pulse at L, oxygen pulse at estimated lactate threshold; E/CO2 at L, ventilatory equivalents for carbon dioxide at estimated lactate threshold. AUROC, area under the receiver operating characteristic curve, PPV positive predictive value; NPV, positive predictive value.


Table 5 Final multivariable logistic regression model for variables selected using a stepwise univariable analysis 
	
	
	Odds ratio
	P

	[image: ]O2 at [image: ]L (≤ 11.1 ml per kg per min)
	7.56 (4.44, 12.86)
	< 0.001

	[image: ]O2peak (≤ 18.2 ml per kg per min) 
	2.15 (1.01, 4.57)
	0.047

	E/CO2 at L (> 30.9)
	1.38 (1.00, 1.89)
	0.047

	Age (per 5 years)	Comment by Hilary Gower: Is change OK?	Comment by West M.: Yes
	1.05 (0.92, 1.19)
	0.451

	BMI (> 27 kg/m2)	Comment by Hilary Gower: Is added text OK?	Comment by West M.: Yes
	1.05 (1.03, 1.08)
	< 0.001

	Operation (laparoscopic)
	0.30 (0.02, 0.44)
	0.033


Values in parentheses are 95 per cent c.i. Cardiopulmonary exercise testing variables were dichotomized at their optimal cut-off point. [image: ]O2 at [image: ]L, oxygen uptake at estimated lactate threshold; [image: ]O2peak, oxygen uptake at peak exercise; E/CO2 at L, ventilatory equivalents for carbon dioxide at estimated lactate threshold; BMI, body mass index.  
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