UCLA
UCLA Previously Published Works

Title

Variability in Cardiopulmonary Exercise Testing Biologic Controls.

Permalink

Ihttps://escholarship.org/uc/item/B2x4w4m 1|

Journal

Respiratory Care, 68(1)

Authors

Haverkamp, Hans
Gooding, Thomas
Collingridge, Dave

Publication Date
2023

DOI
10.4187 /respcare.10022

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/82x4w4m1
https://escholarship.org/uc/item/82x4w4m1#author
https://escholarship.org
http://www.cdlib.org/

Variability in Cardiopulmonary Exercise Testing Biologic Controls

Thomas W DeCato, Hans C Haverkamp, Thomas Gooding, Dave S Collingridge, and
Matthew J Hegewald

BACKGROUND: Cardiopulmonary exercise testing is an increasingly common test and is consid-
ered the accepted standard for assessing exercise capacity. Quantifying variability is important to
assess the instrument for quality control purposes. Though guidelines recommend biologic control
testing, there are minimal data on how to do it. We sought to describe variability for oxygen con-
sumption (Voz), carbon dioxide production (Vco), and minute ventilation (Vg) at various work rates
under steady-state conditions in multiple subjects over a 1-y period to provide a practical approach
to assess and perform biologic control testing. METHODS: We performed a single-center, prospec-
tive study with 4 healthy subjects, 2 men and 2 women. Subjects performed constant work rate exer-
cise tests for 6 min each at 25-100 W intervals on a computer-controlled cycle ergometer. Data were
averaged over the last 120 s at each work rate to reflect stepwise steady-state conditions. Descriptive
statistics, including the mean, median, range, SD, and coefficient of variation (CoV) are reported for
each individual across the 4 work rates and all repetitions. As these data were normative, z-scores
were utilized, and a value greater than = 1.96 z-scores was used to define significant test variability.
RESULTS: Subjects performed 16-39 biocontrol studies over 1-y. The mean CoV for all subjects in
Voz was 6.59%, VCO2 was 6.41%, and Vi was 6.32%. The = 1.96 z-scores corresponded to a 9.4-
18.1% change in VOz’ a 9.6-18.1% change in Vcoz, and a 9-21.5% change in Vg across the 4
workloads. CONCLUSIONS: We report long-term variability for steady-state measurement of
Voz, Vcoz, and Vg obtained during biocontrol testing. Utilizing * 1.96 z-scores allows one to
determine if a result exceeds expected variability, which may warrant investigation of the
instrument. Key words: cardiopulmonary exercise testing; CPET; biocontrol; quality control. [Respir
Care 2023;68(1):38—43. © 2023 Daedalus Enterprises]

Introduction

Cardiopulmonary exercise testing (CPET) is a commonly
used and clinically useful pulmonary laboratory test."? It is
considered the accepted standard for assessing functional
exercise capacity and for evaluating otherwise unexplained
exertional dyspnea among other indications. Quantifying
long-term (at least 1-y) variability of CPET parameters is im-
portant in instrument quality control. The accepted premise
of physiologic validation, or biologic control testing (biocon-
trols), is that physiological responses to exercise in healthy
individuals are highly repeatable. Assuming stable physiol-
ogy of biocontrols, changes in CPET parameters that exceed
normal variability suggest that an instrument is not providing
precise results and that technical factors need to be addressed.
Instrument measurement errors may result in spurious results
leading to misdiagnosis, incorrect conclusions, unnecessary
diagnostic evaluation, and even inappropriate therapy. There
is limited information regarding long-term intra-individual
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variability of CPET parameters in biocontrols and the optimal
method for assessing such variability.>* The studies that are
available utilized a treadmill, as opposed to a cycle ergometer
that allows work rate to be more accurately quantified. The
2003 American Thoracic Society/American College of Chest
Physicians (ATS/ACCP) statement on CPET recommends
“physiologic/biologic validation, in which a healthy member
of the laboratory staff, consuming a stable diet, performs a
constant work rate test at varying workloads (eg, 50 and 100
or 150 W) at regular intervals depending on machine use.”
The purposes of this study were 2-fold: (1) to describe the
normal intra-individual variability for oxygen consumption
(Vo,), carbon dioxide production (Vco,), and minute ventila-
tion (Vg) at several work rates under steady-state conditions
over a 1-y time period; and (2) use this variability to provide
a practical approach for performing biocontrol testing in a
clinical CPET laboratory. The goal of this study was not
to describe how well the instrument reflected true values
(accuracy) but how close measurements were to each other
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(precision). Subject variability is also referred to as repeat-
ability, with low variability reflecting high repeatability.

Methods

Study Design and Subjects

We performed a single-center, prospective study with 4
healthy subjects, 2 men and 2 women, ranging in age from
34-56 y at the time of study initiation. All subjects had nor-
mal pulmonary function tests including spirometry and dif-
fusing capacity for carbon monoxide, using National
Health and Nutrition Examination Survey III and Crapo ref-
erence values, respectively, and normal symptom-limited
maximal CPETs using Hansen reference values.® The
Intermountain Healthcare Institutional Review Board pro-
vided a waiver of informed consent because this study
involved normal laboratory quality control measures. No
outside funding was provided for this study.

Testing Procedure and Data Collection

CPET was performed using a computer-controlled cycle
ergometer with a Vyaire Vmax system (software version
28-7; model 229N E, Vyaire, Mettawa, Illinois). The cycle
ergometer was calibrated for accuracy by the manufacturer
prior to this study. The mass flow sensor and gas analyzers
were calibrated before each test following manufacturer’s
recommendations and met current standards for accuracy,
reproducibility, and response time.>® Oxygen gas analyzer
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QUICK LOOK

Current knowledge

Cardiopulmonary exercise testing (CPET) is commonly
used and considered the accepted standard for assessing
functional exercise capacity. However, there is limited
information on long-term CPET biocontrol variability
and how to best implement and perform biocontrol test-
ing in a busy clinical pulmonary/exercise laboratory.

What this paper contributes to our knowledge

We show that long-term variability in oxygen consump-
tion (Vo,), carbon dioxide production (Vo,), and minute
ventilation (Vg) biocontrols was similar to that as
described in other settings. The use of = 5% for VOz’ =+
6% for Vo, and = 5.5% for Vi may be too restrictive
when performing biocontrol testing. Utilizing * 1.96
z-scores is an alternate method that appears practical in a
busy clinical laboratory.

calibration was performed using 3-point calibration utiliz-
ing room air; primary standard gas mixture with 26.0% ox-
ygen and balance nitrogen; and certified standard gas
mixture with 16.0% oxygen, 4.0% carbon dioxide, and bal-
ance nitrogen. The barometric pressure and temperature
were measured by the instrument and ranged from 642-670
mm Hg and 19.5-22.7°C, respectively. The subjects per-
formed 4 constant work rate exercise tests for 6 min each at
25-W intervals (25-100 W). Subjects were instructed to
avoid exercise and have a consistent light breakfast on all
testing days. Our overall goal was for each subject to per-
form 2-3 tests per month over 1-y. Testing was not per-
formed if the subject reported illness or injury. Testing was
performed at the same time of day = 2 h. A Hans Rudolph
7450 Series Silicone V2i Oro-Nasal Mask (Hans Rudolph,
Shawnee, Kansas) was worn during testing. Each test was
reviewed for evidence of air leak or other technical irregu-
larities. Data were collected on a breath-by-breath basis and
averaged over the last 120 s of each workload to reflect
steady-state conditions. Each test was also reviewed for evi-
dence that the anaerobic threshold had been attained or
exceeded. Anaerobic threshold was exceeded if the V02 or
Vc02 versus time tracing was not linear (slope > 0).
Because this appeared consistently in subject #4 at the
100-W work rate and represented a non—steady-state condi-
tion, these data were excluded.

Statistical Analysis
Descriptive statistics, including the mean, median,

range, SD, and coefficient of variation (CoV), are
reported for each individual at each work rate for Vo,
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Table 1.  Demographics and Mean \'/o2 in L/min and mL/kg/min for
Each Subject

1 2 3 4

Age,y 56 55 34 36
Sex M F M F
Height, cm 193 158 173 168
Weight, kg 86.4 47.6 80 56
BMLI, kg/m? 232 19.8 26.7 19.8
Measures, no. 39 22 28 16
Mean Vo, L/min

25 W 0.75 0.51 0.68 0.61

50 W 0.96 0.75 0.92 0.88

75 W 1.23 1.04 1.20 1.15

100 W 1.51 1.37 1.49 *
Mean Vg, mL/kg/min

25 W 8.7 10.7 8.5 10.9

50 W 11.1 15.8 11.5 15.7

5 W 14.2 21.9 15 20.5

100 W 17.5 28.8 18.6 *

*These data were not included, as they were above the anaerobic threshold.

Vco,. and Vg. Average CoVs for Vo, Vo, and Vg
across the 4 work rates are also reported to further
describe the repeatability of these measures. Following
Rozali and Wah’s'® recommendation, we evaluated nor-
mality of our measures with 3 approaches: (1) boxplots
of z-scores, (2) skew and kurtosis, and (3) Shapiro-Wilk
test of normality. Our criterion for establishing normality
involved a combination of all 3 approaches. If the absolute
value of the ratios of skew and kurtosis to their standard
errors were less than 1.96, Shapiro-Wilk scores were non-
significant, and boxplots resembled normality (ie, medians
were near the mean horizontal line [Z-score = 0] and box-
plot shape was approximately symmetrical), we concluded
that the distribution for a particular measure was normally
distributed. Because repeated biocontrol testing data satis-
fied all 3 normality criteria (Table 1 and Supplementary
Fig. 1; see related supplementary material at http://www.
rcjournal.com.), we were able to use z-scores, refer them to
the standard normal distribution, and rely on a z-score
threshold of * 1.96 to identify significant test variability.
According to standard normal distribution logic, z-scores
* 1.96 encompass 95% of observations and are commonly
used to define observations within normal range.

A z-score measures the number of SD a data point lies
above or below the mean. When doing biologic control
testing, z-scores are calculated as testing value minus
sample mean, divided by the sample SD ([x — X] /SD).
Finally, for Voz, Vcoz, and Vg values greater than + 1.96
z-scores from the mean, we calculated percent change
from the original mean. Percent change values estimated
how much each measure must deviate from its mean to
be considered anomalous.
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Results

Subject #1 performed 39 tests; subject #2 performed 22;
subject #3 performed 28, and subject #4 performed 16
during the study period. The subjects age range was
34-56 y, and body mass index was 19.8-26.7 kg/m” (see
Table 1). The mean \702 in L/min and mL/kg/min is also
reported in Table 1. Descriptive statistics are reported in
Table 2 for each subject across the 4 workloads for Vo, Vo,
and Vg. There were fewer measures for Vg as it was not
recorded in the first several tests. For all 4 subjects, we found
limited variability in the first 8 test scores (data not shown) for
Voz, Vco2, and V. This limited variability led to our decision
to start computing z-scores after 8 tests. The mean CoV for all
subjects was 6.59% for Vo, 6.41% for Vo, and 6.32% for
VE (excluding subject #4 from the 100-W work rate). The per-
centage change values from the original mean for Voz» VCOZ,
and Vg > 1.96 z-scores were variable. Table 3 shows that for
subject #1 the percentage change ranges from 11.1-15.9%.
Corresponding values for subject #2 were 9.4-14.1%, subject
#3 were 8.7-15.9%, and subject #4 were 11.5-21.5%
(see related supplementary material at http://www.rcjournal.
com).

Discussion

This is the first study, to our knowledge, that describes
long-term variability in important CPET variables, Voz,
Veco,, and Vg at several work rates with a cycle ergometer
using a biocontrol protocol as suggested in the ATS/ACCP
statement on CPET.® Because the data satisfied criteria for
being normally distributed, we suggest the use of z-scores
to describe biocontrol variability. A value greater than *
1.96 z-scores signals an instrument may not be providing
precise results and should prompt further investigation.

There is relatively little consensus about the correct or best
way to perform biocontrol testing, although it is an essential
component for monitoring the precision of testing instru-
ments. The 2003 ATS/ACCP statement on CPET remains a
definitive document on this topic and notes, “Subsequent
steady state values for Vi, Vo, and Vo, are then compared
with the database and values outside the 95% CI for that indi-
vidual should engender a thorough systemwide reassess-
ment.”® This recommendation appears to come from a single
study utilizing 35 biocontrol tests performed in one person
over a 2.5-y period on a treadmill.* The authors concluded
that variations in Voz, Vcoz, and heart rate should be < 5%,
whereas the variability in Vg should be < 7%.

The ATS Pulmonary Function Laboratory Management and
Procedure Manual does comment on CPET quality control
(chapter 19) with little mention of evidence base other than to
reference the 2010 Clinician’s Guide to Cardiopulmonary
Exercise Testing in Adults, a scientific statement piece from
the American Heart Association.”!! In the latter, the authors
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Table 2. Descriptive Statistics of the 4 Subjects Across the 4 Work Rates for Voz, Vcoz, and Vg
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. Subject
Vol Measures
1 (no. =39) 2 (no. =22) 3 (no. =28) 4 (no. = 16)
25W
Mean (SD) 0.75 (0.06) 0.51 (0.03) 0.68 (0.05) 0.61 (0.05)
Median (min—max) 0.74 (0.63-0.86) 0.51 (0.45-0.55) 0.67 (0.60-0.80) 0.63 (0.50-0.69)
CoV, % 7.5 547 7.29 7.82
50 W
Mean (SD) 0.96 (0.07) 0.75 (0.04) 0.92 (0.07) 0.88 (0.06)
Median (min—max) 0.97 (0.83-1.08) 0.75 (0.65-0.82) 0.94 (0.80-1.03) 0.88 (0.77-0.98)
CoV, % 6.82 5.07 7.4 6.51
5W
Mean (SD) 1.23 (0.08) 1.04 (0.06) 1.20 (0.10) 1.15 (0.08)
Median (min—max) 1.21 (1.05-1.39) 1.02 (0.92-1.15) 1.21 (1.05-1.38) 1.15 (1.04-1.30)
CoV, % 6.74 5.6 8.11 6.95
100 W
Mean (SD) 1.51 (0.09) 1.37 (0.07) 1.49 (0.11) T
Median (min—-max) 1.51(1.33-1.73) 1.36 (1.27-1.49) 1.50 (1.29-1.67)
CoV, % 6.19 4.76 7.23
) Subject
Vco, Measures
1 (no. =39) 2 (no.=22) 3 (no. =28) 4 (no. = 16)
25W
Mean (SD) 0.60 (0.05) 0.42 (0.03) 0.58 (0.04) 0.55 (0.05)
Median (min—-max) 0.61 (0.49-0.70) 0.42 (0.36-0.48) 0.57 (0.51-0.66) 0.55 (0.44-0.65)
CoV, % 8.08 7.17 7.34 9.24
50 W
Mean (SD) 0.81 (0.06) 0.65 (0.04) 0.82 (0.05) 0.82 (0.05)
Median (min—max) 0.80 (0.69-0.94) 0.65 (0.59-0.73) 0.83 (0.69-0.90) 0.82 (0.75-0.95)
CoV, % 7.53 5.72 6.18 5.87
5W
Mean (SD) 1.07 (0.07) 0.94 (0.05) 1.08 (0.07) 1.10 (0.07)
Median (min—max) 1.06 (0.92-1.19) 0.94 (0.86-1.03) 1.08 (0.97-1.22) 1.10 (0.96-1.26)
CoV, % 6.21 5.44 6.79 6.32
100 W
Mean (SD) 1.33 (0.08) 1.29 (0.07) 1.35 (0.07) T
Median (min—-max) 1.32 (1.21-1.47) 1.28 (1.17-1.44) 1.36 (1.23-1.47)
CoV, % 5.65 5 491
. Subject
Vg Measures
1 (no. =30) 2 (no. = 16) 3 (no. =20) 4 (no. = 14)
25W
Mean (SD) 23.84 (1.58) 15.15 (0.85) 19.68 (1.09) 19.89 (2.19)
Median (min—max) 23.90 (20.40-26.60) 15.35 (13.50-16.30) 19.75 (17.40-21.70) 19.45 (15.20-23.80)
CoV, % 6.63 5.63 5.53 10.99
50 W
Mean (SD) 30.03 (1.79) 21.33 (1.12) 25.86 (1.39) 27.44 (2.07)
Median (min—max) 29.90 (26.70-34.40) 21.45 (19.20-23.30) 26.10 (22.30-28.40) 27 (24.50-31.40)
CoV, % 5.85 5.27 5.36 7.54
5 W
Mean (SD) 37.77 (2.19) 30.26 (2.08) 32.45 (1.49) 35.01 (3.10)
Median (min—max) 37.55 (33.20-43.40) 29.60 (27.50-34.80) 32.50 (29.80-35.30) 35.20 (29.10-41.70)
CoV, % 5.81 6.86 4.58 8.84
100 W
Mean (SD) 45.73 (2.63) 42.44 (2.51) 39.30 (1.74) ¥
Median (min—max) 45.35 (40.00-53.30) 41.55 (37.90-47.00) 39.10 (36.50-42.80)
CoV, % 5.74 5.92 4.42

Values are in L/min unless otherwise specified.

" These data were not included, as they were above the anaerobic threshold.
CoV = coefficient of variation.
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Table 3.  Subject #1 Values and Percentage Change From the Mean
in Vo,, Vco,, and Vg at a Given Work Rate

Original Scale

Measure Mean SD Values at Percent Change
(L/min)  (L/min) 7 * 1.96* From Mean'
(L/min)
Vo,
25 W 0.75 0.06 0.64 and 0.86 14.7
S50 W 0.96 0.07 0.83 and 1.09 13.4
5W 1.23 0.08 1.06 and 1.38 132
100 W 1.51 0.09 1.33 and 1.70 12.1
Vcoz
25 W 0.60 0.05 0.51 and 0.70 15.9
S50 W 0.81 0.06 0.69 and 0.93 14.8
5 W 1.07 0.07 0.94 and 1.20 12.1
100 W 1.33 0.08 1.18 and 1.48 11.1
Ve
25 W 23.84 1.58 20.74 and 26.93 13
S50 W 30.03 1.79 26.53 and 33.53 11.7
5W 37.77 2.19 33.47 and 42.07 11.4
100 W 45.73 2.63 40.59 and 50.88 11.3

* Calculated as (= 1.96 * SD) + mean.
T Calculated as ((raw score at Z * 1.96 — mean)/mean)*100.

note limits of variation of + 5% for Vg, * 6% for Vco,, and
+ 5.5% for Vg. Elsewhere in this manual (chapter 5, quality
control), Westgard’s rules are discussed as originally described
in 1977.""' These rules utilizing “warning” and “out of con-
trol” conditions are not straightforward to implement in the
case of CPET where there are several parameters being eval-
uated at once across different workloads compared to spirome-
try or diffusing capacity biocontrols. Otherwise, there is little
discussion of, or reference to, Westgard’s rules when it comes
to quality control in the clinical pulmonary laboratory in gen-
eral but also for CPET specifically as this is not mentioned
in either of the documents by the ATS/ACCP or American
Heart Association.>® The recently published Association
for Respiratory Technology and Physiology Statement on
Cardiopulmonary Exercise Testing 2021 does attempt to
address some of these issues, and whereas they recommend
use of Westgard’s rules, they acknowledge that these
may not inform accurately on errors due to ‘“subject
variability.”"?

A more contemporary study by Porszasz et al® described
quality control in the context of multi-center clinical trials
utilizing treadmills where within-lab CoV at 20 W and
70 W, respectively, was 8.5% and 5.8% for VOz’ 9.2% and
7.2% for Vco,, and 8.3% and 6.3% for V. Prior data from
our laboratory assessed short-term variability of CPET pa-
rameters during an incremental ramp test on a cycle ergom-
eter in healthy subjects and also reported similar variability
with a CoV of 4.9% in peak Vo, 10.4% in Vo, at anerobic
threshold, 7.4% in peak Vg, and 11.0% in Vg at anaerobic
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threshold.'* These studies provide similar estimates of vari-
ability. Our findings suggest that the use of = 5% for
Vo, * 6% for Vco, and * 5.5% for Vg may be too
restrictive, suggesting a problem with an instrument, when
in fact there is normal variability.>**

Performing biologic controls is a time-consuming pro-
cess, and the question of how often this testing should be
performed still lacks an evidence base but may depend on
how frequently tests are performed in the lab. Generally, it
is recommended that biocontrol testing be performed 1-2
times per month.®> The optimum, or sufficient, number of
workloads tested during biocontrol testing is also not
known. However, we provide a practical and feasible
approach to performing CPET biocontrol testing in the clin-
ical pulmonary or exercise laboratory. Because the number
of scores available for computing the sample mean and SD
will be small in the early stages of testing, these values are
prone to sampling error; consequently, z-scores from very
small samples may be unreliable estimates of machine
function. However, as more data from a control subject are
added, error is minimized and confidence in the z-scores to
accurately represent machine status increases.

As mentioned, we found that the first 8 tests scores were
relatively stable for each subject (ie, there was no profound
visible variability in CPET z-scores). Therefore, we suggest
that once stability has been achieved in 8 tests the mean
and SD for those tests can be used to calculate z-scores
moving forward. If there is extreme variability in the first 8
tests, testing should be halted, the machine and/or individ-
ual evaluated, and new testing started once the source of
variability has been identified and removed. A spreadsheet
for entering test scores and computing z-scores has been
created and can be found in the online supplemental mate-
rial (see related supplementary material at http://www.
rcjournal.com). Data can be entered into the spreadsheet
with a z-score for VO2, Vcoz, and Vg then automatically
reported. As biocontrol testing is performed past 8 tests, the
mean and SD are updated. After a year, we suggest using
the prior 12 months of data to calculate the mean and SD
going forward.

Our study does have limitations. (1) All data were col-
lected in a single-center utilizing a single instrument. It
is possible that variability differs among instruments.
However, there are multiple studies describing similar vari-
ability during repeated incremental ramp tests on different
instruments.'*'> We studied only 4 subjects, and they per-
formed a variable number of tests ranging from 16-39.
However, our subjects showed similar variability, and we
found that the SD remained stable after the initial 8 tests.
Diet and exercise for each subject was not strictly moni-
tored, though consistency was endorsed. Additionally, the
CoV for parameters reported is very similar to prior pub-
lished data as noted.>'* (2) It is important to note that we
did not evaluate the accuracy of Vo2 (or Vcoz) but rather
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the precision of measurements while utilizing manufacturer
recommended quality assurance measures. (3) We averaged
the last 2 min of data recorded at each work rate. This may
not actually be the segment best representative of Vo,
Vcoz, and Vg due to transient changes that can occur, and it
may be preferable to pick the most representative data seg-
ment after 3 min have passed. We opted for this approach
to facilitate a practical method to implement in busy clini-
cal labs. (4) Finally, whereas it has been suggested biocon-
trol testing be performed at levels below an individual’s
anaerobic threshold, this may not provide complete infor-
mation on an instrument as data may be more variable at
higher Vg (ie, above anaerobic threshold). However, the
CoV for Vg reported in our study is similar to the CoV in
peak Vg performed during an incremental ramp protocol
testing in healthy subjects.'*

Conclusions

We report long-term variability of steady-state Voz, Vcoz,
and Vg obtained during biocontrol testing. Utilizing a
threshold of 1.96 z-scores allows one to readily determine if
a biocontrol result is abnormal and may warrant instrument
investigation. Performing biocontrol testing can be time
consuming for an active clinical pulmonary or exercise lab-
oratory. To alleviate the burden of testing, we provide a
practical, data-driven approach that can be added to a labo-
ratory quality control program.
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