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ABSTRACT
Objective To evaluate and compare ratio and allometric 
scaling models of maximal oxygen consumption (VO

2
max) 

for different body size measurements in relation to 
cardiovascular disease (CVD) incidence and all- cause 
mortality.
Methods 316 116 individuals participating in 
occupational health screenings, initially free from CVD, 
were included. VO

2
max was estimated using submaximal 

cycle test. Height, body mass and waist circumference 
(WC) were assessed, and eight different scaling models 
(two evaluated in a restricted sample with WC data) were 
derived. Participants were followed in national registers 
for first- time CVD event or all- cause mortality from their 
health screening to first CVD event, death or 31 December 
2015.
Results Increasing deciles of VO

2
max showed lower 

CVD risk and all- cause mortality for all six models in the 
full sample (p<0.001) as well as with increasing quintiles 
in the restricted sample (eight models) (p<0.001). For 
CVD risk and all- cause mortality, significantly weaker 
associations with increasing deciles for models 1 (L·min−1) 
and 5 (mL·min−1·height−2) were seen compared with 
model 2 (mL·min−1·kg−1), (CVD, p<0.00001; p<0.00001: 
all- cause mortality, p=0.008; p=0.001) and in some 
subgroups. For CVD, model 6 (mL·min−1·(kg1·height−1)−1) 
had a stronger association compared with model 2 
(p<0.00001) and in some subgroups.
In the restricted sample, trends for significantly stronger 
associations for models including WC compared with 
model 2 were seen in women for both CVD and all- cause 
mortality, and those under 50 for CVD.
Conclusion In association to CVD and all- cause 
mortality, only small differences were found between 
ratio scaling and allometric scaling models where body 
dimensions were added, with some stronger associations 
when adding WC in the models.

INTRODUCTION
Cardiorespiratory fitness assessed as maximal 
oxygen consumption (VO

2
max) is a strong 

independent predictor for cardiovascular 
disease (CVD).1 2 Absolute VO

2
max level 

(L·min−1) is mainly dependent on genetic 

contribution, moderate- to- vigorous intensity 
levels of physical activity and body size. To 
enable intraindividual comparisons in terms 
of both performance- related and health- 
related aspects, VO

2
max is traditionally scaled 

for body size differences using ratio scaling 
(Y=bX). Most commonly, body mass in kg is 
used (expressed as mL·min−1·kg−1). However, 
a growing body of evidence indicates that the 
linear, per- ratio standard way of expressing 
VO

2
max can lead to several types of errors 

and misinterpretations, including larger 
subjects being penalised and lighter subjects 
favouritised.3–5

The theory of geometric similarity states 
that when comparing biological functions 
between humans of different sizes, the 

What are the new findings?

 ► In 316 116 men and women, eight ratio or allome-
tric scaling models of maximal oxygen consumption 
(VO

2
max) to body size differences for association 

to cardiovascular disease (CVD) incidence and all- 
cause mortality were evaluated.

 ► All models of VO
2
max scaled for body size differ-

ences were associated with lower CVD risk and all- 
cause mortality.

 ► There were small differences between the models.
 ► However, including only height as body measure-
ment provided a less powerful discrimination for 
CVD risk, while inclusion of waist circumference 
showed a stronger association to CVD risk.

How might it affect clinical practice in the 
future?

 ► Maximal oxygen consumption (VO
2
max) level is con-

sidered a clinical vital sign, and the present study 
adds new important knowledge of how clinical prac-
titioners may consider intraindividual size differenc-
es in VO

2
max for best prediction of CVD incidence 

and all- cause mortality.
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measures should be dimensionally homogenous. Static 
and dynamic functions are expressed as multiples of 
the linear dimension (L).6 7 VO

2
max scaled for body 

size using traditional ratio scaling does not comply to 
the theory of geometric similarity, as absolute VO

2
max 

in L·min−1·kg−1 in linear dimensions is expressed as L3 
divided by minutes (L) and body mass (L3), which does 
not result in dimensional homogeneity (≠ 1). Allometric 
scaling, on the other hand, is a model that follows the 
theory of geometric similarity and has been proposed to 
be more accurate, compared with ratio scaling, for intra-
individual size- independent comparisons. The allometric 
scaling model equation reads Y=aXb. In this context, Y is 
VO

2
 (litre = L3), a is the constant, X is the body size vari-

able and b is the exponent parameter.7 8 Height and body 
mass are two easy accessible measures of body size that 
can be used for allometric scaling of VO

2
. In heterogenic 

samples, theoretical suggested exponents for scaling for 
VO

2
max can be either height2 or body mass2/3 (both 

equal to L2).9 Furthermore, body fat distribution, in 
particular excess fat in the abdominal region measured 
as waist circumference (WC), has a strong association 
with CVD risk.10 11 Thus, also including an easy accessible 
measure of abdominal fat (eg, WC) would be clinically 
relevant.

Both ratio and allometric scaling of VO
2
max for body 

size differences have mainly been evaluated in terms 
of the performance- related aspect of cardiorespiratory 

fitness, often using small sample sizes to enable intraindi-
vidual comparisons. To our knowledge, only two studies 
have evaluated scaling of VO

2
max for different body 

measurements in association with health- related aspects 
(CVD risk factors, all- cause mortality).12 13 No previous 
study has compared different ways of scaling VO

2
max 

including different variables of body size, applying these, 
with the dimensional theory, to a health perspective. 
Thus, the aim of this study was to evaluate and compare 
different models scaling absolute VO

2
max for body size, 

in relation to CVD risk and all- cause mortality in a large 
sample of men and women of different ages.

MATERIALS AND METHODS
Procedure
Data were obtained for this study from the Health Profile 
Assessment (HPA) database managed by the HPI Health 
Profile Institute (Stockholm, Sweden). The institute 
has been responsible for standardising methods and 
educating the data collection staff since the late 1970s.14 
Participation is optional and cost- free for the individual 
and is offered to all employees working for a company or 
organisation connected to occupational or other health 
services. The HPA comprises an extensive questionnaire, 
anthropometric measurements, a submaximal cycle test 
for estimation of VO

2
max, and a person- centred dialogue. 

All data are subsequently recorded in the database. From 
January 1982 to December 2015, data from a total of 316 

Table 1 Characteristics of participants

A: Characteristics of all participants (316 116)

  

Men Women

Age ≤50 Age >50 Age ≤50 Age >50

No 130 723 42 407 103 260 39 726

Age (mean±SD) 37±8 57±4 38±8 57±4

Height (cm) (mean±SD) 181±7 179±7 167±6 166±6

Body mass (kg) 86±14 86±12 70±13 71±12

Estimated, VO
2
max

Relative, mL·min−1·kg−1 37.9±9.9 31.2±7.6 37.9±10.1 30.3±7.7

Absolute, L·min−1 3.2±0.8 2.7±0.6 2.6±0.6 2.1±0.5

B: Characteristics of participants, restricted sample (63 380)

  

Men Women

Age ≤50 Age >50 Age ≤50 Age >50

No 28 877 9 800 18 141 6 562

Age (mean±SD) 37±8 57±4 38±8 57±4

Height (cm) (mean±SD) 181±7 179±7 167±6 166±6

Body mass (kg) 86±14 86±12 70±13 71±12

Waist circumference (cm) 94±11 99±10 83±12 88±11

Estimated, VO
2
max

Relative, mL·min−1·kg−1 37.9±9.9 31.2±7.6 37.9±10.1 30.3±7.7

Absolute, L·min−1 3.2±0.8 2.7±0.6 2.6±0.6 2.1±0.5

VO
2
max, maximal oxygen consumption. copyright.
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116 participants with a valid estimated VO
2
max test and 

no previous CVD event were included in the analyses. 
WC was added as a measurement in 2001 so all analyses 
including WC are from this date. This subgroup consisted 
of 63 380 participants Characteristics of the participants 
are shown in table 1A,B where they have been divided by 
sex as well as under and over 50 years of age. This cut- 
point of ages was an arbitrary decision.

Assessment of VO
2
max

VO
2
max was estimated using the standardised submax-

imal Åstrand cycle ergometer test.15 In order to minimise 
well- known errors with submaximal testing, participants 
were asked to abstain from vigorous activity 24 hours 
before the test, eating a heavy meal or smoking/using 
snuff 3 hours and 1 hour before the test, respectively, as 
well as avoiding stress. Tested for criterion validity, the 
Åstrand test shows no systematic bias and limited varia-
tion in mean differences between estimated and directly 
measured VO

2
max while treadmill running (mean 

difference 0.01 L·min−1, 95% CI −0.10 to 0.11),16 with an 
absolute error and coefficient of variance similar to other 
submaximal tests (SEE=0.48 L·min−1, CV=18.1%).17 The 
submaximal test is thus suitable for use in large unse-
lected cohorts.

Body size measurements
Body height and weight were assessed to the nearest 
0.5 cm and 0.5 kg, respectively, by a calibrated scale and 
wall- mounted stadiometer. WC was measured with a tape 
measure to the nearest 0.5 cm at the midpoint between 
the top of the iliac crest and the lower margin of the last 
palpable rib in the mid- axillary line after normal exhala-
tion.

CVD event and mortality surveillance
Data on first- time CVD event or all- cause mortality were 
derived from Swedish national registers and included 
in the analyses on an individual level using the unique 
Swedish personal identity number. All participants were 
followed from their HPA to the first CVD event, death 
or until 31 December 2015. Incident cases of first- time 
CVD event after the HPA (fatal or non- fatal myocardial 
infarction, angina pectoris or ischaemic stroke; ICD8, 
410–414 and 430–438; ICD9, 410–414, 427, 429 and 
430–437; ICD10, I20- I25, I46 and I60- I66) and death 
from any cause were ascertained through the Swedish 
national cause of death registry and the national in- hos-
pital registry.

Models derived for scaling of VO
2
max

Eight different models for scaling of VO
2
max were 

derived, one not using any body measurements, six using 
body mass and/or height as measures of body size, and 
two using WC. Apart from models 1 and 2, which used 
litres per minute and the traditional ratio scaling of 
VO

2
max by body mass in kg, respectively, for comparative 

purposes, all models were derived to be dimensionally 
correct according to the theory of geometric similarity. Ta
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Model 4 uses sex- specific exponents for body mass 
derived from large population samples.9 Six models1–6 
included data for all participants in the study popula-
tion (n=316 116 participants), while only 63 380 cases 
provided data for WC and were included in models 7 and 
8. The different models are described in table 2.

Statistical analyses
The range of values for each continuous model varied, 
hence, each model was further divided into sex- specific 
and age- specific (18–50 years; >50 years) specific deciles 
(comparison of models 1–6 in full sample, n=316 116), 
or quintiles (comparison of all models in a restricted 
sample of participants that provided WC data, n=63 
380). Cox proportional hazard regression modelling 
was used to assess HR with 95% CI to predict first time 
CVD incidence and all- cause mortality in relation to the 
different models and in relation to the deciles and quin-
tiles, respectively. To compare risk associations (HR) with 
increasing deciles or quintiles of scaled VO

2
max between 

the different models in comparison to the method most 
commonly used for scaling (model 2; mL·min−1·kg−1), 
the procedure described by R Core Team was used18–20 
for dependent samples with Bonferroni adjustment for 
multiple comparison. P<0.01 was used as level of signif-
icance for comparisons between models 1–6 in the full 
sample, and p<0.007 for comparisons between models 
1–8 in the restricted sample. Trends of significance were 
defined as p<0.05. Concordance statistics were calculated 
as a measure of goodness- of- fit for Cox regression models 
including continuous variables for the models. The 
proportionality assumption for Cox regression was exam-
ined using scaled Schönfelts residuals, and we found no 
violation of the proportionality assumption. Data were 
analysed using IBM SPSS, V.24.0.0, 2016, SPSS.

Patient and public involvement
Patients and/or the public were not involved in the 
design, or conduct, or reporting, or dissemination plans 
of this research.

RESULTS
A total of 316 116 participants (45% women) were 
included to compare models 1–6, where there were 
4760 cases of CVD (28% women, mean follow- up time 
of 6.8±4.7 years), and 2936 deaths due to all causes (43% 
women a mean follow- up time of 6.8±4.7 years). In the 
restricted sample analyses comparing all models (1–8), a 
total of 63 380 participants (39% women) were included, 
with 391 cases of CVD (24% women, mean follow- up time 
of 3.5±2.5 years) and 185 deaths due to all causes (30% 
women, mean follow- up time 3.5±2.5 years.

Increasing deciles of VO
2
max were associated with lower 

CVD risk and all- cause mortality for models 1–6 in the full 
sample analyses (p<0.001) (figure 1A,B). For risk associ-
ations per each higher decile for each model compared 
with model 2 for CVD risk in the full sample analyses, 
model 1 (L·min−1) and model 5 (mL·min·height−2) had 
significantly weaker associations compared with model 2 
(mL·min−1·kg−1) (p<0.00001; p<0.00001). Models 1 and 5 
also had a significantly weaker association compared with 
model two in all subgroups (p<0.00001 for all subgroups). 
Models 3 (mL·min·kg−0.67) and 4 (mL·min·kg−0.76 and −0.52) 
had a significantly weaker association compared with 
model 2 in the whole sample (p=0.0004; p<0.00006), 
women (p=0.0003; p=0.00009), and those under 
50 years (p<0.00001; p=0.00001), as well as a trend for a 
weaker association for men (p=0.038; p=0.015). Model 
6 (mL·min−1·(kg1·height−1)−1) had a stronger associ-
ation compared with model 2 for the whole sample 
(p<0.00001), men (p<0.00001) and both age subgroups 
(p=0.0001; p<0.00002), (table 3A and figure 1).

For all- cause mortality, significantly weaker associations 
with increasing deciles of scaled VO

2
max were seen for 

model 1 (L·min−1) and model 5 (mL·min−1·height−2) in 
comparison to model 2 for the full sample (p=0.0008; 
p=0.001), men (p=0.003; 0.0005) and those under 50 
(p<0.0001; p<0.00001), (table 3A and figure 1). Model 4 
showed a significantly stronger association to model 2 for 
those over 50 (p=0.009).

In the restricted sample, all models were associated with 
lower CVD risk and all- cause mortality with increasing 

Figure 1 HRs for CVD risk (left) and all- cause mortality (right) per decile for models 1–6 in the total sample (n=316 116). CVD, 
cardiovascular disease; VO

2
max, maximal oxygen consumption.
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Table 3 HR (95% CI) and concordance for CVD risk and all- cause mortality for the different models

A: HR (95% CI) per decile and concordance for CVD risk and all- cause mortality for model 1–6 in the full sample (n=316 116)

CVD risk All- cause mortality

HR (95% CI) Concordance HR (95% CI) Concordance

All (n=316 116)
4760 events 2936 deaths

Model 1 0.937 (0.93 to 0.95)* 0.80 (SE=0.003) 0.940 (0.93 to 0.95)* 0.75 (SE=0.005)

Model 2 0.913 (0.90 to 0.92) 0.81 (SE=0.003) 0.927 (0.92 to 0.94) 0.75 (SE=0.005)

Model 3 0.917 (0.91 to 0.93)* 0.81 (SE=0.003) 0.927 (0.91 to 0.94) 0.75 (SE=0.005)

Model 4 0.919 (0.91 to 0.93)* 0.81 (SE=0.003) 0.927 (0.91 to 0.94) 0.75 (SE=0.005)

Model 5 0.948 (0.94 to 0.96)* 0.80 (SE=0.003) 0.939 (0.93 to 0.95)* 0.75 (SE=0.005)

Model 6 0.909 (0.90 to 0.92)* 0.81 (SE=0.003) 0.927 (0.91 to 0.94) 0.75 (SE=0.005)

Men (n=173 130)

3411 events 1677 deaths

Model 1 0.934 (0.92 to 0.95)* 0.80 (SE=0.003) 0.925 (0.91 to 0.94)* 0.75 (SE=0.007)

Model 2 0.916 (0.90 to 0.93) 0.80 (SE=0.003) 0.911 (0.90 to 0.93) 0.75 (SE=0.007)

Model 3 0.918 (0.91 to 0.93)† 0.80 (SE=0.003) 0.911 (0.89 to 0.93) 0.75 (SE=0.007)

Model 4 0.918 (0.91 to 0.93)† 0.80 (SE=0.003) 0.910 (0.89 to 0.93) 0.75 (SE=0.007)

Model 5 0.946 (0.94 to 0.96)* 0.80 (SE=0.003) 0.927 (0.91 to 0.94)* 0.74 (SE=0.007)

Model 6 0.910 (0.90 to 0.92)* 0.80 (SE=0.003) 0.909 (0.89 to 0.92) 0.75 (SE=0.007)

Women (n=142 986)

1349 events 1259 deaths

Model 1 0.945 (0.93 to 0.96)* 0.75 (SE=0.006) 0.961 (0.94 to 0.98) 0.75 (SE=0.008)

Model 2 0.907 (0.89 to 0.93) 0.76 (SE=0.006) 0.949 (0.93 to 0.97) 0.75 (SE=0.007)

Model 3 0.915 (0.90 to 0.93)* 0.76 (SE=0.006) 0.948 (0.93 0.97) 0.75 (SE=0.007)

Model 4 0.919 (0.90 to 0.94)* 0.76 (SE=0.006) 0.949 (0.93 to 0.97) 0.75 (SE=0.008)

Model 5 0.951 (0.93 to 0.97)* 0.75 (SE=0.006) 0.956 (0.94 to 0.97) 0.75 (SE=0.008)

Model 6 0.906 (0.89 to 0.92) 0.76 (SE=0.006) 0.952 (0.93 to 0.97) 0.75 (SE=0.007)

Age ≤50 (n=233 983)

1822 events 1128 deaths

Model 1 0.869 (0.85 to 0.88)* 0.67 (SE=0.007) 0.896 (0.88 to 0.91)* 0.61 (SE=0.01)

Model 2 0.820 (0.81 to 0.83) 0.70 (SE=0.007) 0.863 (0.85 to 0.88) 0.62 (SE=0.01)

Model 3 0.827 (0.81 to 0.84)* 0.70 (SE=0.007) 0.866 (0.85 to 0.89) 0.62 (SE=0.01)

Model 4 0.829 (0.81 to 0.84)* 0.69 (SE=0.007) 0.867 (0.85 to 0.89) 0.62 (SE=0.01)

Model 5 0.879 (0.86 to 0.89)* 0.66 (SE=0.007) 0.898 (0.88 to 0.92)* 0.60 (SE=0.01)

Model 6 0.814 (0.80 to 0.83)* 0.70 (SE=0.007) 0.862 (0.84 to 0.88) 0.63 (SE=0.01)

Age >50 (n=82 133)

2938 events 1808 deaths

Model 1 0.921 (0.91 to 0.93)* 0.66 (SE=0.005) 0.912 (0.90 to 0.93) 0.59 (SE=0.008)

Model 2 0.911 (0.90 to 0.92) 0.67 (SE=0.005) 0.908 (0.89 to 0.92) 0.59 (SE=0.008)

Model 3 0.911 (0.90 to 0.92) 0.67 (SE=0.005) 0.904 (0.89 to 0.92) 0.60 (SE=0.008)

Model 4 0.912 (0.90 to 0.92) 0.67 (SE=0.005) 0.903 (0.89 to 0.92)* 0.60 (SE=0.008)

Model 5 0.933 (0.92 to 0.95)* 0.66 (SE=0.005) 0.911 (0.90 to 0.93) 0.59 (SE=0.008)
Model 6 0.906 (0.89 to 0.92)* 0.67 (SE=0.005) 0.907 (0.89 to 0.92) 0.59 (SE=0.008)

Continued
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B: HR (95% CI) per quintile and concordance for CVD risk and all- cause mortality for models 1–8 in the restricted sample 
(n=63 380)

CVD risk All- cause mortality

HR (95% CI)
P value 
trend Concordance HR (95% CI)

P value 
trend Concordance

All (n=63 380)
391 events 185 deaths

Model 1 0.842 (0.78 to 0.91)† <0.001 0.81 (SE=0.01) 0.881 (0.79 to 0.98) 0.019 0.72 (SE=0.023)

Model 2 0.800 (0.74 to 0.86) <0.001 0.81 (SE=0.01) 0.907 (0.82 to 1.01) 0.069 0.72 (SE=0.023)

Model 3 0.805 (0.75 to 0.87) <0.001 0.81 (SE=0.01) 0.890 (0.80 to 0.99) 0.03 0.72 (SE=0.023)

Model 4 0.814 (0.76 to 0.88) <0.001 0.81 (SE=0.01) 0.911 (0.82 to 1.01) 0.082 0.72 (SE=0.023)

Model 5 0.864 (0.80 to 0.93)‡ <0.001 0.81 (SE=0.01) 0.875 (0.79 to 0.97) 0.013 0.72 (SE=0.023)

Model 6 0.788 (0.73 to 0.85) <0.001 0.82 (SE=0.01) 0.903 (0.81 to 1.00) 0.059 0.72 (SE=0.023)

Model 7 0.781 (0.72 to 0.84) <0.001 0.82 (SE=0.01) 0.880 (0.79 to 0.98) 0.019 0.72 (SE=0.023)

Model 8 0.774 (0.72 to 0.84) <0.001 0.82 (SE=0.01) 0.906 (0.81 to 1.01) 0.069 0.72 (SE=0.023)

Men (n=38 677)

298 events 130 deaths

Model 1 0.823 (0.75 to 0.90) <0.001 0.81 (SE=0.012) 0.841 (0.74 to 0.96) 0.008 0.69 (SE=0.031)

Model 2 0.807 (0.74 to 0.88) <0.001 0.82 (SE=0.011) 0.874 (0.77 to 0.99) 0.037 0.69 (SE=0.031)

Model 3 0.805 (0.74 to 0.88) <0.001 0.82 (SE=0.012) 0.859 (0.76 to 0.97) 0.018 0.69 (SE=0.031)

Model 4 0.814 (0.75 to 0.89) <0.001 0.82 (SE=0.012) 0.882 (0.78 to 1.00) 0.05 0.69 (SE=0.031)

Model 5 0.848 (0.78 to 0.92)† <0.001 0.81 (SE=0.012) 0.849 (0.75 to 0.96) 0.011 0.69 (SE=0.031)

Model 6 0.786 (0.72 to 0.86)† <0.001 0.82 (SE=0.011) 0.868 (0.76 to 0.99) 0.028 0.69 (SE=0.031)

Model 7 0.794 (0.73 to 0.87) <0.001 0.82 (SE=0.012) 0.877 (0.77 to 1.00) 0.043 0.69 (SE=0.031)

Model 8 0.796 (0.73 to 0.87) <0.001 0.82 (SE=0.012) 0.912 (0.80 to 1.04) 0.157 0.69 (SE=0.031)

Women (n=24 703)

93 events 55 deaths

Model 1 0.906 (0.78 to 1.05)‡ 0.187 0.77 (SE=0.02) 0.973 (0.81 to 1.17) 0.773 0.77 (SE=0.032)

Model 2 0.776 (0.66 to 0.91) 0.001 0.78 (SE=0.018) 0.992 (0.82 to 1.20) 0.931 0.77 (SE=0.032)

Model 3 0.805 (0.69 to 0.94) 0.006 0.78 (SE=0.018) 0.970 (0.80 to 1.18) 0.753 0.77 (SE=0.032)

Model 4 0.814 (0.70 to 0.95) 0.008 0.78 (SE=0.018) 0.986 (0.81 to 1.19) 0.888 0.77 (SE=0.032)

Model 5 0.916 (0.79 to 1.06)‡ 0.246 0.77 (SE=0.020) 0.943 (0.78 to 1.14) 0.549 0.77 (SE=0.032)

Model 6 0.793 (0.68 to 0.93) 0.003 0.79 (SE=0.018) 0.994 (0.82 to 1.20) 0.953 0.77 (SE=0.032)

Model 7 0.742 (0.63 to 0.87) <0.001 0.79 (SE=0.017) 0.885 (0.73 to 1.08)† 0.225 0.77 (SE=0.032)

Model 8 0.705 (0.60 to 0.83)† <0.001 0.79 (SE=0.017) 0.886 (0.73 to 1.08)† 0.23 0.77 (SE=0.032)

Age ≤50 (n=47 018)

120 events 64 deaths

Model 1 0.735 (0.64 to 0.84)‡ <0.001 0.66 (SE=0.026) 0.846 (0.71 to 1.01) 0.065 0.62 (SE=0.037)

Model 2 0.641 (0.56 to 0.74) <0.001 0.70 (SE=0.024) 0.825 (0.69 to 0.99) 0.034 0.62 (SE=0.036)

Model 3 0.640 (0.55 to 0.74) <0.001 0.71 (SE=0.024) 0.809 (0.68 to 0.97) 0.02 0.62 (SE=0.037)

Model 4 0.651 (0.56 to 0.75) <0.001 0.70 (SE=0.024) 0.817 (0.68 to 0.98) 0.026 0.62 (SE=0.036)

Model 5 0.763 (0.67 to 0.87) <0.001 0.66 (SE=0.027) 0.832 (0.70 to 0.99) 0.041 0.63 (SE=0.037)

Model 6 0.621 (0.54 to 0.72) <0.001 0.71 (SE=0.023) 0.811 (0.68 to 0.97) 0.022 0.62 (SE=0.035)

Model 7 0.579 (0.50 to 0.67)‡ <0.001 0.73 (SE=0.022) 0.770 (0.64 to 0.92) 0.005 0.63 (SE=0.037)
Model 8 0.565 (0.48 to 0.66)‡ <0.001 0.73 (SE=0.021) 0.807 (0.67 to 0.97) 0.02 0.62 (SE=0.035)

Table 3 Continued
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quintiles of VO
2
max (p<0.001) (figure 2A,B). For CVD 

risk, model 5 ( mL. min. height−2) had a significantly 
weaker association with increasing quintiles compared 
with model 2 ( mL. min−1 kg−1) for the whole sample 
(p=0.0009), and women (p=0.001). Model 1 (L·min−1) 
had a significantly weaker association compared with 
model 2 ( mL. min−1 kg−1) for women (p=0.003) and 
those under 50 (p=0.002), and a trend towards a signifi-
cantly weaker association in the whole sample (p=0.025) 
(table 3B). Model 5 showed a trend of a significantly 
weaker association (p=0.031) for men. There was a 
significantly stronger association to CVD risk for model 
7 (mL·min−1·WC−2) and model 8 (mL·min−1·(W-
C3·height−1)−1) compared with model 2 for those under 

50 (p=0.002 for both models) and a trend for women 
(p=0.033) for model 8.

For all- cause mortality, model 2 did not differ signifi-
cantly from any of the other models (table 3B and 
figure 2). There was a trend towards a significantly 
stronger association for model 7 (mL·min−1·WC−2,) 
and model 8 (mL·min−1·(WC3·height−1)−1) compared 
with model 2 for all- cause mortality in women (p=0.012; 
p=0.033).

DISCUSSION
The main findings in this study are that all models of 
VO

2
max scaled to different body measurements, both 

in the full sample and in the restricted sample, are 

B: HR (95% CI) per quintile and concordance for CVD risk and all- cause mortality for models 1–8 in the restricted sample 
(n=63 380)

CVD risk All- cause mortality

HR (95% CI)
P value 
trend Concordance HR (95% CI)

P value 
trend Concordance

Age >50 (n=16 362)

271 events 121 deaths

Model 1 0.806 (0.74 to 0.88) <0.001 0.66 (SE=0.019) 0.815 (0.71 to 0.93) 0.002 0.60 (SE=0.032)

Model 2 0.789 (0.72 to 0.86) <0.001 0.66 (SE=0.018) 0.856 (0.75 to 0.98) 0.019 0.57 (SE=0.032)

Model 3 0.792 (0.73 to 0.87) <0.001 0.66 (SE=0.018) 0.838 (0.74 to 0.96) 0.008 0.58 (SE=0.032)

Model 4 0.799 (0.73 to 0.87) <0.001 0.66 (SE=0.018) 0.865 (0.76 to 0.98) 0.028 0.57 (SE=0.031)

Model 5 0.823 (0.76 to 0.90) <0.001 0.66 (SE=0.018) 0.819 (0.72 to 0.93) 0.003 0.59 (SE=0.03)

Model 6 0.779 (0.71 to 0.85) <0.001 0.66 (SE=0.019) 0.856 (0.75 to 0.98) 0.02 0.57 (SE=0.032)

Model 7 0.780 (0.71 to 0.85) <0.001 0.66 (SE=0.018) 0.833 (0.73 to 0.95) 0.006 0.58 (SE=0.031)
Model 8 0.782 (0.72 to 0.85) <0.001 0.66 (SE=0.018) 0.852 (0.75 to 0.97) 0.016 0.57 (SE=0.031)

P value trend <0.001 for all values.
*Sign. difference (p<0.01) from model 2 (mL.min−1/kg−1).
†Trend (p<0.05) from model 2.
‡Sign. difference (p<0.007) from model 2 (mL·min−1·kg−1).
CVD, cardiovascular disease.

Table 3 Continued

Figure 2 HRs for CVD risk (left) and all- cause mortality (right) per quintile for models 1–8 in the restricted sample (n=63 380). 
CVD, cardiovascular disease; VO

2
max, maximal oxygen consumption.
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associated with lower CVD risk and all- cause mortality. In 
the full sample analyses, model 1 (L·min−1) and model 
5 (mL·min−1·height−2) had less steep risk associations 
per increased deciles compared with reference model 2 
(mL·min−1·kg−1) for both CVD risk an all- cause mortality. 
This was seen in all subgroups for CVD risk, and in men 
and in those younger than 50 years for all- cause mortality. 
In the restricted sample, including scaling models with 
WC, there was an additional trend towards a significantly 
stronger association for model 7 (mL·min−1·WC−2) and 
model 8 (mL·min−1·(WC3·height−1)−1) in some subgroups 
for CVD risk and all- cause mortality.

Our results show that all the models examined here, 
except for model 1 and 5 that had a weaker association, 
and models 7 and 8 that partly had a trend of a stronger 
association, showed small differences in associations to 
CVD risk and all- cause mortality as compared with model 
2 even if some p values were significant. That model 1 
(L·min−1) generally showed a weaker association to 
CVD and all- cause mortality is understandable as no 
body measurements were included in the model. The 
continual lack of agreement in the literature as to which 
body mass exponent is best for power function scaling 
of VO

2
max has fuelled the continued use of the simple 

ratio scaling of VO
2
max (mL·min−1·kg) which can almost 

be considered a criterion method. In spite of this lack of 
agreement, we used mL·min−1·kg as the criterion method 
to compare the other models with. Surprisingly our 
results partly confirm that the simple ratio scaling may be 
adequate to use in spite of it not adhering to the dimen-
sional theory. This is contrary to Heil and others7 8 21–23 
who suggest that the use of the simple ratio scaling of 
VO

2
peak values should be discontinued in favour of 

body mass power exponents to powers between 0.65 and 
0.75. However, our study concerns the use of different 
models of scaling in association to incidence of CVD 
and all- cause mortality, whereas most previous studies 
have studied performance- related aspects of cardiore-
spiratory fitness.24 25 This could account for the small, if 
significant, differences between the models in this study 
as VO

2
max levels are known to be associated to incidence 

of CVD and all- cause mortality.2 26 Thus just including 
VO

2
max in all the models may be enough to counteract 

the effect of the different body measurements in the 
models, including the traditional ratio scaling. However, 
this does not explain why model 5 (mL·min−1·height−2) 
generally showed a weaker association to CVD incidence 
and all- cause mortality rate compared with model 2. 
The many different viable scaling exponents that have 
been reported in the literature concerning allometric 
scaling could also be due to the small sample sizes used 
in these studies.9 24 25 The large sample size in our study 
could therefore be another reason for not finding similar 
differences.

Two previous studies have evaluated different scaling 
models in association with health- related aspects. 
Imboden et al showed a similar inverse relationship 
between VO

2
peak and CVD risk as well as all- cause 

mortality scaled to both total body mass and fat- free 
mass, but with a stronger relationship when normalising 
to fat- free mass rather than total body mass for all- cause 
mortality.13 Unfortunately, we were not able to include 
scaling to fat- free mass as a model as we had no data for 
it. Fat- free mass is also a more difficult measurement to 
obtain than, for example, WC in most clinical environ-
ments. It might be calculated using weight and height 
measurements, however, with low validity. The possible 
added explanation of fat- free mass as a body measure for 
scaling of VO

2
max should be evaluated in future studies.

The findings of less steep CVD risk association of 
model 5 (mL·min−1·height−2) and a trend of more 
steep CVD risk association of model 7 (mL·min−1·WC−2) 
and 8 (mL·min−1·(WC3·height−1)−1) should be further 
discussed. Model 5 was the only model that included 
only height as a body measurement. Evidently, this 
did not discriminate individuals as powerfully as when 
including measurements of either body mass or WC 
for CVD risk assessment, which in turn might indicate 
(abdominal) overweight or obesity. Previous research 
has shown that both cardiorespiratory fitness and body 
fatness are strongly associated to CVD risk as well as all- 
cause mortality,2 12 27 28 where those being obese and 
unfit are most at risk.29 This implies that including both 
these measurements may be of importance to further 
discriminate individuals for CVD risk. The present anal-
yses included only 391 CVD cases in the restricted sample 
analyses (0.6% of total n), and hence inclusion of more 
CVD cases in future analyses may provide significant asso-
ciations.

Strengths and weaknesses
A strength of this study is the sample size. Previous studies 
may have shown more diverging results due to the small 
samples they used. The heterogeneity of our sample is 
also a strength as it mirrors a normal population. A poten-
tial weakness is that the cohort may be slightly selective, 
as participation in the HPA was voluntary. However, the 
size and diversity of the cohort would weaken any selec-
tivity, as well as the similarity of VO

2
max levels to other 

population studies conducted in Sweden.16 Another 
possible weakness is that VO

2
max was estimated using 

the standardised submaximal Åstrand cycle ergometer 
test. It would not, however, have been feasible to measure 
VO

2
max directly in this large and mainly non- athletic 

population.
A further limitation is that the association between 

VO
2max

 and incidence of CVD and all- cause mortality risk 
is dependent on many other risk factors such as obesity, 
dyslipidaemia, hypertension. We chose to only include 
age and sex as we had a limited amount of other risk 
factors in our data.

CONCLUSIONS
In spite of the simple ratio scaling of VO

2
max to body 

mass not following the dimensional theory, our results 
showed that it was associated to CVD and all- cause 
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mortality in a similar way to the other models where 
varying body dimensions were added to comply with the 
dimensional theory. However, including only height as a 
body measurement for scaling showed a weaker associ-
ation to CVD risk compared with the criterion model 2 
(mL·min−1·kg−1). Inclusion of WC as body measurement 
for scaling showed a tendency for a stronger association 
to CVD risk in comparison to model 2. In times of low 
physical activity and VO

2
max in the general population,30 

which may potentially accelerate vulnerability for chronic 
disease, it is highly clinically relevant to evaluate activity 
levels and VO

2
max. The present study adds new important 

knowledge of how clinical practices may consider intra-
individual size differences in VO

2
max for association to 

CVD incidence and all- cause mortality. However, future 
studies with different outcomes are required to clarify 
this further.

Acknowledgements We thank Daniel Vaisanen for help in the statistical analyses.

Contributors JSE, EE- B and BE contributed to the conception and design of 
the paper. GA and PW contibuted to the acquisition of the data. All the authors 
contributed to analysis and interpretation of data, drafting and revising the work 
and approving the final version. The accuracy and integrity of the work were 
appropriately investigated and resolved by all authors.

Funding This work was supported by The Swedish Research Council for Health, 
Working Life and Welfare (FORTE, Dnr, 2018–00384), The Swedish Heart- Lung 
Foundation (Dnr, 20180636) and The Swedish Military Forces Research Authority 
(Grant # AF 922 0915).

Disclaimer The study sponsors had no involvement in the study design; collection, 
analysis and interpretation of data; the writing of the manuscript; or the decision to 
submit the manuscript for publication.

Competing interests GA (responsible for research and method) and PW (CEO and 
responsible for research and method) are employed at HPI Health Profile Institute.

Patient consent for publication Not required.

Ethics approval The study was approved by the ethics board at Karolinska 
University (Dnr 2015/1864-31/2) and adhered to the Declaration of Helsinki.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request. Data are 
deidentified participant data. Available from Elin.  EkblomBak@ gih. se on reasonable 
request.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

ORCID iD
Jane Salier Eriksson http:// orcid. org/ 0000- 0001- 5213- 4439

REFERENCES
 1 Harber MP, Kaminsky LA, Arena R, et al. Impact of cardiorespiratory 

fitness on all- cause and disease- specific mortality: advances since 
2009. Prog Cardiovasc Dis 2017;60:11–20.

 2 Ekblom- Bak E, Ekblom B, Söderling J, et al. Sex- and age- specific 
associations between cardiorespiratory fitness, CVD morbidity and 
all- cause mortality in 266.109 adults. Prev Med 2019;127:105799.

 3 Batterham AM, George KP, Whyte G, et al. Scaling cardiac structural 
data by body dimensions: a review of theory, practice, and 
problems. Int J Sports Med 1999;20:495–502.

 4 Buresh R, Berg K. Scaling oxygen uptake to body size and several 
practical applications. J Strength Cond Res 2002;16:461–5.

 5 Bergh U, Sjödin B, Forsberg A, et al. The relationship between body 
mass and oxygen uptake during running in humans. Med Sci Sports 
Exerc 1991;23:205???211–11.

 6 McCann DJ, Adams WC. A theory for normalizing resting .VO(2) for 
differences in body size. Med Sci Sports Exerc 2002;34:1382–90.

 7 Astrand PO, Rodahl K. Textbook of work physiology: physiological 
bases of exercise. McGraw Hill, 1986.

 8 Heil DP. Body mass scaling of peak oxygen uptake in 20- to 79- yr- 
old adults. Med Sci Sports Exerc 1997;29:1602–8.

 9 Lolli L, Batterham AM, Weston KL, et al. Size exponents for scaling 
maximal oxygen uptake in over 6500 humans: a systematic review 
and meta- analysis. Sports Med 2017;47:1405–19.

 10 Janssen I, Katzmarzyk PT, Ross R. Waist circumference and not 
body mass index explains obesity- related health risk. Am J Clin Nutr 
2004;79:379–84.

 11 Larsson B, Svärdsudd K, Welin L, et al. Abdominal adipose tissue 
distribution, obesity, and risk of cardiovascular disease and death: 
13 year follow up of participants in the study of men born in 1913. Br 
Med J 1984;288:1401–4.

 12 Christou DD, Gentile CL, DeSouza CA, et al. Fatness is a better 
predictor of cardiovascular disease risk factor profile than aerobic 
fitness in healthy men. Circulation 2005;111:1904–14.

 13 Imboden MT, Kaminsky LA, Peterman JE, et al. Cardiorespiratory 
fitness normalized to fat- free mass and mortality risk. Med Sci 
Sports Exerc 2020;52:1532-1537.

 14 Andersson G. The importance of exercise for sick leave and 
perceived health. Medical dissertation. Linköping University, 1987.

 15 Åstrand I. Aerobic work capacity in men and women with special 
reference to age. Acta Physiol Scand Suppl 1960;49:1–92.

 16 Ekblom B, Engström L- M, Ekblom O. Secular trends of 
physical fitness in Swedish adults. Scand J Med Sci Sports 
2007;17:267–73.

 17 Björkman F, Ekblom- Bak E, Ekblom Örjan, Ekblom O, et al. Validity 
of the revised Ekblom Bak cycle ergometer test in adults. Eur J Appl 
Physiol 2016;116:1627–38.

 18 Team RC. R: a language and an environment for statistical 
computing. Vienna, Austria: R Foundation for Statistical Computing, 
2020.

 19 Haibe- Kains B, Desmedt C, Sotiriou C, et al. A comparative study 
of survival models for breast cancer prognostication based on 
microarray data: does a single gene beat them all? Bioinformatics 
2008;24:2200–8.

 20 Schröder MS, Culhane AC, Quackenbush J, et al. survcomp: an R/
Bioconductor package for performance assessment and comparison 
of survival models. Bioinformatics 2011;27:3206–8.

 21 Welsman JR, Armstrong N, Nevill AM, et al. Scaling peak VO2 for 
differences in body size. Med Sci Sports Exerc 1996;28:259–65.

 22 Nevill AM, Bate S, Holder RL. Modeling physiological and 
anthropometric variables known to vary with body size and other 
confounding variables. Am J Phys Anthropol 2005;41:141–53.

 23 Tanner JM. Fallacy of per- weight and per- surface area Standards, 
and their relation to spurious correlation. J Appl Physiol 1949;2:1–15.

 24 Turley KR, Stanforth PR, Rankinen T, et al. Scaling submaximal 
exercise cardiac output and stroke volume: the heritage family study. 
Int J Sports Med 2006;27:993–9.

 25 Rogers DM, Olson BL, Wilmore JH. Scaling for the VO2- to- body 
size relationship among children and adults. J Appl Physiol 
1995;79:958–67.

 26 Myers J, McAuley P, Lavie CJ, et al. Physical activity and 
cardiorespiratory fitness as major markers of cardiovascular risk: 
their independent and interwoven importance to health status. Prog 
Cardiovasc Dis 2015;57:306–14.

 27 Lavie CJ, Carbone S, Kachur S, et al. Effects of physical activity, 
exercise, and fitness on obesity- related morbidity and mortality. Curr 
Sports Med Rep 2019;18:292–8.

 28 Oktay AA, Lavie CJ, Kokkinos PF, et al. The interaction of 
cardiorespiratory fitness with obesity and the obesity paradox in 
cardiovascular disease. Prog Cardiovasc Dis 2017;60:30–44.

 29 Barry VW, Baruth M, Beets MW, et al. Fitness vs. fatness on 
all- cause mortality: a meta- analysis. Prog Cardiovasc Dis 
2014;56:382–90.

 30 Ekblom- Bak E, Ekblom Örjan, Andersson G, et al. Decline in 
cardiorespiratory fitness in the Swedish working force between 1995 
and 2017. Scand J Med Sci Sports 2019;29:232–9.

copyright.
 on M

ay 19, 2023 by guest. P
rotected by

http://bm
jopensem

.bm
j.com

/
B

M
J O

pen S
port E

xerc M
ed: first published as 10.1136/bm

jsem
-2020-000854 on 29 January 2021. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-5213-4439
http://dx.doi.org/10.1016/j.pcad.2017.03.001
http://dx.doi.org/10.1016/j.ypmed.2019.105799
http://dx.doi.org/10.1055/s-1999-8844
http://www.ncbi.nlm.nih.gov/pubmed/12173964
http://dx.doi.org/10.1249/00005768-199102000-00010
http://dx.doi.org/10.1249/00005768-199102000-00010
http://dx.doi.org/10.1097/00005768-200208000-00022
http://dx.doi.org/10.1097/00005768-199712000-00009
http://dx.doi.org/10.1007/s40279-016-0655-1
http://dx.doi.org/10.1093/ajcn/79.3.379
http://dx.doi.org/10.1136/bmj.288.6428.1401
http://dx.doi.org/10.1136/bmj.288.6428.1401
http://dx.doi.org/10.1161/01.CIR.0000161818.28974.1A
http://dx.doi.org/10.1249/MSS.0000000000002289
http://dx.doi.org/10.1249/MSS.0000000000002289
http://www.ncbi.nlm.nih.gov/pubmed/13794892
http://dx.doi.org/10.1111/j.1600-0838.2006.00531.x
http://dx.doi.org/10.1007/s00421-016-3412-0
http://dx.doi.org/10.1007/s00421-016-3412-0
http://dx.doi.org/10.1093/bioinformatics/btn374
http://dx.doi.org/10.1093/bioinformatics/btr511
http://dx.doi.org/10.1097/00005768-199602000-00016
http://dx.doi.org/10.1002/ajpa.20356
http://dx.doi.org/10.1152/jappl.1949.2.1.1
http://dx.doi.org/10.1055/s-2006-923835
http://dx.doi.org/10.1152/jappl.1995.79.3.958
http://dx.doi.org/10.1016/j.pcad.2014.09.011
http://dx.doi.org/10.1016/j.pcad.2014.09.011
http://dx.doi.org/10.1249/JSR.0000000000000623
http://dx.doi.org/10.1249/JSR.0000000000000623
http://dx.doi.org/10.1016/j.pcad.2017.05.005
http://dx.doi.org/10.1016/j.pcad.2013.09.002
http://dx.doi.org/10.1111/sms.13328
http://bmjopensem.bmj.com/

	Scaling VO2max to body size differences to evaluate associations to CVD incidence and all-cause mortality risk
	Abstract
	Introduction
	Materials and methods
	Procedure
	Assessment of VO2max
	Body size measurements
	CVD event and mortality surveillance
	Models derived for scaling of VO2max
	Statistical analyses
	Patient and public involvement

	Results
	Discussion
	Strengths and weaknesses

	Conclusions
	References


