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Abstract

Rationale: Cardiopulmonary exercise testing (CPET) is the gold
standard to evaluate exertional breathlessness, a common and
disabling symptom. However, the interpretation of breathlessness
responses to CPET is limited by a scarcity of normative data.

Objectives: We aimed to develop normative reference equations
for breathlessness intensity (Borg 0-10 category ratio) response
in men and women aged =40 years during CPET, in relation to
power output (watts), oxygen uptake, and minute ventilation.

Methods: Analysis of ostensibly healthy people aged =40 years
undergoing symptom-limited incremental cycle CPET (10 W/
min) in the CanCOLD (Canadian Cohort Obstructive Lung
Disease) study. Participants had smoking histories <5 pack-years
and normal lung function and exercise capacity. The probability
of each Borg 0-10 category ratio breathlessness intensity rating
by power output, oxygen uptake, and minute ventilation (as an
absolute or a relative value [percentage of predicted maximum])

was predicted using ordinal multinomial logistic regression. Model
performance was evaluated by fit, calibration, and discrimination
(C statistic) and externally validated in an independent sample

(n =86) of healthy Canadian adults.

Results: We included 156 participants (43% women) from
CanCOLD; the mean age was 65 (range, 42-91) years, and the
mean body mass index was 26.3 (standard deviation, 3.8) kg/m’.
Reference equations were developed for women and men separately,
accounting for age and/or body mass. Model performance was high
across all equations, including in the validation sample (C statistic
for men =0.81-0.92, C statistic for women = 0.81-0.96).

Conclusions: Normative reference equations are provided to
compare exertional breathlessness intensity ratings among
individuals or groups and to identify and quantify abnormal
breathlessness responses (scores greater than the upper limit of
normal) during CPET.

Keywords: dyspnea; exercise capacity; normal values

(Received in original form May 1, 2023; accepted in final form September 13, 2023)

This article is open access and distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives License 4.0.

For commercial usage and reprints, please e-mail Diane Gern.

A complete list of CanCOLD Collaborative Research Group members may be found before the beginning of the REFERENCES.

Ann Am Thorac Soc Vol 21, No 1, pp 56-67, Jan 2024
Copyright © 2024 by the American Thoracic Society
DOI: 10.1513/AnnalsATS.202305-3940C

Internet address: www.atsjournals.org

56

AnnalsATS Volume 21 Number 1 | January 2024



ORIGINAL RESEARCH

Breathlessness on exertion (1, 2) is one of
the leading causes of chronic suffering and
disability and the cardinal symptom in
people with cardiorespiratory disease (3).
The symptom trajectory is often progressive,
leading to a vicious cycle of impaired
activity, deconditioning, and worsening of
breathlessness at progressively lower degrees
of exertion (4). As people reduce their
physical activity to avoid the symptom,
exertional breathlessness should be
measured in relation to a given symptom
stimulus, such as at a standardized degree of
exertion or ventilation (5).

Cardiopulmonary exercise testing
(CPET) is valuable for assessing exertional
breathlessness in clinical care and research
(6-8), including symptom intensity
(measured on the Borg 0-10 category ratio
[CR10] scale) (9) and its relation to
physiological responses such as power
output (watts), rate of oxygen uptake (Voy),
and minute ventilation (V). This
enables evaluation of 1) underlying
pathophysiological mechanisms that may be
contributing to breathlessness and 2)
interventional efficacy in clinical trials
(8,10, 11).

However, interpretation of
breathlessness responses to CPET is limited
by the scarcity of normative reference
equations. The ability to predict the normal
breathlessness response to any given
submaximal or maximal power output, Vo,,
and/or VE for an individual is important; it
would improve the ability to identify the
presence and degree of an abnormal
exertional breathlessness response.
Reference equations for breathlessness
intensity during incremental cycle testing
were recently reported by EImberg and
colleagues (12). However, that study
pertained to people referred for exercise

testing in clinical practice, who did not
constitute a population-based sample of
healthy people, and the study did not
include any measurements of gas exchange
(suchas Vo,) or VE during the test. Two
studies provided data on the normative
breathlessness response to symptom-limited
incremental CPET on a stationary cycle
ergometer. Killian and colleagues reported
reference equations for breathlessness
intensity in 460 healthy individuals aged
20-70years (13). However, those equations
were limited, as they assumed normally
distributed residuals and used linear
regression, which can yield predicted scores
outside the CR10 scale. In addition, the
reference values of Killian and colleagues
were calculated in relation to the percentage
of a person’s achieved peak power output,
which is problematic, as I) in a symptom-
limited test, people will stop exercise at
similar degrees of breathlessness across
health and disease, and 2) a given percentage
(such as 75%) of the achieved peak power
output can correspond to widely different
absolute power outputs, for example, when
comparing a person with severe respiratory
disease with a healthy athlete. Therefore,
those equations have not been adopted for
use in clinical care or research (7, 13). Neder
and colleagues reported the distribution of
breathlessness intensities during CPET in
275 healthy people (14), including the 95th
percentile, which could be used for defining
the upper limit of normal (ULN) and
abnormal values (greater than the ULN).
Breathlessness responses were tabulated in
relation to absolute power output and Ve
but not Vo,, and, importantly, reference
equations were not developed.

Reference equations to predict the
normal breathlessness intensity response
during CPET are crucial, as they would

enable clinicians and researchers to identify
an abnormal exertional breathlessness (score
greater than or equal to the ULN) response
in individual subjects. Reference equations
would further quantify the severity of the
breathlessness experienced and compare
symptom intensity among individuals and
groups. The aim of this study was to develop
normative reference equations for
breathlessness intensity in healthy women
and men aged =40 years during symptom-
limited incremental cycle CPET, in relation
to absolute and relative (percentage predicted
peak) values of power output, Vo,, and VE.

Methods

Study Design and

Development Sample

This was an analysis of the CanCOLD
(Canadian Cohort Obstructive Lung
Disease) study (15). CanCOLD is a
prospective, population-based study
conducted across nine communities in
Canada (NCT 00920348). Participants were
noninstitutionalized male or female adults
aged =40 years identified using random
telephone digit dialing (15).

The inclusion criterion for this analysis
was available CPET data from the CanCOLD
baseline visit. Exclusion criteria were as
follows (Figure 1): known respiratory,
cardiovascular, or metabolic disease (self-
report of physician-diagnosed asthma,
chronic bronchitis, chronic obstructive
pulmonary disease, angina pectoris,
myocardial infection, any other
cardiovascular or cerebrovascular disease, or
diabetes mellitus); treatment with a B-blocker;
=5 pack-years of cigarette smoke exposure;
abnormally low or high exercise capacity,
defined as peak V0, below the lower limit of
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CanCOLD cohort
Visit 1 n=1561

CPET data
available for
analysis, n=1284

Exclusion criteria (n=1128)

COPD based on spirometry test: Post-
FEV1/FVC<LLN (n=360)

Smoking pack-years >=5 (n=418)

Included in the
current study,
n=156

Known cardiac or pulmonary disease
(defined as self-report at baseline of
any of: chronic bronchitis, COPD,
angina pectoris, myocardial infection,
any cardiovascular or cerebrovascular
disease, or diabetes mellitus) (n=205)

Abnormal pulmonary function testing
(n=78)

Criteria for exclusion of participants based on pulmonary function
test outcomes were:

e Evidence of obstructive pulmonary function: post-
bronchodilator FEV; or FVC less than the lower limit of normal
(LLN).

e Evidence of restrictive pulmonary function: TLC less than LLN.

Treated with Beta blocker (n=6)

BMI <18 or >35 (n=6)

e Evidence of abnormal pulmonary gas exchange efficiency:
D,CO less than the LLN.

e Evidence of reversible airflow obstruction: increase in FEV; or
FVC >12% and >200 mL from baseline 10-15 min after
bronchodilator administration.

Missing peak dyspnea (n=3)

Did not reach peak criteria (exercise
minutes<=4 min, n = 3)

Abnormal exercise capacity defined as
peak Vo, < predicted LLN or >
predicted ULN for the CPET (n=25)

Abnormal response during CPET (n=2)

Medical reasons and/or because of a
cycle ergometer issue or end of the
protocol designation (n=22)

Criteria for exclusion of participants based on CPET stop reasons:

e Unable to continue safely in the evaluator's opinition (explain).
e Bike seat uncomfortable.
e Dry mouth.

e END OF PROTOCOL 210W.

e ECG abnormalities.

e Peak \'/o2 <=84% predicted (Lewthwaite) and peak power
output <=84% predicted (Lewthwaite) and peak Heart Rate <90%
predicted (Lewthwaite) and peak respiratory exchange ratio (RER)
<1.05.

Figure 1. Participant flowchart in the CanCOLD development sample. BMI =body mass index; CanCOLD = Canadian Cohort Obstructive Lung
Disease; COPD = chronic obstructive pulmonary disease; CPET = cardiopulmonary exercise testing; DiLco = diffusing capacity of the lungs for
carbon monoxide; ECG = electrocardiogram; FEV =forced expiratory volume in 1second; FVC =forced vital capacity; LLN = lower limit of
normal; TLC =total lung capacity; ULN = upper limit of normal, \702=oxygen uptake.

normal [LLN] or greater than the ULN,
respectively (16); impaired lung function at
rest, defined as a postbronchodilator value
less than the LLN for any of the following:
forced expiratory volume in 1second (FEV;),
forced vital capacity (FVC) (17), FEV:FVC
ratio, total lung capacity (18), or diffusing
capacity of the lungs for carbon monoxide
(19); or an increase in FEV; or FVC of >12%
and >200ml from baseline 10-15 minutes
after the inhalation of 200 pg salbutamol
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administered using a spacer. Further
exclusion criteria were a body mass index
(BMI) <18 or >35kg/m’, inability to reach
peak exercise criteria (see Appendix E1 in the
data supplement), exercise time < 4 minutes,
abnormal response during CPET as judged by
the supervising physician, missing peak
breathlessness intensity, or termination of
CPET by the supervising physician for
medical or technical reasons (e.g.,
participant reached the end of a

predetermined exercise period before
reaching a symptom limitation).

All participants provided written
informed consent before completing study
assessments. The research ethics board for
each participating institution approved the
study protocol. The present CanCOLD
substudy is reported in accordance with the
Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or
Diagnosis statement (20).

AnnalsATS Volume 21 Number 1 | January 2024
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Procedures

Participants in CanCOLD self-reported data
on sociodemographics and health (e.g.,
smoking history, self-reported health
conditions) via structured interviews with
trained researchers. Body height and mass
were measured. Assessments included pre-
and postbronchodilator spirometry, diffusing
capacity of the lungs for carbon monoxide,
and lung volumes measured on body
plethysmography using automated
equipment in accordance with American
Thoracic Society and European Respiratory
Society recommendations (15, 21, 22).
Predicted lung function values were
calculated using Global Lung Function
Initiative references (17-19).

CPET

CPET was performed in accordance with
recognized guidelines (23) on an
electronically braked cycle ergometer using a
computerized CPET system (Vmax,
SensorMedics [seven sites], n =138 [88.5%];
TrueOne, Parvo Medics [one site], and
Ergocard, Medisoft [one site], n=18
[11.5%]). The CPET protocol was
standardized across sites, consisting of a
steady-state rest period of 3-10 minutes,

1 minute of unloaded pedaling, and then a
10-W increase in power output every minute
(starting at 10 W) until symptom limitation.
Participants were encouraged to maintain a
pedal cadence of 50-70 rpm, and testing was
stopped if pedal cadence fell below 40 rpm.

Gas exchange and breathing pattern
parameters were collected breath by breath
with participants breathing through a
mouthpiece and flow transducer while
wearing a nose clip. The 12-lead
electrocardiogram was monitored to assess
heart rate and rhythm; peripheral
oxyhemoglobin saturation was monitored
using finger pulse oximetry.

Before CPET, breathlessness was
defined for each participant as “breathing
discomfort” and leg discomfort as “the level
of discomfort experienced during pedaling,”
and participants were familiarized with the
CRI10 scale such that 0 represented “no
breathing [leg] discomfort” and 10
represented “the most severe breathing [leg]
discomfort that you have ever experienced or
can imagine experiencing.” Every two
minutes during exercise and at peak exercise,
blood pressure was assessed, and participants
rated their breathlessness and leg discomfort
on the CR10 scale. All procedures were the
same across the study sites (9).

Physiological variables were averaged
over the first 30-second period of every
2-minute interval during CPET and linked
with symptom intensity ratings collected
over the latter 30 seconds of the same
minute. Peak Vo, and VE were taken as
averages of the last 30 seconds of loaded
pedaling, whereas peak power output was
taken as the highest power output a
participant was able to sustain for at least
30seconds. Predicted values for peak CPET
parameters were calculated using published
CanCOLD references (16).

External Validation Sample

Validation was performed on a convenience
sample of 86 (49% women) ostensibly
healthy participants (i.e., without self-
reported conditions or clinical evidence of
disease) aged =40 years, who performed
incremental cycle CPET to symptom
limitation as part of studies independent
from CanCOLD at the institutions of M.K.S.
(n =27 from previous studies [24, 25]) and
D.J. (n=59; not included in previous
studies). Exclusion criteria were abnormal
lung function at rest (postbronchodilator
FEV:FVC ratio or FEV, less than the LLN),
BMI <18 or >35kg/m?, peak V0, less than
the LLN (16), or missing data on peak
breathlessness intensity. Symptom-limited
incremental CPET was performed on an
electronically braked cycle ergometer using a
Vmax SensorMedics metabolic cart and
included increments in power output of
15W/2min (n=1), 20 W/2 min (n=50),

20 W/3 min (n=32), and 25W/2min (n=3),
depending on the original study designs.
Standardized physiological and symptom
assessments were performed similarly as in
the CanCOLD development sample.

Statistical Analyses
Baseline participant characteristics are
summarized using mean with standard
deviation (SD) and median with range or
interquartile range (IQR) for continuous
variables, as appropriate. Categorical
variables are expressed as frequencies and
percentages. No data were imputed.
Breathlessness intensity ratings (CR10)
were analyzed separately for women and
men and by the three CPET parameters
(power output, Vo, and VE), each evaluated
as absolute values or as a percentage of each
participant’s predicted maximal value
(%predax) in separate models (16).
Normative reference equations were
developed using CanCOLD data and

Ekstrom, Li, Lewthwaite, et al.: Normal Breathlessness Intensity during CPET

marginal ordinal multinomial logistic
regression. The models were fitted using a
generalized estimating equation procedure
with cumulative logits link and multinomial
distribution, to obtain population-average
(marginal) predictions. This method predicts
the cumulative probability of reporting an
equal or lower score for each of the CR10
scores (0, 0.5, 1, 2, ... 10). The ULN was
calculated using linear interpolation of the
linear predictor of the responses closest to
below and above a probability of 0.95. The
prediction equation was based on the CPET
parameter and covariates (specified below)
and accounted for the correlation between
repeated measurements on the same
participant over the exercise time. In this
way, no predictions fall outside the CR10
scale range. We used locally estimated
scatterplot smoothing plots to check the
patterns between the CR10 breathlessness
intensity ratings and each of the three CPET
parameters. If the trend indicated
nonlinearity, restricted cubic splines (26)
were applied with four knots, selected on the
basis of the distribution of the variables
located at the 5th, 35th, 65th, and 95th
percentile for men and women separately,
constructed using the SAS macro
%RCSPLINE (27) Details on how to
construct splines are given in the data
supplement.

The models were specified, and
variables to include were selected using the
independence model criterion (QIC),
including comparing models with linear
variables and cubic splines with four knots.
Models with the lowest QICs were preferred.
Results indicated that the models with four
knots had better fit for most of the variables
(see Table E1). Additional factors that may
influence the breathlessness response (12)
(age, height, body mass, and their interaction
terms with the CPET parameter [power
output, V0,, or VE]) with P values <0.05
were also included in the final multivariate
reference equations. For use in future
validation studies, the distribution of each
included variable according to the four knot
cut points is shown in Table E2.

Model performance in the
development and validation samples was
evaluated as calibration (agreement
between predicted and observed
probabilities for the different breathlessness
scores) and discrimination. Calibration
plots were created using the predicted
probability by deciles on the x-axis and the
observed rates by deciles on the y-axis. A
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good calibration should lie close to the
diagonal line of identify. The models were
also validated by calculating average
absolute difference (observed minus
predicted, as a percentage) between the
predicted probabilities and observed
frequencies. The discriminative ability of
the model was assessed as the area under
the curve (C statistic) of receiver operating
characteristic analysis, indicating the
probability of correct prediction of the
different breathlessness intensity ratings.
Statistical significance was defined as a two-
sided P value <0.05. Statistical analyses
were conducted using SAS version 9.4
(TS1IM5) (SAS Institute Inc.).

Results

Development of the

Reference Equations

Data from 156 CanCOLD participants (43%
women) were used to develop the normative
reference equations (Figure 1). Participant
characteristics are shown in Table 1. The
mean age was 65 years (range, 42-91 yr), the
mean BMI was 26.3 kg/m” (SD, 3.8 kg/m?),
and lung function and peak physiological
responses during CPET were within normal
ranges (Table 1). Breathlessness intensity
ratings at peak exercise were similar between
men (median, 5 [IQR, 3-7]) and women
(median, 5 [IQR, 4-7]).

A penalized B-spline was used to fita
smooth curve for the observed and expected
breathlessness intensity ratings, as well as the
ULN in men and women by each relative
CPET parameter in Figure 2. The
distribution of breathlessness intensity
responses across each CPET parameter is
shown in Figure E1.

In the multivariable modeling, factors
that improved the prediction of
breathlessness intensity (and thus were
included in the final equations) were age,
and/or body mass, and/or significant
interactions between age and the three CPET
parameters (power output, Vo,, and VE).
The estimates for each factor are shown in
Table E3, and the goodness of fit for each
model (assessed using the QIC) is shown in
Table E1.

The final normative reference equations,
with the highest fit for men and women, are
provided in Table E4. These equations can be
used to predict, for a given absolute or
relative (%pred,,.,) value of power output,
Vo,, or VE, the I) probability (p) of
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reporting each CR10 breathlessness intensity
rating among healthy people; 2) probability
of breathlessness normality (the predicted
probability of having an equal or greater
CR10 rating among healthy people); 3) the
expected normal breathlessness intensity
(which is an anticipated average
breathlessness intensity, calculated as the
sum of all possible Borg scores, each
multiplied by its predicted probability); and
4) the ULN for breathlessness intensity
(corresponding to the 95th percentile among
healthy people). A spreadsheet for obtaining
the calculations is provided in the data
supplement.

Internal Validation

The prediction equations showed excellent
performance in terms of agreement
(calibration) between predicted and observed
probability (see Table E5 and Figure E2) and
discriminative ability of the models (receiver
operating characteristic curves are shown in
Figure E3), with C statistics ranging from
0.84 to 0.92 for men and from 0.87 to 0.98
for women. The models performed similarly
well in men and women and when using the
different CPET parameters (power output,
V0,, and VE) as either the absolute value or
%pred .

External Validation

The normative reference equations were
applied to the validation sample of 86 healthy
adults (see Figure E4): mean age of 68 (SD,
9.9) years, 49% woman, mean BMI of 26.0
(SD, 3.3) kg/m?, and lung function and
exercise capacity within normal ranges (see
Table E6).

Performance of the normative reference
equations in the validation sample was high
and similar to that observed in the
CanCOLD development sample for all the
equations (see Table E7 and Figures E5 and
E6): the model fit was high, with most
differences between observed and predicted
probabilities within +5% (see Table E7). The
normal reference values were also well
calibrated (see Figure E5), with high
discriminative ability to predict the
breathlessness intensity ratings (Figure E6):
C statistics ranged from 0.81 to 0.92 for men
and from 0.81 to 0.96 for women.

Discussion

This study presents normative reference
equations for the breathlessness intensity

(CR10) response during symptom-limited
incremental cycle CPET. The equations were
developed and internally validated in healthy
Canadian men and women aged =40 years
and externally validated in an independent
sample. The equations can be used to predict
1) the normative breathlessness intensity
response during incremental CPET; 2) the
breathlessness intensity ULN for a given
individual in relation to absolute and relative
power output, Vo, and VE, accounting for
sex, age, and/or body mass; and 3) the
presence of abnormal exertional
breathlessness intensity, which can be
defined as a CR10 rating greater than the
ULN. These parameters enable clinicians and
researchers to quantify the normality of
breathlessness responses to exercise
provocation in individuals and to compare
the exertional breathlessness response among
individuals and groups. All the normative
reference equations showed very high
performance in internal and external
validation.

Importantly, the normative reference
equations can be used to evaluate
breathlessness at any point of measurement
during CPET, throughout submaximal and
peak values for power output, V0,, and/or VE.
This enables the evaluation of the exertional
breathlessness response in people unwilling or
unable to perform a maximal exercise test to
the point of symptom limitation.

For the equations using relative power
output, Vo, or VE (%pred ), the predicted
maximum should be based on the best
representative reference material for the
underlying population, similarly to the
practice for spirometry (22). Expressing
breathlessness intensity in relation to
%pred . Which accounts for individual
differences in age, sex, and height, can
simplify visualization of comparisons among
individuals or groups.

How the Normative Reference
Equations Can Be Used
The normative reference equations
developed in this study enable the
evaluation and comparison of breathlessness
intensity ratings at a standardized degree of
exertion or VE during incremental CPET
(5). An example of how they can be used to
compare breathlessness between a 50-year-
old man and a 75-year-old woman is given
in Figure 3.

The equations enable the evaluation of a
number of important clinical and research
questions:

AnnalsATS Volume 21 Number 1 | January 2024
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Table 1. Characteristics of ostensibly healthy participants in the development (Canadian Cohort Obstructive Lung Disease)

sample

Characteristic

Participants, n (%)
Age, yr, mean (SD)
Range
Height, cm
Body mass, kg
Body mass index, kg/m?
Cigarette ever-smoker, n (%)
Cigarette smoker pack-years
Hypertension, n (%)
Lung function
FEV,, Y%pred
FVC, %pred
FEV4:FVC ratio, %
TLC, %pred
RV, %pred
RV:TLC ratio, % predicted
DLco, %pred
CPET values at peak exercise
Work rate, W
W, %pred
HR, beats/min
HR, %pred
Voo, L/min
Voo, Y%pred
Voo, ml/kg/min
VE, L/min
VE, %pred
SBP, mmHg
DBP, mmHg
Spo , %
RER

Breathlessness (CR10), median (IQR)

ONO A WN
3333333

9, n (%)
10, n (%)
Leg discomfort (CR10), median (IQR)
0, n (%)
0.5, n (%)
1, n (o/o)
2,n (%)
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Definition of abbreviations: CPET = cardiopulmonary exercise testing; CR10 =Borg 0-10 category ratio; DBP = diastolic blood pressure;

Dico = diffusing capacity of the lungs for carbon monoxide; FEV =forced expired volume in 1second; FVC =forced vital capacity; HR = heart

rate; IQR = interquartile range; %pred = percentage predicted; RER =respiratory exchange ratio; RV =residual volume; SBP = systolic blood

pressure; SD = standard deviation; Spo, = 0xygen saturation as measured by pulse oximetry; TLC = total lung capacity; Ve=minute ventilation;

Vo, =volume of oxygen uptake.

Data are presented as mean (standard deviation) unless otherwise specified.
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Figure 2. (A-F) Observed and expected breathlessness intensity and the ULN during incremental cycle cardiopulmonary exercise testing in
men and women, plotted using penalized B-spline by (A) power output (watts), (B) oxygen uptake (Vo,), (C) minute ventilation (VE), (D) W %
Predmax, (E) Vo, % Predmax, and (F) Ve % Predmax. The expected breathlessness intensity is an anticipated average breathlessness intensity,
calculated as the sum of all possible Borg scores, each multiplied by its predicted probability. CR10=Borg 0-10 category ratio; ULN =upper
limit of normal; Ve % Predmax = Ve expressed as a percentage of the predicted maximal value; Vo, % Predmax=Vo, expressed as a
percentage of the predicted maximal value; W % Predmax = power output expressed as a percentage of the predicted maximal value.
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Figure 2. (Continued)
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Figure 3. (A and B) Example of the predicted normal breathlessness response to incremental cycle cardiopulmonary exercise testing in terms
of (A) probability of normality (defined as the probability of having an equal or greater score among healthy people) for each possible Borg
0-10 category ratio (CR10) score at a power output (watts) of 75% predmax for the individual and (B) the ULN for breathlessness (CR10)
intensity at different power outputs. Blue lines are values for a man (age 50years, body mass 80kg, height 180cm) and red lines for a woman
(age 75years, body mass 60kg, height 170cm). Both reported a breathlessness intensity of 6 of 10 at power output 75% predmax. That
breathlessness intensity had a probability of normality of 8.9% for the man and 0.9% for the woman (A), which was within normal predicted
ranges (less than or equal to the ULN) for the man but abnormal (greater than the ULN) for the woman (B). CR = category ratio; %

predmax = percentage of the predicted maximal value. ULN = upper limit of normal.
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1. How breathless is a “normal” healthy
person? The normal breathlessness
intensity response can be predicted in
terms of the probability of each CR10
score among healthy people at any
absolute or relative power output, Vo,,
and Ve during CPET.

2. How breathless is an individual
compared with normal? The intensity of
breathlessness compared with the
normal reference is given by a score’s
probability of normality, which can be
interpreted as the predicted percentage
of people having equal or greater scores
among healthy individuals. In studies
without healthy control populations, the
reference equations can also be used to
create breathlessness intensity ratings
for a “healthy comparison group.”

3. Is an individual’s exertional breathlessness
response abnormal? An abnormal
exertional breathlessness intensity can be
defined as a score greater than the ULN
(95th percentile or scores, corresponding
to a probability of normality of <0.05),
similarly to current recommendations for
interpreting spirometry values and
physiological responses during CPET (16,
22, 28). Of note, the cutoff used to define
abnormality can be determined by the
user as needed, for example, as a
probability of normality <0.90 or <0.99.
The presence of abnormal exertional
breathlessness, or the degree of
breathlessness severity (probability of
normality), can be used to select and
characterize participants in clinical
breathlessness trials.

4. Is there a difference in breathlessness
severity when expressed in relation to
power output, Vo,, and/or VE?
Differences in breathlessness intensity
ratings relative to power output, Vo,
and VE may indicate different
underlying pathophysiological
mechanisms of abnormally high
exertional breathlessness, where
abnormality in relation to VE might
indicate greater critical inspiratory
constraints that warrant further
investigation and may be amenable to
targeted intervention (8, 29).

Strengths and Limitations
CanCOLD is a well-characterized,
population-based sample of men and women

undergoing standardized symptom-limited
incremental CPET (15). The dataset is
unique in its combination of a large-scale
population design and detailed physiological
assessments, including lung function and
CPET performed in accordance with
American Thoracic Society and European
Respiratory Society standards (21, 22). An
extensive set of eligibility criteria were
applied to identify a healthy reference
sample.

A limitation is the relatively small study
sample size. However, the performance of
the normative reference equations was also
very high in the independent validation
sample, which supports the internal and
external validity of the current references.
The findings pertain to breathlessness
intensity measured during incremental
CPET on a cycle ergometer in people aged
=40 years, using standardized instructions
on the symptom and the CR10 scale.

Next Steps

We suggest that the present normative
reference equations be used to evaluate the
exertional breathlessness intensity response
to CPET. They enable a range of novel
studies on validation in clinical populations
such as cardiopulmonary diseases and
obesity; the development of reference
equations for other populations (pediatrics,
non-Canadian adults) and breathlessness
dimensions (30) such as the degree of
unpleasantness and qualities such as “work
or effort” or “unsatisfied inspiration or air
hunger” (7, 31, 32); the prevalence, degree,
and predictors of abnormally high exertional
breathlessness in different populations and
patient groups; comparing the classification
of exertional breathlessness with
questionnaires (e.g., the modified Medical
Research Council dyspnea scale) commonly
used to categorize symptom severity (5) and
to select participants for inclusion in clinical
trials (33); and the prognostic utility of
abnormal breathlessness during CPET for
predicting clinical outcomes such as incident
disease, hospitalization, and premature
death.

Conclusions

This study provides the first reference
equations to predict the normal
breathlessness intensity response at any
standardized relative or absolute power
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output, Vo,, and VE during symptom-
limited incremental cycle CPET, developed
and validated for men and women aged
=40 years. The equations can be used to
predict the normal exertional
breathlessness intensity rating(s) for a
given individual, categorize the presence
and degree of abnormal exertional
breathlessness, and compare the intensity
of exertional breathlessness among
individuals or groups. H
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