Measuring oxygen consumption during arm exercise: Can cardiopulmonary exercise testing by arm ergometry replace cycle ergometry as a preoperative assessment tool?
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Abstract

Objectives: To establish the relationship between CPET by arm ergometry (CPETarm) and cycle ergometry (CPETleg) in order to assess the usefulness of CPETarm as a preoperative assessment tool for clinical practice.

Design: Prospective observational cohort study
Materials and Methods: Patients undergoing assessment before aortic surgery and healthy volunteers underwent measurement of oxygen consumption (VO2) during symptom-limited CPETarm and CPETleg. Agreement between CPETarm and CPETleg was assessed using Bland-Altman plots and the predictive ability of CPETarm was assessed using linear regression with 95% prediction intervals (PIs).

Results: We recruited 20 patients (17 male and 3 female) and 20 healthy volunteers (10 male and 10 female). Agreement between CPETleg and CPETarm was poor with a mean bias (± limits of agreement) of 6.2 (±10.2) ml kg-1 min-1 VO2 at LT and 8.8 (±13.9) ml kg-1 min-1 VO2 at peak exercise. Although there was a strong correlation between VO2 measured by the two tests, at LT (r=0.81, p<0.0001) and at peak exercise (r=0.87, p<0.0001), the predictive ability of CPETarm was poor with very wide PIs.
Conclusion: VO2 values for CPETarm are systematically lower than those for CPETleg but the relationship is not sufficient for CPETleg to be accurately predicted using CPETarm alone.
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Cardiopulmonary exercise testing (CPET) provides an integrated assessment and quantification of the cardio-respiratory system at rest and under maximal exercise, mimicking the physiological stress of major surgery. CPET is gaining popularity as a fitness assessment tool prior major elective surgery, including vascular, with some evidence suggesting that its results may predict short and long term outcome in patients undergoing aortic aneurysm repair (1-8). 
CPET is usually conducted on a cycle ergometer (CPETleg), but many vascular patients are unable to perform the test because of lower limb dysfunction such as joint arthritis, peripheral vascular disease, neurological disease or previous amputations. Patients can be tested using an arm ergometer (CPETarm) instead; however this test has not been evaluated or validated in clinical practice. CPETarm provides data on physiological responses, similar to those obtained by CPETleg, and is a valid means by which cardiorespiratory fitness can be assessed in a broad range of healthy subjects (9–11), but it is not an accepted test in the preoperative setting. There is a general consensus among different studies that maximum oxygen uptake obtained by arm ergometry is approximately 60% to 80% of that measured by leg ergometry in healthy individuals (28,29,31). However, there is little literature available investigating the relationship between arm and leg exercise testing in this patient population. The aim of this study was to establish the relationship between CPETarm and CPETleg in order to assess the usefulness of CPETarm as a preoperative assessment tool for clinical practice. 
Materials and Methods

We prospectively recruited two cohorts of subjects: a) pre-operative patients being assessed prior to elective aortic surgery, and b) healthy volunteers. Following ethical approval (09/H1001/94) and informed written consent, pre-operative patients were requested to undergo two CPETs: a CPETleg, as part of their normal preoperative assessment process, and a CPETarm, as part of this study. These were carried out on different days no more than two weeks apart. Healthy volunteers also underwent the same two tests using the protocols detailed below. Eligible patients were free of acute illness or clinically evident peripheral vascular disease, and did not have any disability precluding arm or leg exercise. All CPET’s were reported by an experienced clinical scientist who was blinded to the mode of exercise testing.
CPET

Symptom limited CPET was conducted in accordance with the American Thoracic Society/ American College of Chest Physicians recommendations (12,13). CPETs were performed on calibrated electromagnetically braked cycle and arm ergometers. Gas and flow calibration was performed prior to each test. Both CPETs were carried out using a ramped protocol which was set to 10-25W/minute based on a calculation described by Wasserman and colleagues (14) using predicted VO2 at unloaded pedalling, predicted VO2 at peak exercise, height and patient age. Both protocols consisted of 3 minutes of rest, followed by 3 minutes of unloaded exercise, then the loaded ramp increased until volitional termination. This was followed by 5 minutes of rest. Subjects were monitored throughout each test using pulse oximetery and 12-lead electrocardiography. Ventilation and gas exchange variables were measured using a metabolic cart (Geratherm Respiratory GmbH (Love Medical Ltd, UK.) and cycle ergometer (Ergoline 200). For CPETleg, seat height was adjusted to ensure that full knee extension was achieved when the pedal was in the down position and handlebars raised to maintain full weight supported exercise. Subjects were instructed to cycle at a speed of 55 to 65 revolutions per minute (RPM) during the test. This was monitored by the participant through a light-emitting diode display. The test was ended if RPM fell below 45 or symptoms were encountered. For CPETarm, the arm ergometer was adjusted to ensure that participants sat on the chair with their arms slightly flexed, and maintaining their feet flat on the floor. They were asked to grasp handles in front of them, and "pedal" with their arms in a circular motion, maintaining 55-65 RPM during the test until they could no longer push against the resistance or if the RPM dropped below 45 RPM. Breath by breath data was collected via a face mask and flow sensor which were appropriately fitted to each participant. 

Measurements

Patients' and healthy volunteers' characteristics, including age, gender, height, weight and clinical details, were recorded. Before the first CPET, resting flow-volume loops were measured in the patient group to derive their forced expiratory volume over one second (FEV1) and forced vital capacity (FVC). CPET variables measured included: expired ventilatory volumes, oxygen consumption (VO2), carbon dioxide production, tidal volume, minute ventilation, work rate and respiratory exchange ratio, and oxygen pulse. VO2 (mlkg-1min-1) at lactate threshold (LT) and at peak exercise were the primary outcome variables recorded.
Data Analysis

Continuous variables are reported as median and interquartile range (IQR), since distributions were generally skewed. Bland-Altman plots (15) were used to assess whether the agreement between arm and leg measurements of VO2 at LT and VO2 at peak was sufficient for them to be used interchangeably. An acceptable width for the limits of agreement was considered a priori as ±1 ml kg-1min-1 for VO2 at LT and ±1.5 ml kg-1min-1 for VO2 at peak.  

Correlations were estimated using the Pearson product-moment correlation coefficient (r). Linear regression was used to assess whether CPETleg could be predicted by CPETarm alone by estimating the 95% prediction intervals (PIs). In order to meet the assumptions of the Pearson correlation coefficient and linear regression it was necessary to log transform CPETleg. For ease of interpretation the linear regression results are presented on the original scale, with the consequence that the resulting PIs are asymmetric and non-constant. The predictive ability of CPETarm was therefore evaluated against the predefined acceptable widths (see above) at the mean on the original scale.
All results were considered as statistically significant at the 5% level. All statistical analyses were carried out using Stata version 12.1 (StataCorp, 2011. Stata Statistical Software: Release 12, College Station, TX: StataCorp LP).

Results

We prospectively recruited 23 patients (19 men: 4 women). Three patients dropped out; due to withdrawal of consent, aneurismal rupture and expedited elective surgery.  20 patients were included with median (IQR) age of 74 (70-77) years and with body mass index of 27 (25-29) kg/ m2. Their baseline pulmonary function tests showed a generalized obstructive pattern with a median (IQR) FEV1 of 93% (75.5 – 105.3), FVC 110% (97.8 – 128.5) and FEV1/FVC ratio of 63.5 (59-69) of their predicted values. Patients were undergoing preoperative evaluation prior to elective abdominal aortic aneurysm repair (n=16), elective thoraco-abdominal aortic aneurysm repair (n=1), combined abdominal aortic aneurysm repair and cancer resection (n = 2) and elective aorto-mesenteric bypass (n=1). Twenty healthy volunteers (10 men and 10 women) were also recruited, median (IQR) age of 31 (24-42) years and median (IQR) body mass index of 25.7 (23.7-28.2) kg/ m2.
For both patients and healthy volunteers, VO2 and workload values were lower during CPETarm compared with CPETleg.  The difference in VO2 between CPETleg and CPETarm was minimal at rest, substantial at the LT, and very large at peak exercise (table 1). One patient experienced chest pain with ECG changes during CPETleg, but no signs or symptom were reported during CPETarm, whilst and another experienced significant desaturation (to 85%) during CPETleg, but not CPETarm. 

Agreement between tests (Figure 1)

Agreement between CPETleg and CPETarm was poor, with a mean bias (± limits of agreement) of 6.2 (±10.2) ml kg-1 min-1 VO2 at LT and 8.8 (±13.9) ml kg-1 min-1 VO2 at peak exercise. If patients only were considered, the respective values were 2.6 (±3.8) ml kg-1 min-1 and 3.8 (±6.2) ml kg-1 min-1, still much wider than our predefined acceptable limits. If healthy volunteers only were considered, the respective values were 9.9 (±9.7) ml kg-1 min-1 and 13.9 (±12.4) ml kg-1 min-1. Poor agreement was unsurprising since CPETarm and CPETleg appeared to differ systematically which was evident in the Bland-Altman plots.
Prediction of CPETleg VO2 by CPETarm (Figure 2)
Unsurprisingly, there was a strong correlation between VO2 measured by the two tests, at LT (r=0.81, p<0.0001) and at peak exercise (r=0.87, p<0.0001), with CPETarm being systematically lower than CPETleg and the difference between measurements becoming larger as both increase. However, at the mean VO2 at LT (16.2 ml kg-1 min-1), the PIs were very wide (17.0 ml kg-1 min-1), suggesting that the predictive ability of CPETarm alone was poor. At peak exercise, the mean VO2 was 26 ml kg-1 min-1 and the PIs very wide (25.5 ml kg-1 min-1). Introducing the status of the subject (patient or healthy volunteer) into the regression models improved model fit but the PIs remained prohibitively wide (12.8 ml kg-1 min-1 and 20.4 ml kg-1 min-1 at LT and peak exercise, respectively). 
If patients only were considered, a moderate correlation was still evident at VO2 at LT (r=0.72, p=0.0003) and peak exercise (r=0.75, p=0.0001). However, the PIs were still wide at the mean LT of 11.1 ml kg-1 min-1 (8.0 ml kg-1 min-1) and at the mean peak of 16.6 ml kg-1 min-1 (14.0 ml kg-1 min-1).
Discussion

This study demonstrated that it is not possible to accurately predict VO2 measurements by CPETleg using the results of CPETarm alone. This finding was evident both in patients undergoing preoperative assessment prior to vascular surgery and in healthy volunteers.
CPETarm has been shown to be feasible in a wide cohort of healthy subjects (10,11,16) and has a proven value in predicting long-term cardiovascular outcomes in some patients (31). It is not uncommon, in our practice, to encounter patients who are unsuitable for an exercise test on a cycle ergometer due to comorbidity affecting the lower limbs. In these patients, exercise by arm ergometry is, intuitively, a potential alternative however it is not clinically validated. 

We decided to test our hypothesis in two different groups of subjects (patients and healthy volunteers) because we suspected that elderly vascular patients could show a higher degree of variability between the two tests due to subclinical comorbidity (for example: mild joint arthritis in shoulder/hip/knee or chronic obstructive pulmonary disease). However, after log transforming CPETleg, this did not appear to be the case. As all the evidence supporting the use of CPET in preoperative assessment is based on assessment using a cycle ergometer, the use of CPETarm in this setting requires further, independent evaluation.

CPETarm has been reported to provide similar data to that produced by CPETleg (17). Previous research of the responses to arm exercise have suggested that, for the same power output, arm exercise requires higher VO2, VCO2, ventilation, heart rate, and blood lactate levels than leg exercise (18,19). The difference between arm and leg maximal exercise tests has been acknowledged as approximately 60-80% in normal healthy individuals (20–22) . Lower LT values for arm exercise are expected as there is smaller muscle mass in the arms compared to the legs. Moreover, patients don’t have experience with rhythmic arm exercise which may result into them fatiguing sooner on the arm test (20). 

In our study the agreement between CPETleg and CPETarm was insufficient to justify their interchangeable use in clinical practice. Not only we found a significant lack of agreement in patients; when considering healthy volunteers and patients combined, the agreement between CPETleg and CPETarm worsened considerably.  Despite the disappointing results, which somewhat preclude a clinical use for CPETarm, we showed that VO2 values from CPETarm are systematically lower than those from CPETleg. On this basis, CPETarm could still have a role in identifying low-risk patients with high VO2 values during the test. CPETarm could also potentially identify the high risk patients with sub-clinical respiratory or cardiac comorbidity, albeit with lower sensitivity than CPETleg.

Some limitations of this study must be acknowledged. Some may argue that the utility of CPETleg as a preoperative assessment tool in vascular surgery is not supported by sufficient evidence to allow its use as a “gold standard” for comparison (7). However, in the United Kingdom, the use of CPETleg is endorsed by the Vascular Society of Great Britain and Ireland (VSGBI) via one of its quality improvement programmes as a preoperative assessment method that will be implemented to reduce mortality after elective aortic surgery. Furthermore in the UK, individual patients' test results are audited nationally within the National Vascular, making this test, de facto, part of current UK clinical practice. It should also be acknowledged that there is significant support for CPETleg as a preoperative assessment tool in major intra-abdominal surgery (3,4,23–27) justifying, perhaps, the interest by vascular surgeons and its relatively widespread use in our specialty. An inherent limitation in using the width of the prediction intervals as a measure of the predictive ability of CPETarm is that the width is partly determined by the sample size (i.e. a larger sample size would result in a reduced width). However, the width does not approach zero as the sample size increases. Using our results, the prediction interval widths were re-estimated for a large (infinite) sample size (results not shown), but the improvement in prediction interval widths was modest and they remained prohibitively wide. Finally, it may be that CPETleg may be more accurately predicted if other variables are considered as part of a multivariable model. However, it was beyond the scope of this project to consider such models, particularly given the limited sample size.

Conclusion

In conclusion, we demonstrated poor agreement between VO2 measurements by CPETarm and CPETleg in vascular patients and in healthy volunteers. We also demonstrated that it was not possible to predict CPETleg using CPETarm alone. Whilst patients unable to perform CPETleg may still undergo CPETarm, the utility of this test would be limited to those with sub-clinical cardiorespiratory risk which is only evident during exercise (desaturation or myocardial ischaemia during arm exercise), hence stratifying patients to a high-risk category. CPETarm can also be used to identify a few low-risk patients who demonstrate high VO2 values during arm exercise. However, CPETarm does not accurately and reliably risk assess patients in between these two extremes. On this basis, CPETarm cannot be used as a surrogate for CPETleg in the clinical setting without independent validation in a larger population.
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Table 1 Absolute oxygen consumption and workload during CPET lactate threshold (LT) and peak exercise (peak)
	
	Arm
	Leg

	
	Patients
	Healthy
	Patients
	Healthy

	VO2 Rest  
(ml kg-1 min-1)
	3.2 (3-3.8)
	4.2 (3.6-4.5)
	3.9 (3.3-4.3)
	4.6 (4-5.2)

	VO2 LT  
(ml kg-1 min-1)
	8.9 (7 – 9.5)
	11.5 (10.7 – 13.5)
	10.9 (9 – 12.8)
	20.8 (18.2 – 27.6)

	VO2 Peak  
(ml kg-1 min-1)
	12.1 (11.1 – 14.5)
	20.6 (19.9 – 23.9)
	16.2 (12.6 – 21)
	34.5 (29.9 – 39.7)

	Workload LT  (Watts)
	42 (32 – 52)
	58 (51.3 – 68)
	50 (46.5 – 65)
	121 (101 – 148.5)

	Workload Peak  (Watts)
	73 (53 – 88.5)
	101 (88 – 134.5)
	92 (69.5 – 116.5)
	214 (189 – 252.3)


Data presented as median (IQR) 

Legends for Illustrations
Figure 1 A and B Bland-Altman plots of the agreement between CPETleg and CPETarm for oxygen consumption at lactate threshold (LT) and at peak exercise in patients and healthy volunteers combined.
Figure 2 A and B Linear regression modelling of the relationship between CPETarm and CPETleg for patients and healthy volunteers combined. The curvature in the linear fits and prediction intervals is a result of fitting a linear regression model to the log transformed CPETleg. The limits of the 95% prediction intervals border the region in which our prediction of CPETleg for a given value of CPETarm would lie, with 95% assurance.
1

