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Abstract
Background  Cardiopulmonary exercise testing (CPET) is feasible, valid, reliable, and clinically useful in interstitial lung 
disease (ILD). However, maximal CPET values are often presented relative to body mass, whereas fat-free mass (FFM) 
may better reflect metabolically active muscle during exercise. Moreover, despite the value of maximal parameters, 
people with ILD do not always exercise maximally and therefore clinically relevant submaximal parameters must 
be identified. Therefore, this study assessed peak oxygen uptake (VO2peak) relative to FFM, identifying the validity of 
common scaling techniques; as well as characterising the oxygen uptake efficiency slope (OUES) and plateau (OUEP) 
as possible submaximal parameters.

Methods  Participants with ILD underwent assessment of body composition and CPET via cycle ergometry during 
a single study visit. To determined effectiveness of scaling for body size, both body mass and FFM were scaled using 
ratio-standard (X/Y) and allometric (X/Yb) techniques. Pearsons’s correlations determined agreement between OUES, 
OUEP, and parameters of lung function. Cohens kappa (κ) assessed agreement between OUES, OUEP and VO2peak.

Results  A total of 24 participants (7 female; 69.8 ± 7.5 years; 17 with idiopathic pulmonary fibrosis) with ILD 
completed the study. Maximal exercise parameters did not require allometric scaling, and when scaled to FFM, it 
was shown that women have a significantly higher VO2peak than men (p = 0.044). Results also indicated that OUEP 
was significantly and positively correlated with DLCO (r = 0.719, p < 0.001), and held moderate agreement with VO2peak 
(κ = 0.50, p < 0.01).

Conclusion  This study identified that ratio-standard scaling is sufficient in removing residual effects of body size from 
VO2peak, and that VO2peak is higher in women when FFM is considered. Encouragingly, this study also identified OUEP 
as a possible alternative submaximal marker in people with ILD, and thus warrants further examination.
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Introduction
Interstitial lung disease (ILD) describes a large group 
of pulmonary disorders whereby variable amounts of 
inflammation and fibrosis result in interstitial and alveo-
lar damage, with resultant decline in lung function [1]. 
Globally, approximately 2  million people have an ILD 
[2], accounting for > 120,000 deaths annually [3]. Idio-
pathic pulmonary fibrosis (IPF) is the most prevalent ILD 
in the UK, affecting a higher number of males relative to 
females, with mean age of presentation currently 73.5 
years of age [4].

Typically, forced vital capacity (FVC) and diffusion 
capacity for carbon monoxide (transfer factor; DLCO) 
are utilised for clinical management. However, numer-
ous markers can be utilised to monitor disease progres-
sion and evaluate treatment efficacy, with peak oxygen 
uptake (VO2peak) and peak power output (PPO)– the pri-
mary outcomes from cardiopulmonary exercise testing 
(CPET)– having consistently been shown as predictive of 
poorer clinical outcomes, including mortality and need 
for transplantation in ILD [5]. Furthermore, weight loss is 
also predictive of mortality [6], with fat-free mass (FFM) 
in particular being a significant independent predictor 
in IPF [7]. Moreover, musculoskeletal strength, notably 
that of the quadriceps, is reduced in IPF and significantly 
associated with VO2peak [8].

Given the association between body composition and 
physical functioning in ILD [9], and their significant 
effects upon mortality, it is prudent to consider inde-
pendent and interactive effects of body composition on 
exercise capacity in ILD. This may be of particular inter-
est when investigating sex-based differences, considering 
that males appear to have a greater mortality risk than 
females [10], a risk factor that is reflected when calculat-
ing composite scores for disease severity [11, 12]. In addi-
tion, females are more likely to have an aerobic fitness 
below a reported threshold for elevated mortality risk 
[13], indicating an important interaction between sex and 
aerobic fitness in ILD.

To date, studies investigating the use of VO2peak in 
patients with ILD have only controlled for the influencing 
factor of body mass using traditional ratio-standard scal-
ing techniques [13–15], without verification of the suit-
ability of this process in removing the residual effects of 
body size from VO2peak. It is feasible that use of allometric 
scaling [16] may be more suitable for controlling for body 
size– particularly FFM– in this population. Moreover, no 
studies to date have accounted for the residual effects of 
body size upon musculoskeletal power (e.g., peak power 
output, PPO) from CPET, and the subsequent impact 
upon analyses and interpretation of exercise tolerance in 
this population.

In addition to these maximal parameters of fitness 
in people with ILD, it is equally important to consider 

submaximal parameters in this population. By its nature, 
CPET is a maximal test, and a number of patients with 
ILD may not be able to elicit a maximal response, for 
pathophysiological (e.g., desaturation, cardiac abnor-
malities) or motivational reasons [17]. The gas exchange 
threshold (GET) is commonly presented as a submaxi-
mal marker from CPET [14, 18], but is often presented 
as a percentage of VO2peak and therefore paradoxically 
requires a maximal value against which to anchor. There-
fore, measures of aerobic fitness that are not intensity 
dependent (unlike the GET) are worthy of investigation 
in this population. Prior work has examined the oxygen 
uptake efficiency slope (OUES)– a logarithmic trans-
formation of minute ventilation in relation to oxygen 
uptake– in cardiac [19] and respiratory [20, 21] groups, 
although not ILD. Moreover, the oxygen uptake efficiency 
plateau (OUEP)– the highest 90  s average of oxygen 
uptake relative to ventilation– has also been assessed in 
cardiac [22] and shows promising discriminative ability 
in respiratory [23] groups; but has yet to be investigated 
in ILD.

Therefore, this study sought to characterise: (a) dif-
ferences in VO2peak and PPO exist between sexes when 
parameters of body size are fully accounted for via allo-
metric scaling, and (b) submaximal CPET derived param-
eters in ILD, identifying associations with traditional 
maximal CPET, and functional spirometry parameters.

Methods
Participants
Data for this analysis was obtained from the PETFIB 
Study (Exploring the potential of CardioPulmonary 
Exercise Testing as a functional marker in patients diag-
nosed with FIBrosing Lung Disease)– aimed at assess-
ing the feasibility of CPET in patients with ILD [17]. This 
study received ethics approval from the Health Research 
Authority following review by the South West (Frenchay) 
Research Ethics Committee (17/SW/0059; IRAS 
#220189), with all procedures undertaken in line with the 
Declaration of Helsinki [24].

Recruitment to the study was made via a database 
screen of eligible participants under the clinical care of 
the ILD Multi-Disciplinary Team (MDT) at the Royal 
Devon & Exeter (RD&E) NHS Foundation Trust Hospital. 
Inclusion criteria included, as noted previously [17]: [1] 
clinical diagnosis of fibrotic lung disease; [2] age between 
40 and 85 years; [3] lung function of FVC > 40% and 
DLCO >25%; and [4] willing and able to provide informed 
consent. Moreover, exclusion criteria included: [1] being 
unable/unwilling to provide informed consent; [2] car-
diovascular reasons, including left or right ventricular 
ejection fraction < 50%; more than mild valvular heart 
disease; lack of available chest CT images; significant 
repolarisation abnormalities or arrhythmias identified 
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by resting 12-lead ECG or untoward ECG changes and/
or symptoms of ischemia during previous baseline test-
ing of CPET; severe cardiovascular comorbidity or other 
medical conditions that could contribute to dyspnoea; [3] 
significant neurological impairment that impairs exer-
cise; [4] pulmonary reasons, including poorly controlled 
(symptomatic) asthma, or recent exacerbation of asthma 
(requiring hospitalisation or medical therapy) within the 
preceding 4 weeks; or forced expiratory volume in 1  s/
FVC (FEV1/FVC) ratio < 65%; or daytime oxygen therapy; 
[5] contraindications to exercise testing.

All patients included will have received a clinical diag-
nosis of fibrotic lung disease as determined by the RD&E 
MDT, which included a respiratory physician and radiol-
ogist, in line with national guidance [25]. Once recruited, 
all participants provided written and informed consent 
upon recruitment to the study; whereby a total of 24 par-
ticipants (17 male, 7 female) with ILD contributed data 
to this analysis. All anthropometric and pulmonary func-
tion data for participants is listed in Table 1.

Physiological measurements
Measures of FEV1, FVC and DLCO were retrospectively 
extracted from pulmonary function test (PFT) data 
from each participant’s medical records. These data are 
presented as an absolute value, and as a percent of a 

predicted value for age, sex, and stature [26, 27], using 
PFT from the date closest to their CPET. Body fat per-
centage (and subsequent calculation of FFM) was 
assessed using air displacement plethysmography (Bod-
Pod; COSMED, Rome, Italy).

Exercise testing
All CPET was undertaken on an electronically braked 
cycle ergometer (Lode Excalibur; Lode, Groningen, the 
Netherlands), with participants undertaking an incre-
mental-ramp protocol at a rate of 10 W.min− 1. The power 
at which the participant ceased exercising (through 
exhaustion or clinical termination) was recorded as PPO. 
Previous work has shown CPET to be feasible [17], valid 
and reliable in ILD [28].

Pulmonary gas exchange was recorded using a meta-
bolic cart (Medgraphics Ultima; Medical Graphics UK 
Ltd., Gloucester, UK), alongside measures of heart rate 
(HR) via 12-lead electrocardiogram (Welch Allyn Car-
dioPerfect; Hillrom, Chicago, USA), peripheral capillary 
oxygen saturation (SpO2) using a pulse oximeter (Choice 
MMed MD300C2; ChoiceMMed, Dusseldorf, Germany), 
and ratings of perceived effort (RPE) and dyspnoea 
(RPD), on scales of 6–20 and 0–10 respectively [29].

Pulmonary gas exchange data was exported and ana-
lysed in 10  s averages, with VO2peak taken as the high-
est 10-second average and expressed as a percentage of 
predicted [30]. The GET was determined via the V-slope 
method [31] and confirmed using ventilatory equivalents 
for O2 and CO2. Heart rate reserve (HRR) was calculated 
by using peak heart rate (HRpeak) as a percentage of age-
predicted maximum (220-Age). Ventilatory limitation 
was assessed by determining minute ventilation (VEpeak) 
as a percentage of maximal voluntary ventilation (MVV, 
forced expiratory volume in one-second [FEV1] x 40). 
Tests were deemed to be valid provided they satisfied at 
least one of the criteria for a maximal effort (e.g. plateau 
in VO2, secondary criteria), as per recent technical stan-
dards from the European Respiratory Society [28, 32].

Derivation of submaximal measures of OUES and 
OUEP were calculated using previously described meth-
ods [23, 33]. For OUES, linear regressions were plotted 
between VO2 and logVE, from the start of the incremen-
tal phase and up to VO2peak, with the slope of this func-
tion carried forward as the OUES [33]. For OUEP, the 
highest 90-second VO2/VE average during the course of 
the CPET was taken forward for analysis; unlike OUES, 
VE is not transformed in this process [23]. Further, graph-
ical explanation of the derived submaximal measures are 
provided in Fig. 1.

Statistical analyses
To determine whether measures of VO2peak and peak 
power output (PPO) required allometric scaling relative 

Table 1  Anthropometric and pulmonary function characteristics 
for 24 individuals with interstitial lung disease
Variable Whole 

Group 
(n = 24)

Males
(n = 17)

Females
(n = 7)

P-value Ef-
fect 
Size

Anthropometrics
Age (years) 69.8 ± 7.5 70.3 ± 8.3 68.5 ± 5.0 0.59 0.24
Stature (cm) 170.2 ± 7.2 173.0 ± 5.6 163.4 ± 6.5 0.001 1.64
Body Mass 
(kg)

80.1 ± 13.4 82.0 ± 13.4 75.3 ± 13.2 0.28 0.56

Body Fat (%) 36.6 ± 10.3 32.3 ± 8.4 47.2 ± 5.9 < 0.001 1.91
Fat Free Mass 
(kg)

50.4 ± 10.1 54.9 ± 7.0 39.6 ± 8.0 < 0.001 2.10

Pulmonary Function
FEV1 (L) 2.38 ± 0.54b 2.54 ± 0.49a 1.96 ± 0.45a 0.021 1.21
FEV1 
(%Predicted)

85.6 ± 16.4b 85.6 ± 17.6a 85.7 ± 14.4a 1.00 0.01

FVC (L) 2.97 ± 0.80b 3.19 ± 0.77a 2.38 ± 0.58a 0.031 1.11
FVC 
(%Predicted)

83.5 ± 18.7 82.9 ± 19.2 85.1 ± 18.8 0.79 0.12

DLCO (mL.
min− 1.kPa− 1)

4.42 ± 1.00d 4.60 ± 1.11c 3.97 ± 0.42b 0.24 0.64

DLCO 
(%Predicted)

54.1 ± 12.8b 54.0 ± 14.8a 54.5 ± 5.7a 0.94 0.04

All values presented at mean ± standard deviation. an-1, bn-2, cn-4, dn-6 all due 
to pulmonary function data not being available in medical notes

Statistically significant results, and large effect sizes (> 0.8 (34)) are highlighted 
in bold

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; DLCO, 
diffusing capacity for carbon monoxide
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Fig. 1  Transformation of VO2 and VE data into parameters of OUES and OUEP. A: Profile of VO2 and VE responses during a cardiopulmonary exercise test 
with respect to time and work-rate. B: Curvilinear ventilatory response to incremental exercise, from the start of the incremental ramp phase to volitional 
exhaustion (i.e. ̇ VO2peak). C: The same response profile as (B), however ventilation has been log-transformed (base 10). The resultant linear regression in 
the example above produces a value of 2131 for ‘a’ in equation VO2 = a*logVE + b. This value is the oxygen uptake efficiency slope, which is subsequently 
carried forward for analysis. D: Profile of OUE (VO2/VE) during the during a cardiopulmonary exercise test with respect to time. E: Profile of OUE (VO2/VE) 
during the during a cardiopulmonary exercise test with respect to time, with the OUEP (highest 90-second VO2/VE average) highlighted from 330–410 s; 
at a value of 33.0 mL.L−1. OUE: oxygen uptake efficiency; VO2: oxygen uptake; VE: minute ventilation; WR: work rate
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to body mass and FFM, preliminary analyses as described 
in Supplementary File 1 were undertaken. The necessity 
of scaling procedures was also assessed for OUES and 
OUEP.

Independent samples t-tests were undertaken to estab-
lish differences between sexes for anthropometric and 
exercise-based variables, including VO2peak and PPO 
when expressed as an absolute value, and when scaled 
for body size (using ratio-standard and allometric meth-
ods, should both be required). Furthermore, effect sizes, 
using threshold of Cohen et al. [34], characterised dif-
ferences between sexes where necessary (small = 0.2, 
medium = 0.5, large = 0.8).

Correlations between spirometry measures and exer-
cise outcomes were established using Pearsons corre-
lation coefficients, whereby thresholds of Cohen et al. 
[34]. described the magnitude of coefficients (small = 0.1, 
medium = 0.3, large = 0.5).

Finally, to assess agreement in classifying patients’ fit-
ness using different parameters, participants were split 
into equal tertiles of ‘high’, ‘medium’, or ‘low’ fitness for 
VO2 (%Predicted), OUES and OUEP in line with previous 
studies [23]. Agreement between categories was exam-
ined via Cohen’s Kappa [35], with strength of this statistic 
interpreted as ‘poor’ (0.00-0.20) to ‘almost perfect’ (0.81-
1.00) [36].

For all null hypothesis significance tests, statistical sig-
nificance was set at p = 0.05 throughout. Statistical tests 
were undertaken using IBM SPSS Statistics v29 (IBM; 
Armonk NY, USA).

Results
Of the 24 participants within this study, the majority 
(n = 17) were diagnosed with IPF, followed by chronic 
hypersensitivity pneumonitis (n = 3), usual intersti-
tial pneumonia (n = 2), probable IPF (n = 1) and fibrotic 
organising pneumonia (n = 1).

Descriptive data for the whole group, and sexes are 
presented in Table 1. Stature, body fat percentage, FFM 
and absolute FEV1 and FVC were statistically different 
between sexes. However, differences in pulmonary func-
tion disappeared when normalised to a percentage of 
predicted. No further anthropometric or pulmonary vari-
able displayed a significant difference between groups. 
The mean time difference between CPET and PFTs was 
7 ± 22 weeks.

Maximal fitness
As shown in Supplemental File 1, ratio-standard scal-
ing was sufficient in removing the residual effect of body 
size from VO2peak and PPO in this group, and therefore 
all data pertaining to VO2peak is expressed in a ratio-stan-
dard format herein.

In comparing VO2peak between sexes, non-significant 
differences were evident between sexes when express-
ing VO2peak as an absolute value (M, 1.36 ± 0.41 v F, 
1.22 ± 0.28 L.min− 1, ES = 0.37) and relative to body mass 
(M, 17.0 ± 5.6 v F, 16.3 ± 2.6 mL.kg− 1.min− 1, ES = 0.16) 
as shown in Fig.  2 (A, B). However, when expressed 
relative to FFM, females presented with a significantly 
higher VO2peak than males (M, 24.9 ± 6.7 v F, 31.0 ± 5.3 
mL.kgFFM− 1.min− 1, ES = 0.96), as displayed in Fig. 2C.

In comparing PPO between sexes, non-significant dif-
ferences were evident between groups when expressed 
as an absolute value (M, 101 ± 36 v F, 83 ± 24  W, 
ES = 0.54), and relative to body mass (M, 1.26 ± 0.51 v F, 
1.10 ± 0.25  W.kg− 1, ES = 0.35) and FFM (M, 1.85 ± 0.63 v 
F, 2.11 ± 0.55  W.kgFFM− 1, ES = 0.43) as shown in Fig.  2 
(D-F).

Apart from the scaled VO2peak and PPO data, there 
were no further differences between sexes for maximal 
exercise variables (Table 2).

Submaximal fitness
The OUES and the OUEP were not biased by body size, 
and therefore no scaling procedures have been imple-
mented on these variables.

With regards to the OUES, this was not different 
between sexes (p > 0.05; Table 2). It also held large, signifi-
cant, correlations with DLCO, both as an absolute value 
and as a percentage of predicted (Table  3). When split 
into tertiles, there was a slight agreement between OUES 
and VO2peak in their ability to identify high, medium, and 
low-fitness participants (κ = 0.19, p = 0.19; Fig. 3).

The OUEP was not significantly different between 
sexes, either as an absolute value, or as an end-VO2 
value (Table  2). The OUEP as a percentage of time to 
exhaustion was different between groups, with men tak-
ing longer to reach OUEP than women (254 ± 136 vs. 
120 ± 133  s). As a whole group, the mean time to reach 
OUEP was 215 ± 146  s (3  min, 35  s), ranging from 0 to 
430 s (occurring during the warm-up; to 7 min, 10 s). The 
OUEP also held large, significant, correlations with DLCO 
(larger than OUES; Table  3). When split into tertiles, 
agreement between VO2peak and OUEP was moderate 
(κ = 0.50, p < 0.01; Fig. 3).

Discussion
The purpose of this study was to identify the association 
between parameters of maximal fitness and body com-
position in those with ILD (predominantly IPF). It was 
found that ratio-standard scaling is sufficient in remov-
ing residual effects of body size, and that females with 
ILD have a greater VO2peak than males when controlling 
for body composition. Simultaneously, this study sought 
to characterise submaximal parameters of fitness in ILD, 
finding that OUEP holds potential as a functional marker 
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given its similarity to VO2peak in discerning disease sever-
ity, and possibly negating the need for patients to exercise 
to volitional exhaustion.

Maximal exercise parameters
In characterising parameters of maximal fitness in this 
group of people with ILD, this analysis has shown that 
ratio-standard scaling is sufficient in removing residual 
effects of body size from VO2peak and PPO. Consideration 
of the explicit nature of body composition in assessing 
fitness is of utmost importance, given that both predict 
adverse long term outcomes such as mortality [5, 7], and 
the prevalence of sarcopenia in people with ILD [37, 38]. 
Therefore, their independent and interactive effects must 
be understood to ensure optimal outcomes.

Furthermore, as sex has been shown to have an inter-
action with VO2max when predicting mortality [13], this 
is an equally important factor whose interactive effects 
must be understood. Of further interest, this analysis 
indicates that when body composition is controlled for, 
women appear to have a ~ 25% higher cardiopulmonary 
fitness than male counterparts (Fig.  2C)– an unusual 
yet novel finding, that warrants replication. Conversely, 
only one study to date (to the authors’ knowledge) has 
reported sex differences previously in ILD (thoracic 

sarcoidosis), showing lower VO2peak as a percent of pre-
dicted in women [39], although it is unclear what equa-
tions were used and thus comparative interpretation is 
limited.

Within the present work, as women appear to have 
higher VO2peak, but not higher PPO when FFM is con-
trolled, this may indicate preserved cardiac and/or 
respiratory function relative to males (who therefore are 
implied to have a musculoskeletal limitation to exercise 
tolerance). To further support this, as HRpeak is not dif-
ferent between sexes (Table  2), this may indicate a pul-
monary limitation to exercise in women, in contrast to 
men. The functional cause of this pulmonary limitation 
is unclear given non-significant differences in both FVC 
and DLCO between sexes in this study (Table 1), but this 
must also be carefully examined in future studies [40]. 
Moreover, the possible sex differences in predominant 
limitations to exercise may influence the personalisation 
of pulmonary rehabilitation regimens [41].

Submaximal exercise parameters
In addition to examining maximal parameters, this 
analysis characterised the OUES and OUEP as possible 
submaximal surrogates for fitness in ILD. It is noted 
that OUEP appears the more promising of the two 

Fig. 2  Differences between males and females for VO2peak (A-C) and peak power output (D-F), expressed as an absolute value (A, D), relative to body mass 
(B, E), and relative to FFM (C, F). Scaling in plots B, C, E and F utilise ratio-standard scaling to remove residual effects of body size. FFM, fat-free mass; PPO, 
peak power output; VO2peak, peak oxygen uptake
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measurements, given a higher correlation with pulmo-
nary function than OUES (Table 3), and a higher agree-
ment than OUES in discriminating tertiles of aerobic 
fitness (Fig. 3).

One study to date has assessed OUES in ILD [42], not-
ing broadly similar values to the current study, but no 
insight into its potential clinical application. In contrast 
to OUES, the current study is the first to examine OUEP 
in ILD, and appears to have genuine clinical potential. For 
example, in terms of clinical practice, participants in this 
study only required a mean of three and a half minutes 
to obtain a value for OUEP (approximately a third of a 

CPET duration), a feasible amount of time for patients to 
exercise. This is in contrast to the OUES, which is typi-
cally measured across a full CPET, or an array of points 
anchored to maximal ability [43]. By having these points 
anchored to a physiological maximum (such as VO2peak), 
this in turn nullifies the need for a submaximal replace-
ment. As there remains a cohort of patients that will not 
be able to undergo a full CPET due to clinical contraindi-
cations [17], use of the OUEP as an alternative marker of 
aerobic fitness warrants further investigation.

Strengths & limitations
The primary strength of this work is the consideration of 
allometric scaling, relative to FFM; overcoming assump-
tions to date that both ratio-standard scaling, and use of 
body mass would be appropriate. Although in the pres-
ent study, the ratio-standard approach was sufficient 
in removing residual effects of body size from the pres-
ent population, this must still be interpreted with cau-
tion as it may not be valid for another sample [44], and 
we encourage the replication of this work across further 
groups of people with ILD, and its subtypes. In future, all 
future studies would be prudent to consider allometric 
scaling as a preliminary analysis for their own respec-
tive populations. The limited sample size may also impair 
interpretation of sex-based differences, but the combined 
use of null hypothesis significance testing, and effect sizes 
do aid in overcoming this limitation to an extent.

The use of FFM– a measure that incorporates all non-
fat components, including bone, organ tissue, and body 
water– may not truly reflect skeletal muscle mass (SMM). 
Instead, a measure such as SMM, or skeletal mass index 
(SMI), may be a more appropriate parameter against 
which to scale, as these can be used in the diagnosis of 

Table 2  Exercise based characteristics for 24 individuals with 
interstitial lung disease
Variable Whole 

Group 
(n = 24)

Males
(n = 17)

Females
(n = 7)

P-value Ef-
fect 
Size

Maximal Exercise Parameters
VO2peak 
(L.min− 1)

1.32 ± 0.38 1.36 ± 0.41 1.22 ± 0.28 0.41 0.37

PPO (W) 96 ± 34 101 ± 36 83 ± 24 0.17 0.54
VO2/PPO (mL.
W− 1)

14.4 ± 2.6 14.1 ± 1.8 15.0 ± 2.1 0.44 0.48

GET (L.min− 1) 0.78 ± 17a 0.81 ± 0.18a 0.71 ± 0.14 0.25 0.38
GET 
(%VO2peak)

59.7 ± 11.4a 59.6 ± 11.3a 60.0 ± 12.4 0.93 0.03

VEpeak 
(L.min− 1)

66.5 ± 25.1 71.9 ± 27.1 53.5 ± 13.5 0.10 0.76

VE/MVV (%) 71.5 ± 19.6b 72.7 ± 22.2a 68.4 ± 11.0a 0.66 0.22
RER 1.35 ± 0.16 1.36 ± 0.15 1.33 ± 0.22 0.70 0.17
HRpeak (beats.
min− 1)

148 ± 21 144 ± 23 157 ± 12 0.18 0.63

HRR (%max) 1.4 ± 13.9 3.5 ± 15.2 -3.8 ± 8.7 0.25 0.53
SpO2 (%) 89 ± 5 89 ± 5 89 ± 6 0.96 0.00
RPE 14 ± 2 14 ± 2 14 ± 2 0.94 0.00
RPD 4 ± 1 4 ± 1 4 ± 1 0.82 0.00
Submaximal Exercise Parameters
OUES 1630 ± 333 1622 ± 334 1647 ± 356 0.88 0.07
OUEP (mL.
L− 1)

27.0 ± 4.9 26.5 ± 5.3 28.4 ± 3.8 0.40 0.38

OUEP (% TTE) 36.0 ± 22.7 41.1 ± 20.2 23.6 ± 25.3 0.09 0.81
OUEP (end 
VO2, L.min− 1)*

0.81 ± 0.21 0.85 ± 0.22 0.71 ± 0.12 0.14 0.71

OUEP 
(end VO2, 
%VO2peak)*

63.2 ± 14.4 64.2 ± 14.3 60.7 ± 15.7 0.60 0.24

All values presented at mean ± standard deviation. an-1 due to non-detection 
of gas exchange threshold; bn-2 due to pulmonary function data not being 
available in medical notes. *As OUEP is a 90-second measure, these values 
indicate VO2 values at the end of this 90-second period

Statistically significant results, and large effect sizes (> 0.8 (34)) are highlighted 
in bold

GET, gas exchange threshold; HRpeak, peak heart rate; HRR, heart rate reserve; 
MVV, maximal voluntary ventilation; OUEP, oxygen uptake efficiency plateau; 
OUES, oxygen uptake efficiency slope; PPO, peak power output; RER, respiratory 
exchange ratio; RPD, rating of perceived dyspnoea; RPE, rating of perceived 
exertion; SpO2, saturation of peripheral oxygen; TTE, time to exhaustion; VEpeak, 
peak minute ventilation; VO2peak, peak oxygen uptake

Table 3  Pearson’s correlation coefficients between parameters 
of pulmonary function and maximal and submaximal exercise

VO2peak
(L.min− 1)

VO2peak
(%Predicted)

OUES OUEP 
(mL.L− 1)

FEV1 (L) r = 0.567
p = 0.006

r = -0.072
p = 0.751

r = 0.072
p = 0.750

r = 0.314
p = 0.155

FEV1 (%Predicted) r = 0.418
p = 0.053

r = 0.329
p = 0.135

r = 0.086
p = 0.705

r = 0.364
p = 0.096

FVC (L) r = 0.456
p = 0.033

r = -0.085
p = 0.706

r = 0.025
p = 0.914

r = 0.364
p = 0.096

FVC (%Predicted) r = 0.356
p = 0.087

r = 0.298
p = 0.158

r = 0.169
p = 0.429

r = 0.450
p = 0.027

DLCO (mL.
min− 1.kPa− 1)

r = 0.690
p = 0.002

r = 0.153
p = 0.546

r = 0.566
p = 0.014

r = 0.632
p = 0.005

DLCO (%Predicted) r = 0.690
p < 0.001

r = 0.570
p = 0.006

r = 0.654
p < 0.001

r = 0.719
p < 0.001

Statistically significant correlations, and large effect sizes (> 0.5 (34)) are 
highlighted in DLCO, diffusion capacity for carbon monoxide; FEV1, forced 
expiratory volume in one second; FVC, forced vital capacity; OUEP, oxygen 
uptake efficiency plateau; OUES, oxygen uptake efficiency slope; VO2peak, peak 
oxygen uptake
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sarcopenia [45], a condition that is present in those with 
ILDs and is associated with disease severity [37, 38].

However, these parameters were not available via the 
air displacement plethysmography method, and should 
be viewed with caution as there is variable agreement 
between these variables across the rage of prediction 
equations that are available [46]. Future studies should 
consider the collection of data specifically related to 
SMM, as well as FFM, particularly as the latter remains a 
predictor of survival [7].

In addition, there are some limitations to our sample. 
Firstly, we did not have a full smoking history for all par-
ticipants, and therefore we cannot discount any impact 
of this upon measures of body composition or fitness. 

Moreover, it must be noted that as the primary aim 
of this study was to assess feasibility–safety, practical-
ity, acceptability, and demand– of CPET [17], the study 
was not designed with a sample size calculation a priori 
to detect observed differences between groups. Utilis-
ing differences in VO2peak, when scaled relative to FFM 
(Fig. 2c), observed power (1-β) is deemed to be 0.53, and 
therefore replication of this work is again called for (com-
paring two groups of ~ 19 each, if the same power is to be 
achieved), particularly as so many of the included partici-
pants had IPF, and relatively mild disease.

Contrasted against these limitations, this study utilises 
gold-standard CPET to assess aerobic fitness; a test that 
is feasible, valid and reliable in this cohort of patients [17, 
28]. This ensures that a physiologically maximal response 
is achieved and interpreted with confidence. Moreover, 
the aforementioned use of allometric scaling ensures a 
full interrogation of the association between body size 
and function is undertaken, further ensuring confident 
interpretation of data.

Conclusions
In summary, this study for the first time has verified 
that ratio standard scaling procedures are sufficient in 
removing effects of body size from fitness in this set of 
ILD patients, and in a surprise finding, that women have 
higher aerobic fitness (relative to body mass) compared 
to male patients with ILD. Furthermore, the OUEP 
emerged as a submaximal marker worthy of further 
investigation in this disease group, particularly for those 
who may be unable to complete a maximal CPET to voli-
tional exhaustion.
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IPF	� Idiopathic pulmonary fibrosis
MVV	� Maximal voluntary ventilation
OUEP	� Oxygen uptake efficiency plateau
OUES	� Oxygen uptake efficiency slope
PFT	� Pulmonary function test
PPO	� Peak power output
RPD	� Rating of perceived dyspnoea
RPE	� Rating of perceived exertion
SMM	� Skeletal muscle mass
SMI	� Skeletal mass index
SpO2	� Peripheral capillary oxygen saturation
VEpeak	� Peak minute ventilation
VO2peak	� Peak oxygen uptake

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​3​1​-​0​2​5​-​0​3​1​9​5​-​9.

Fig. 3  Agreement between VO2peak and OUES (upper plot) and OUEP 
(lower plot) in number of participants fitting each ‘high’, ‘medium’, and ‘low’ 
tertiles of fitness. Each box contains number of participants who fit each 
respective high/medium/low fitness tertile for each measure. A lower 
number is considered poor, indicating low agreement, whereas a higher 
number indicates good agreement. OUEP: oxygen uptake efficiency pla-
teau; OUES: oxygen uptake efficiency slope; VO2: oxygen uptake

 

https://doi.org/10.1186/s12931-025-03195-9
https://doi.org/10.1186/s12931-025-03195-9


Page 9 of 10Tomlinson et al. Respiratory Research          (2025) 26:123 

Supplementary Material 1

Acknowledgements
The authors would like to acknowledge Dr Bridget Knight, Dr Sarah Statton, 
Dr Tom Burden and Dr Ben Soar for assistance with recruitment and testing. 
Furthermore, the authors acknowledge ongoing support from staff at the 
Interstitial Lung Disease Team at the Royal Devon University Healthcare NHS 
Foundation Trust and NIHR Exeter Clinical Research Facility.

Author contributions
MG, CS and CW conceived the work. OT, AD, LM, RW and MG performed all 
testing. OT analysed data. OT, MG, CS and CW. OT drafted manuscript. OT, 
AD, LM, RW, MG, CS, and CW critically reviewed manuscript and endorsed 
final version for submission. OT, AD, LM, RW, MG, CS, and CW all agree to be 
accountable for all aspects of the work.

Funding
This study was supported by an R&D ‘Small Grant’ from the Royal Devon & 
Exeter NHS Foundation Trust. AD was funded by the GW4 BioMed Medical 
Research Council Doctoral Training Partnership. RW was funded by a National 
Institute for Health Research (NIHR) Academic Clinical Fellowship.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Ethics approval for this study was granted by the Health Research Authority 
(IRAS #220189) following review by the South West (Frenchay) Research 
Ethics Committee (17/SW/0059). All participants provided written, informed, 
informed consent to participate.

Patient consent for publication
All participants have consented to publication of study data as part of consent 
to study participation.

Rights retention
For the purpose of open access, the authors have applied a Creative 
Commons Attribution (CC BY) licence to any Author Accepted Manuscript 
version arising from this submission.

Disclaimer
This project is supported by the National Institute for Health Research (NIHR) 
Exeter Clinical Research Facility. The views expressed are those of the author(s) 
and not necessarily those of the NIHR or the Department of Health and Social 
Care.

Disclosure
An abstract associated with this work has been previously published at the 
British Thoracic Society, with publication in a supplement of Thorax under the 
following citation: Tomlinson et al. (2021). S14 The utility of the oxygen uptake 
efficiency plateau as a submaximal exercise biomarker in interstitial lung 
disease, Thorax, 76 (S1): A11-A12.

Competing interests
The authors declare no competing interests.

Received: 28 June 2024 / Accepted: 17 March 2025

References
1.	 King TE Jr. Clinical advances in the diagnosis and therapy of the interstitial 

lung diseases. Am J Respir Crit Care Med. 2005;172(3):268–79.
2.	 Vos T, Allen C, Arora M, Barber RM, Bhutta ZA, Brown A, et al. Global, regional, 

and National incidence, prevalence, and years lived with disability for 310 

diseases and injuries, 1990–2015: a systematic analysis for the global burden 
of disease study 2015. Lancet. 2016;388(10053):1545–602.

3.	 Wang H, Naghavi M, Allen C, Barber RM, Bhutta ZA, Carter A, et al. Global, 
regional, and National life expectancy, all-cause mortality, and cause-specific 
mortality for 249 causes of death, 1980–2015: a systematic analysis for the 
global burden of disease study 2015. Lancet. 2016;388(10053):1459–544.

4.	 British Thoracic Society. BTS ILD Registry Annual Report 2019. London, UK: 
British Thoracic Society; 2019.

5.	 Barratt SL, Davis R, Sharp C, Pauling JD. The prognostic value of cardiopulmo-
nary exercise testing in interstitial lung disease: a systematic review. ERJ Open 
Res. 2020;6(3):00027–2020.

6.	 Pugashetti J, Graham J, Boctor N, Mendez C, Foster E, Juarez M et al. Weight 
loss as a predictor of mortality in patients with interstitial lung disease. Eur 
Respir J. 2018;52(3).

7.	 Nishiyama O, Yamazaki R, Sano H, Iwanaga T, Higashimoto Y, Kume H, et al. 
Fat-free mass index predicts survival in patients with idiopathic pulmonary 
fibrosis. Respirology. 2017;22(3):480–5.

8.	 Nishiyama O, Taniguchi H, Kondoh Y, Kimura T, Ogawa T, Watanabe F, et al. 
Quadriceps weakness is related to exercise capacity in idiopathic pulmonary 
fibrosis. Chest. 2005;127(6):2028–33.

9.	 Guler SA, Hur SA, Lear SA, Camp PG, Ryerson CJ. Body composition, muscle 
function, and physical performance in fibrotic interstitial lung disease: a 
prospective cohort study. Respir Res. 2019;20(1):56.

10.	 Gribbin J, Hubbard RB, Le Jeune I, Smith CJ, West J, Tata LJ. Incidence and 
mortality of idiopathic pulmonary fibrosis and sarcoidosis in the UK. Thorax. 
2006;61(11):980–5.

11.	 Ley B, Ryerson CJ, Vittinghoff E, Ryu JH, Tomassetti S, Lee JS, et al. A multidi-
mensional index and staging system for idiopathic pulmonary fibrosis. Ann 
Intern Med. 2012;156(10):684–91.

12.	 Ryerson CJ, Vittinghoff E, Ley B, Lee JS, Mooney JJ, Jones KD, et al. Predicting 
survival across chronic interstitial lung disease: the ILD-GAP model. Chest. 
2014;145(4):723–8.

13.	 Fell CD, Liu LX, Motika C, Kazerooni EA, Gross BH, Travis WD, et al. The prog-
nostic value of cardiopulmonary exercise testing in idiopathic pulmonary 
fibrosis. Am J Respir Crit Care Med. 2009;179(5):402–7.

14.	 Triantafillidou C, Manali E, Lyberopoulos P, Kolilekas L, Kagouridis K, Gyfto-
poulos S, et al. The role of cardiopulmonary exercise test in IPF prognosis. 
Pulmonary Med. 2013;2013:514817.

15.	 Vainshelboim B, Oliveira J, Fox BD, Kramer MR. The prognostic role of ventila-
tory inefficiency and exercise capacity in idiopathic pulmonary fibrosis. Respir 
Care. 2016;61(8):1100–9.

16.	 Nevill AM, Ramsbottom R, Williams C. Scaling physiological measurements 
for individuals of different body size. Eur J Appl Physiol Occup Physiol. 
1992;65(2):110–7.

17.	 Tomlinson O, Duckworth A, Markham L, Wollerton R, Knight B, Spiers A, et al. 
Feasibility of cardiopulmonary exercise testing in interstitial lung disease: the 
PETFIB study. BMJ Open Respiratory Res. 2021;8(1):e000793.

18.	 Stubbe B, Ittermann T, Grieger A, Walther C, Gläser S, Ewert R. Value of 
cardiopulmonary exercise testing in prognostic assessment of patients with 
interstitial lung diseases. J Clin Med. 2022;11(6):1609.

19.	 Baba R, Nagashima M, Goto M, Nagano Y, Yokota M, Tauchi N, et al. Oxygen 
uptake efficiency slope: A new index of cardiorespiratory functional reserve 
derived from the relation between oxygen uptake and minute ventilation 
during incremental exercise. J Am Coll Cardiol. 1996;28(6):1567–72.

20.	 Gruet M, Brisswalter J, Mely L, Vallier JM. Clinical utility of the oxygen uptake 
efficiency slope in cystic fibrosis patients. J Cyst Fibros. 2010;9(5):307–13.

21.	 Barron A, Francis DP, Mayet J, Ewert R, Obst A, Mason M, et al. Oxygen uptake 
efficiency slope and breathing reserve, not anaerobic threshold, discrimi-
nate between patients with cardiovascular disease over chronic obstructive 
pulmonary disease. JACC: Heart Fail. 2016;4(4):252–61.

22.	 Sun XG, Hansen JE, Stringer WW. Oxygen uptake efficiency plateau best 
predicts early death in heart failure. Chest. 2012;141(5):1284–94.

23.	 Tomlinson OW, Barker AR, Chubbock LV, Stevens D, Saynor ZL, Oades PJ, et al. 
Analysis of oxygen uptake efficiency parameters in young people with cystic 
fibrosis. Eur J Appl Physiol. 2018;118(10):2055–63.

24.	 World Medical Association. World medical association declaration of Helsinki: 
ethical principles for medical research involving human subjects. JAMA. 
2013;310(20):2191–4.

25.	 National Institute for Health and Care Excellence. Idiopathic pulmonary 
fibrosis in adults: diagnosis and management [Internet]. London, UK. 2017. 
Available from: ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​n​i​c​​​e​.​o​​​r​g​.​​​u​k​​/​g​u​i​d​a​​n​c​e​/​c​g​1​6​3

https://www.nice.org.uk/guidance/cg163


Page 10 of 10Tomlinson et al. Respiratory Research          (2025) 26:123 

26.	 Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-ethnic 
reference values for spirometry for the 3-95-yr age range: the global lung 
function 2012 equations. Eur Respir J. 2012;40(6):1324–43.

27.	 Cotes JE, Chinn DJ, Quanjer PH, Roca J, Yernault JC. Standardization of the 
measurement of transfer factor (diffusing capacity). Eur Respir J. 1993;6(Suppl 
16):41–52.

28.	 Tomlinson OW, Markham L, Wollerton RL, Knight BA, Duckworth A, Gibbons 
MA, et al. Validity and repeatability of cardiopulmonary exercise testing in 
interstitial lung disease. BMC Pulm Med. 2022;22(1):485.

29.	 Borg GAV. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. 
1982;14(5):377–81.

30.	 Jones NL, Makrides L, Hitchcock C, Chypchar T, McCartney N. Normal stan-
dards for an incremental progressive cycle ergometer test. Am Rev Respir Dis. 
1985;131(5):700–8.

31.	 Beaver WL, Wasserman K, Whipp BJ. A new method for detecting anaerobic 
threshold by gas exchange. J Appl Physiol. 1986;60(6):2020–7.

32.	 Radtke T, Crook S, Kaltsakas G, Louvaris Z, Berton D, Urquhart DS, et al. ERS 
statement on standardisation of cardiopulmonary exercise testing in chronic 
lung diseases. Eur Respiratory Rev. 2019;28(154):180101.

33.	 Tomlinson OW, Barker AR, Oades PJ, Williams CA. Scaling the oxygen 
uptake efficiency slope for body size in cystic fibrosis. Med Sci Sports Exerc. 
2017;49(10):1980–6.

34.	 Cohen J. A power primer. Psychol Bull. 1992;112(1):155–9.
35.	 Cohen J. A coefficient of agreement for nominal scales. Educ Psychol Meas. 

1960;20(1):37–46.
36.	 Landis JR, Koch GG. The measurement of observer agreement for categorical 

data. Biometrics. 1977;33(1):159–74.
37.	 Hanada M, Sakamoto N, Ishimoto H, Kido T, Miyamura T, Oikawa M, et al. A 

comparative study of the sarcopenia screening in older patients with intersti-
tial lung disease. BMC Pulm Med. 2022;22(1):45.

38.	 Faverio P, Fumagalli A, Conti S, Madotto F, Bini F, Harari S, et al. Sarcopenia 
in idiopathic pulmonary fibrosis: a prospective study exploring prevalence, 
associated factors and diagnostic approach. Respir Res. 2022;23(1):228.

39.	 Lopes AJ, Menezes SLS, Dias CM, Oliveira JF, Mainenti MRM, Guimarães 
FS. Cardiopulmonary exercise testing variables as predictors of long-term 
outcome in thoracic sarcoidosis. Braz J Med Biol Res. 2012;45(3):256–63.

40.	 Fox BD, Shostak Y, Pertzov B, Vainshelboim B, Itzhakian S, Terner I, et al. 
IPF patients are limited by mechanical and not pulmonary-vascular 
factors– results of a derivation-validation cohort study. BMC Pulm Med. 
2019;19(1):244.

41.	 Armstrong M, Vogiatzis I. Personalized exercise training in chronic lung 
diseases. Respirology. 2019;24(9):854–62.

42.	 Hagmeyer L, Herkenrath S, Anduleit N, Treml M, Randerath W. Cardiopulmo-
nary exercise testing allows discrimination between idiopathic Non-specific 
interstitial pneumonia and idiopathic pulmonary fibrosis in mild to moderate 
stages of the disease. Lung. 2019;197(6):721–6.

43.	 Williams CA, Tomlinson OW, Chubbock LV, Stevens D, Saynor ZL, Oades PJ, 
et al. The oxygen uptake efficiency slope is not a valid surrogate of aerobic 
fitness in cystic fibrosis. Pediatr Pulmonol. 2018;53(1):36–42.

44.	 Lolli L, Batterham AM, Weston KL, Atkinson G. Size exponents for scaling 
maximal oxygen uptake in over 6500 humans: A systematic review and 
meta-analysis. Sports Med. 2017;47(7):1405–19.

45.	 Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al. Sarco-
penia: revised European consensus on definition and diagnosis. Age Ageing. 
2019;48(1):16–31.

46.	 Baglietto N, Vaquero-Cristóbal R, Albaladejo-Saura M, Mecherques-Carini 
M, Esparza-Ros F. Assessing skeletal muscle mass and lean body mass: an 
analysis of the agreement among dual X-ray absorptiometry, anthropometry, 
and bioelectrical impedance. Front Nutr. 2024;11.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Body composition, maximal fitness, and submaximal exercise function in people with interstitial lung disease
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Participants
	﻿Physiological measurements
	﻿Exercise testing
	﻿Statistical analyses

	﻿Results
	﻿Maximal fitness
	﻿Submaximal fitness

	﻿Discussion
	﻿Maximal exercise parameters
	﻿Submaximal exercise parameters
	﻿Strengths & limitations

	﻿Conclusions
	﻿References


