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Summary

> Cardiopulmonary exercise testing (CPET) allows for anon-invasive assessment of the integrative response of the pulmonary, cardio-
vascular, and skeletal muscle system during exercise. Therefore CPET in sports medicine covers a wide spectrum, ranging from diagnosis
of disease, preoperative assessment, to athlete monitoring. High standards of reliability and validity are needed to ensure high-quality
and diagnostically conclusive CPET data, necessitating a systematic process of quality assurance and control in the daily application of
CPET. Therefore, methodological aspects such as CPET equipment principles, calibration, verification, maintenance, preparation, and
plausibility checks need to be considered. As inter-technology, inter-device, and inter-unit differences in reliability and validity are repor-
ted for automated metabolic analyzers. the choice of the appropriate device should follow the purpose of use and comprehensible data on
reliability and validity.

> To ensure high-quality measurements, careful calibration, and verification of all sensors, the integrated overall measurement perfor-
mance, and maintenance of all equipment need to be performed and monitored longitudinally. Further, standardized ambient conditions,
withadequate circulation and exchange of room air are essential. As the choice of the ergometer and protocol influences various target values
in CPET, appropriateness for the selected diagnostic objective as well as a corresponding standardization is needed. While patients should
receive pretest information that clearly outlines the test procedure, the correct attachment of the CPET equipment is of utmost importance.

> To detect and correct malfunctions of the metabolic analyzer and equipment, plausibility checks of the outcome measures vali-
dity should be performed during the resting, unloaded. loaded, and recovery test phase. A basic plausibility check should include adequate
rest values and increases for a given workload rate of minute ventilation ( VE), oxygen consumption (VO,) and respiratory exchange ratio
(RER), using rules of thumb by Riihle. Before the final data interpretation is performed, e.g. ventilatory threshold or maximum oxygen
consumption (VO,max) or VO, peak determination, again a plausibility check should be performed and the patient's effort whether or not
maximal should be determined.

> Consequently, astandard operating procedure for quality assurance and control. including an intuitive data visualization with thresholds
for "pass”, “fail” or outliers and trends of concerns should be specifically defined, taught, and implemented in each facility.
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Measuring respiratory ventilation and gas exch-
ange during exercise allows for a non-invasive
examination of the responses of the pulmonary,
cardiovascular, and skeletal muscle systems to
submaximal and maximal exercise. Therefore, in
sports medicine, cardiopulmonary exercise tes-
ting (CPET) is commonly applied in a wide spec-
trum from diagnosis of diseases, preoperative
assessment to athlete monitoring.

To ensure high-quality and diagnostically con-
clusive CPET data in cross-sectional and longitu-
dinal settings, high standards of reliability and
validity are needed, necessitating a systematic
process of quality assurance and control in the
daily application of CPET. Therefore, well-trained
and skilled staff is essential, involved in metho-
dological aspects, such as equipment principles,
calibration, verification, and maintenance, as
well as CPET preparation and plausibility checks.

This short review focuses on such methodolo-
gical aspects, aiming to summarize current me-
thodological guidelines and recommendations.
For more detailed aspects like clinical applicati-
on and interpretation of CPET or comprehensive
standards on CPET, we refer to previous clinical
reviews (7, 22, 23) and position statements (1, 18)

Equipment

Principles

Nowadays, most laboratories apply automated
metabolic analyzers with either (i) breath-by-bre-
ath (BxB), (ii) conventional mixing chamber
(MIX), or (iii) dynamic micro mixing chamber
(DMC) technology. Although these devices allow
for convenient measurements of respiratory venti-
lation and gas exchange more or less in real-time,
inter-technology (3, 15, 16, 30), inter-device (2, 5,
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12), and inter-unit differences (14, 29) in reliability and va-
lidity have been reported.

Therefore, the choice of the appropriate device should
follow the purpose of use and comprehensible data on reli-
ability and validity.

For clinical use, fast responding BxB systems allowing
to track intra-breath profiles seem adequate. However, BxB
systems are prone to time-delay related measurement er-
rors, especially at high breathing frequencies (20), requiring
extensive noise-reduction strategies.

Consequently, at least for the determination of peak
values in an athletic population MIX and DMC systems are
discussed as superior, due to their more robust gas-exchan-
ge measurement at high ventilation rates (3, 31). For more
insights on measurement principles and data computing in
CPET, we refer to Ward (26).

Calibration and Verification

The reliable and valid performance of a metabolic analyzer
is mainly determined by (i) the accuracy and stability of the
built-in sensors (ambient, volume/flow, gas), (ii) accurate
calibration of all sensors, (iii) the integration of all signals
by complex algorithms and corrections, and (iv) sufficient
drying of the gas sample (13). Therefore, careful calibration
and verification of all sensors and the integrated overall
measurement performance need to be performed and mo-
nitored.

Based on the manufacturers’ guidelines and recommen-
dations given in this short review, a standard operating
procedure including a definition of “pass” or “fail” values
should be defined, taught, and implemented in each facility.

In table 1 recommended calibration, and frequency of
calibration for the different sensor types are summarized.
Calibration procedures and algorithms are defined by the
manufacturers and therefore may vary. The calibration of
the gas sensors, for example, generally includes slope and
offset, delay-time, and response-time. Before the calibration
is performed adequate warm-up time of the metabolic ana-
lyzer according to the manufacturer’s guidelines is neces-
sary, usually ranging between 30-60 min.

Accurate calibration is essential, because a measurement
error in minute ventilation (VE) of e.g. 5% translates direc-
tly into 5% measurement error in oxygen consumption \'/02,
while already a 1% error in the fraction of expired oxygen
(F,0,) could change VO, by 6.5%, and both errors (VE, F,0,)
could accumulate to 11.7% in \‘/O2 (25).

Gas sensors are regularly calibrated via a two-point cali-
bration, meaning determining a linear correction equation
based on ambient air (0,20.93%, CO, 0.03%) and a reference
gas (0, 16%, CO, 5%). Therefore, even small deviations in
the ambient air can lead to incorrect calibration, which is
why it is imperative to ensure an optimal supply of fresh air.

While the verification (after sensor calibration) of single
sensors could be easily performed by comparing it to a cor-
responding reference input value e.g. using reference gas or
avolume calibration syringe, the verification of the integra-
ted system performance by target output measurements of
\0,, carbon dioxide output (VCO,) and VE is more complex.
For this purpose, using metabolic simulators and biological
validations in regular intervals are recommended.

Metabolic simulators are motor-driven syringes, together
with an integrated dynamic mixing bag connected to a refe-
rence gas cylinder allowing for reliable and valid simulation
of different BxB steady-state ventilation and gas exchange
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Schematic example chart used to visually and intuitively identify data outliers
for the slope between workload vs. oxygen consumption (VO,//W). Thresholds
(dotted lines) are given as 8.5 and 12.5 ml/min/W for cycle ergometry (6).
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Schematic example of a Levey-Jennings chart used to visually and
intuitively identify data outliers and trends of concerns, by applying the
Westward criterias given in table 4.

rates (11). Despite being hardly spread, due to the high ac-
quisition and operating costs, most of these simulators also
fail to produce human-like variations in breathing pattern
waveforms, as well as human-like tempered and humid
exhalat. Therefore, metabolic simulators are better suited
to test the stability and reproducibility of the metabolic
analyzer’s output measurements longitudinally, than for
holistic evaluation of validity.

In contrast, biological validations are relatively simple
to implement. A healthy individual just needs to perform
a series of standardized constant steady-state workloads
(about 6 min each) or ramp tests on a weekly or at least
monthly basis. While repeated constant workload tests al-
low for verification of intra- and inter-test stability of low
to medium workloads below the anaerobic threshold, ramp
tests allow for the comparison of peak values and the slope
between workload vs. VO, which should be between 8.5 and
12.5 m1/min/W for bike ergometry (6). The computed values
then need to be compared within an ongoing longitudinal
measurement series.

While there are no legal target values regarding the reliabi-
lity and validity of metabolic analyzers, some recommen-
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Recommended calibration routine. Before the calibration is performed, ade-
quate warm-up time of the metabolicanalyzer according to the manufactures
guidelines (30-60 min) is necessary.

RECOMMENDED

SENSOR TYPE FREQUENCY

CALIBRATION
Against high quality certi-

Ambient fied weather station With each gas calibration
Using a 3-liter syringe, if
Volume/flow possible over low, medium Before each test

to maximal flow rates

At least before the first
test of a day, optionally/
recommended in defined
time intervals especially
if parts like the sampling
line are changed

Two-piont calibration
Gas using ambient air and
reference gas

Summary of Westward criteria for the identification of outliers and trends of
concern (26, 27). SD=standard deviation.

WESTGARD CRITERIA
Rule 1 Awarning exist when one measurement exceeds +2SD
Rule 2  Anout of control exists when one measurement exceeds +3SD
An out of control exists when two consecutive measurements

Rule 3

exceeds £2SD

An out of control exists when four consecutive measurements
Rule 4

exceeds +1SD

An out of control exist when ten consecutive measurements
Rule 5 .

fall on the same side of the mean
Rule § An out of control exist when seven consecutive measurements

going progressively higher/lower

Protocol selection by staircase question (6, 17, 33, 34).

“HOW MANY FLOORS CAN YOU WALK UP QUICKLY
WITHOUT STOPPING?”

One floor is equivalent to approximately 50 W, corresponding to easy
hiking, playing golf, etc., suggesting a workload rate increment of
5 W/min.
Two floors are equivalent to approximately 100 W, corresponding to
Nordic walking, cycling on a flat track, gardening etc., suggesting a
workload rate increment of 10 W/min.
Three floors are equivalent to approximately 125-150 W, correspon-
ding to swimming, mountain hiking, etc., suggesting a workload rate
increment of 15 W/min
Four floors are equivalent to approximately 200 W (similar to running
at>10 km/h). Suggested workload increment is 20 W/min.

dations from different societies as well as researchers exist,
which could be used as thresholds for “pass” or “fail” values
used in the calibration and verification routine. In summary,
recommendations for reliability and validity of VE, \DT \7CO2
range between 2-5% (1, 9, 10). In contrast, the total variability,
consisting of technical and biological variability over multiply
measurements of these metrics are given as a coefficient of vari-
ation (CV) of 6-8% (4, 19). For further understanding of variation
between collected values and the definition of outlier criteria
the work of Westgard et al. (27, 28) is recommended , with cri-
teria rules are summarized in table 2.
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For the visualization of the collected calibration and verifi-
cation data, using a Levey-Jennings chart in combination with
the Westward criteria, allowing straightforward detection of
outliers as well as identifying unusual trends are suggested.
Further, ,pass“or ,fail“ values could be simply visualized using
defined thresholds. An example of visualized thresholds and
a Levey-Jennings chart is given in figure 1 and 2.

Maintenance

To ensure proper working of all CPET equipment, regular
maintenance and evaluation, as described in the manufac-
turer-specific recommendations is required. Most sensitive
parts include the CO, and O, gas sensors, built-in ambient
sensors, overall system tightness, sampling lines, and flow
calibration syringes.

Predominantly, three different types of O, sensors are
used, (i) zirconia fuel cells, (ii) paramagnetic analyzers, and
(iii) semi-disposable systems (polarographic electrodes or
galvanic fuel cells) (13). The two last mentioned, regular-
ly running in small stationary or portable devices, require
replacement every 6-12 months and could show significant
drift not only towards the start and end of their life span but
also during long-lasting tests (8), which needs to be moni-
tored as described.

Furthermore, sampling lines made of sulfuric acid-lined
tubing (also known as Nafion™) need to be replaced based
on the frequency of use about every 2 months, with discolo-
ration of the transparent hoses to a yellowish tone being a
clear indicator for replacement. Furthermore, after long-las-
ting testing and or short time intervals between two suc-
cessive tests, it would be good practice to change sampling
lines, which in turn entails a new gas calibration.

Also, gas cylinders should be checked for the expiration
date, leakages, and minimal filling level. Last named will
be important as most gas sensors are sensitive to pressu-
re/flow, with too low values migth inflate the calibration
process.

CPET Preparation

Test Environment

The exercise laboratory should be large enough to accom-
modate all equipment, while still allowing adequate access
to the patient. Monitoring screens should not be visible to
the patient. To allow for standardized ambient conditions,
including temperature (18-22 °C), humidity (30-40%), O,
(20.93%), and CO, (0.03%) gas concentration, the laboratory
must be well acclimatized with adequate circulation and
exchange of room air. If the last one is incomplete, an obli-
gatory ventilator should be used to avert abnormal CO, and
0, gas concentrations.

Ergometer and Protocol Selection

It is well known that the choice of ergometer and protocol
influences various target values in CPET (24, 32). Therefore,
appropriateness for the selected diagnostic objective as well
as a corresponding standardization is essential.

CPET is typically performed using a cycle ergometer,
as being appropriate for a wide range of patients (low fit-
ness, low motoric skills, joint issues), provides an accurate
measurement of external workload and allows more con-
venient additional monitoring (ECG, blood pressure, blood
sampling). Other ergometer types like treadmills and ro-
wing ergometers necessitate the activation of more muscle
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mass and therefore higher VO,peak, but require a higher
level of fitness and specific movement skills. Therefore, in
most clinical applications, cycle ergometry is the preferable
mode of exercise, while more sport-specific ergometer types
should be used in athletic settings.

Basically, the protocol should include a resting, unloa-
ded, loaded, and recovery phase. For most clinical applica-
tions incremental or ramp vise exercise protocols should
ideally last for 10 +2 min, with initial workload and increase
in workload adjusted to the patient's fitness level. The selec-
tion of an adequate workload increment should ensure that
patients can realize a maximal effort and valid \702peak.
Too rapid increases in workload often are associated with
premature test termination due to lactate acidosis, hyper-
ventilation, and consequently the inability to determine
VT2 and Vozpeak.

For the necessary ex-ante estimation of a patient’s exerci-
se capacity and the selection of a suitable exercise protocol,
one of several useful options is the ,staircase question® (6,
17, 33, 34) shown in (table 3).

Patient Preparation

While patients should receive pretest information that cle-
arly outlines the test procedure and includes clear agreed
signs due to the restricted verbal communication (avoidan-
ce of incorrect measurements due to speaking) during CPET,
the correct attachment of the CPET equipment is of utmost
importance.

To allow for a dense and comfortable fit of the mask (if no
mouthpiece is used) during the whole test procedure, mask
size and headgear should be carefully chosen and fixed. A
leakage test is mandatory with the patient inhaling and
exhaling with the mask closed by the hand held in front of it.

When the patient is fully attached to all necessary equip-
ment, if necessary including ECG, blood pressure, and pulse
oximeter, and placed on the ergometer, proper free running
of the sampling line and other connection cables should be
verified.

Plausibility Check

To detect and correct malfunctions of the metabolic ana-
lyzers and equipment, e.g. due to defect or drift of the gas
sensors, ineffective gas sample drying, mask leakage, clog-
ged sample tubes, plausibility checks of the outcome mea-
sures validity should be performed for the resting, unloa-
ded, loaded, and recovery phase. A basic plausibility check
should include adequate rest values and increases for a given
workload rate of VE, VO,, and RER, using the rule of thumbs
suggested by Riihle (21), given in table 4.

Before the final data interpretation is performed, e.g. VT de-
termination as described in previous clinical reviews (22, 23),
again a plausibility check as described should be performed for
each protocol phase. If necessary it should be determined if the
patient’s effort could be considered maximal, using criteria gi-
ven in table 5. Importantly, RER is not per se a reliable indicator
of maximal exertion due to its variability with hyperventilation
and pathological specifics, and therefore should be used with
caution as a secondary marker.
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Basic plausibility check for cycle ergometry. Normal values based on Rhiile
(21), with values deviate by more than +10% and pathological dysfunction is
unlikely, marking likely measurement error. VE=minute ventilation, VO,=oxy-
gen consumption, RER=respiratory exchange ratio.

BASIC PLAUSIBILITY CHECK FOR CYCLE ERGOMETRY

TEST PHASE RULE OF THUMB
. VE of 9 1/min, VO, of 5 ml per kg bogy mass, RER
Resie 207<10
Increase inVE andV0,, with further normalization or
Unloaded ) 2
drop in RER
VE increase of 9 I/min for each 25 W, plus 9 I/min rest,
Loaded V0, increase of 10 mI/min per W, plus 5 ml per kg bogy
mass, RER at first 2 min <1.0
Revovery Fast Drop inVO, followed by drop inVE, with a tempo-

rary increase in RER

Criteria for the determination of maximal effort. For detailed information see
(18).VO,=oxygen consumption.

CRITERIA FOR THE DETERMINATION OF MAXIMAL EFFORT
V0, plateau
Heart rate reaches 90% of predicted or heart rate reserve is <15 beats/
min
There is evidence of ventilation limitation (breathing reserve <15%,
expiratory flow limitation, also consider significant increase in endexpira-
tory lung volume)
mBorg for leg fatigue or breathlessness is >9/10

Peak exercise blood lactate concentration >8 mmol/I

Conclusion

This short review aims to support physicians and practi-
tioners to ensure high data quality of CPET, by providing
methodological guidelines and recommendations to reduce
risk of bias and eliminate potential sources of bias. However,
as CPET is a complex diagnostic tool, no claim is made to
completeness. Importantly, these good practice recommen-
dations need to be adapted to the specific conditions and
requirements of each facility before they can be transferred
into daily practice.

To ensure high-quality and diagnostically conclusive
CPET datain cross-sectional and longitudinal settings, high
standards of reliability and validity are needed, necessita-
ting a systematic process of quality assurance and control
in the daily application of CPET. |
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