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Abstract

Purpose—The purpose of this investigation was to create an equation for continuous percentile
rank of maximal oxygen consumption (VO, max) from ages 20 to 99.

Methods—We used a two-staged modeling approach with existing normative data from the
American College of Sports Medicine for VO, max. First, we estimated intercept and slope
parameters for each decade of life as a logistic function. We then modeled change in intercept and
slope as functions of age (stage two) using weighted least squares regression. The resulting
equations were used to predict fitness percentile rank based on age, sex, and VO, max, and
included estimates for individuals beyond 79 years old.

Results—We created a continuous, sex specific model of VO, max percentile rank across the
lifespan.

Conclusions—~Percentile ranking of VO, max can be made continuous and account for adults
aged 20 to 99 with reasonable accuracy, improving the utility of this normalization procedure in
practical and research settings, particularly in aging populations.
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Introduction and Purpose

The standard method of quantifying capacity for aerobic activity is maximal oxygen
consumption (VO, max) during a graded exercise test on a treadmilll. Maximal VO,
provides information about the state of the cardiorespiratory and musculoskeletal system as
well as the functional capacity of the individual?. Clinicians may use VO, max to assess
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baseline function or therapeutic response. For many studies, it is common practice to
compare VO, max with other physiologic measures to assess the influence of maximal
oxygen consumption on an outcome of interest such as brain volume, muscle mass,
hemoglobin A;c3-7. However, for clinicians or researchers seeking to quantify exercise
capacity or physiologic change in response to exercise intervention, aging can be a
confounding variable even within the limits of an inclusion criterion. For example, in a
typical study of “older adults” ages 65 to 85 years old, there is significant decline in VO,
max due to a confluence of factors including sarcopenia, neuromuscular deterioration and
cardiopulmonary decline’°.

To study fitness in populations using VO, max, particularly in a heterogeneous population
of older males and females, fitness measured by VO, max can be percentile ranked in
relationship to sex and decade of life to minimize these confounding factors. The ACSM
publishes percentile rankings of estimated VO, max in five percent increments from the
third through the eight decade of lifel. These rankings allow for comparison between
individuals over several decades. That is, percentile ranks make it easy to tell who is
performing at a high level across age groups even while estimated VO, max levels decline
substantially from 25 years to 75 years. However, binning ranks within a decade obscures
meaningful differences between individuals in the same decade of life. This is especially
true when year over year differences are exacerbated, as in old age. Further, the ACSM does
not publish ranks for individuals 80 years and older, a fast growing segment of the US
populationl0.

To address these concerns we sought to model a continuous estimate of percentile rank,
based on those published by the ACSM. Further, we sought to estimate percentile rank
values for individuals in their 80s and 90s, based on the trajectory of decline over age.

We used the most recently published estimated VO, max (mL/kg/min) values with
corresponding percentile ranks from the Cooper Institute as reported by the ACSM?. The
rankings are split by decade of life (20s through 70s) and sex, binned in five percent
increments, with the extremes at a ceiling at the 99t percentile and floor at the first
percentile. All analyses were performed using R (Ver 3.1.1, R Core Team Vienna, Austria)
including the use of the package MASS for modeling of logistic functions?l,

We used a two-stage modeling approach and performed all analyses separately for males
and females. We first modeled the percentile rank as a function of estimated VO, max
within each decade of life and sex (i.e., as 12 separate logistic functions). Estimated VO,
max was used as the explanatory variable and percentile rank was used as the response
variable. Thus, each model (stratified by decade and sex) produced an intercept (ag) and a
slope parameter (bg) estimate for the specific decade and sex in the first stage of our two-
stage approach. The stage one models for each age decade-by-sex stratum were of the form:

1Ogit(ps,d):as,(l+(bs,(l : VOZmaX) 1)
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such that ps 4 represents a given percentile for a specified VO, max value for sex s and
decade d.

In stage two, we modeled these resultant intercept and slope parameter estimates of each
logistic model (Table 2) as functions of age (within each sex stratum separately) using
weighted least squares regression. For these stage two models the middle value of each
decade (i.e. 25, 35, ...75) were used as the explanatory variable, the parameter estimate was
used as the response variable, and the number of subjects reported by ACSM for that decade
were used as the weight; thus, age-sex specific fitness percentiles based on a larger number
of subjects were weighted more heavily in this estimation of the stage two parameters than
those based on fewer subjects. After first visually inspecting scatter plots of the estimated
stage one parameters by age, we allowed the stage two models of age predicting these stage
one parameter values to include both linear and quadratic relationships. We then further
assessed the need for the quadratic terms in the models by comparing predicted percentiles
to the published percentile data and found these indicated less error in predicting these
values using the models that allowed for the quadratic terms. The general form for modeling
the intercept parameter changes for sex sas a function of age (ignoring weight) was thus:

as:asi)_'_as,l : Age+as,2 . Age2 7
...and for the slope parameters were

bs:bs,0+bs,l : Age+bs,2 . Agez 3

The resultant functions (Equation 2 and 3) based on these stage two models were substituted
into the standard logistic function (Equation 4) to estimate a percentile rank given the
participant’s age and VO, max as:

logit (ps[ Age])=as o+as 1-Age+as 2 ~Age2+((bs,o+bs71 ~Age+bS72~Age2) ‘VOsmax) (4)

We evaluated the mean difference and absolute mean difference between the categorized
percentile rank data used in stage one and our predicted percentile rank, again using the
middle value of each decade as the assumed age for the categorized percentiles from the
limited range. Finally, we performed face validity checks for individuals 20 years to 89
years, which included extrapolations beyond the range of data presented by the ACSM test
criteria, using a convenience sample of older adults that met ACSM test criteria for maximal
oxygen consumption during testing as part of existing institutional review board (IRB)-
approved aging and fitness projects in our labs.

Slope and intercept parameter estimates for stage one models are presented in Table 1. We
then fit linear and quadratic functions to the intercept (a) and slope (b) coefficients
separately for each sex, using weighted least squares regression. The quadratic functions of
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intercept and slope coefficients for males (Equations 5 and 6) and females (Equations 7 and
8) are provided.

ay = — 9.27 — 0.0722 - Age+0.001209 - Age® ()

b,,=0.209+0.0012 - Age — 0.000006 - Age? (6)

ap,= — 9.3+0.0069 - Age — 0.0003 - Age® (7)

b,=0.25 — 0.0012 - Age+0.00004 - Age® (8)

Substituting these equations into the corresponding values of ag 4 and b 4 from Equation 4
produced our predicted percentile rank based on VO, max, adjusted for the confounding
effects of age and sex.

To evaluate our two-stage model results and compare models in stage two that both
excluded and included quadratic terms, we calculated mean difference and absolute mean
difference between our predicted percentile rank and the published percentile rank (again,
using the midpoint of the age categories as the age value). Absolute mean difference for
both linear and quadratic relationships, for each decade can be found in Table 2. Based on
lower absolute mean difference, we included the quadratic functions in the two-stage model
to create a continuous, sex specific model of VO, max percentile rank across the lifespan.
That is, we found that ou\r model most closely fit the published norms as a quadratic
function rather than a linear function, in agreement with prior work showing a non-linear
decline in fitness with age®. These modeled functions can be seen plotted against the true
curves reported by ACSM in Figure 1. Using the quadratic models we calculated predicted
percentile ranks and matching VO, max values for individuals in their 80s and 90s (Table
3).

Finally, we selected a convenience sample of VO, max values with good age dispersion
from individuals from 20 to 89 meeting ACSM criteria for VO, max from existing IRB
approved aging and fitness projects in our labs. Figure 2 shows real data plotted against our
estimated curves at the midpoint of each decade. Within the same decade of life, older
individuals are given a higher percentile rank compared to a younger individual with a
similar VO, max. For example, we plot 80 and 83 year-old males with nearly the same
fitness level (22.1 ml/kg/min vs. 22.4 ml/kg/min). In our model, the 83 year old is given a
higher percentile rank (26.5%) than the 80 year-old (18.5%) by virtue of his age. Neither
would have been ranked due to age by ACSM, but if one were to apply the norms of 8t
decade of life, the 83 year-old would be ranked in the 10t percentile and the 80 year old in
the 15t percentile.
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Discussion

We sought to develop a continuous model of VO, max percentile ranks that could be useful
across the lifespan. We modeled an age-dependent logistic function that closely fits the
percentile rankings published by the ACSM. In doing so, we were able to extend the existing
percentile ranking for individuals in their 80s with reasonable face validity. This later ability
is likely to become increasingly important as the population ages and there is an increased
focus on maintaining functional fitness.

By modeling age as a continuous variable, we have allowed for increased specificity in
assigning percentile ranks. Consider two males, 70-years old and 78, both with a VO, max
of 32.3 mL/kg/min. With the current ACSM ranking system, both would be classed in the
same 60! percentile. However, our model acknowledges that the 78-year old (percentile
rank 72%) has maintained maximal oxygen consumption better than his 70-year old
counterpart (percentile rank 519%). This specificity is particularly useful for comparing
individuals over a wide age range, for example a clinical trial with inclusion criteria that
span two or more decades (e.g. 65-years old to 85) or a comparison of fitness levels in a
fitness program at an independent continuing care retirement community. That is,
incremental changes in VO, max due to intervention can be weighted appropriately for age
and compared across decades of life.

A second strength of the present model is the extension beyond 79-years old. With existing
ACSM rankings, individuals in their 80s either could not receive a percentile rank or would
be penalized by being grouped with those in their 70s. As previously reported, the five
percent per decade decline in VO, max that begins after 30-years old increases substantially
after 70%. We used the trends from 25 to 75 years of age to predict further decline in the 80s
and 90s. By including a quadratic function of age, we captured this precipitous decline and
assigned percentile ranks with face validity in our own dataset. Currently, there are not
enough studies reporting VO, max of individuals over 80 to accurately define percentile
ranks. Fleg et al.? reported 26.1% and 21.1% decrease in peak oxygen consumption from
age 70 to 80 for males and females, respectively. Our model predicted slightly less decline
from 75 years to 85, 18.1% for men and 13.0% for women. It is not clear what accounts for
these differences, but they may be related to our use of maximal versus peak oxygen
consumption values. Our inclusion of only those meeting ACSM maximal oxygen
consumption criterial likely biases norms toward individuals with greater physical function.
In contrast, Fleg et al.® used only achievement of > 85% age-predicted heart rate as a
threshold for an acceptable test.

We expect percentile rank modeling to become increasingly valuable as a research tool to
allow for comparison of individuals across several decades. By expanding the rankings
along the age continuum we have allowed for more accurate comparison between age peers.
Further, the percentile rank can be treated as a continuous measure rather than an ordinal
variable biased towards individuals in the middle of a given decade. As such, this
continuous measure can be compared to other biomarkers or as its own outcome measure
with greater precision.
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For researchers or individuals in the fitness field, Equation 4 can be easily implemented in a
spreadsheet format to automatically convert VO, max to a percentile rank. Alternatively, we
have created a web application deployable to any device that can use an internet browser.
The user inputs the age, sex and VO, max and the application returns a percentile rank
(http://bit.ly/KUADCFitRank).

Conclusion

We modeled existing percentile ranking of VO, max values from 25-years old to 75. In
doing so, we were able to create a continuous measure, rather than one binned by half-
decade, that we could project into the 91" and 10" decade of life where there are currently no
published norms. The application of this model will allow clinicians, researchers and others
in the exercise field such as personal or athletic trainers to more accurately compare age-
peers or account for a wide age range in comparing measures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Percentile Rank Models Compared to American College of Sports Medicine Curves
The modeled functions (dashed) can be seen plotted against the true curves (solid) reported

by ACSM.
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Figure 2. VO2 max Data Demonstrates Face Validity of Our Modeled Percentile Ranks
Each plotted point is the real VO2 max from an individual in a prior study, labeled with their

age. The lines show our modeled functions at the midpoint of each decade. The plot
demonstrates the face validity of our equations; within the same decade of life, older
individuals are given a higher percentile rank compared to a younger individual with a
similar VO, max.
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Mean Absolute Difference Between Published and Predicted Percentile Rank is Lower Using Quadratic

Modeling.
Males Females

Age Linear Quadratic Linear Quadratic
25 5.46 1.20 7.04 1.20
35 1.17 101 1.68 1.67

45 1.99 1.22 3.28 1.36
55 1.07 1.26 1.09 1.39
65 4.17 0.78 5.16 2.06
75 7.33 4.25 5.22 4.98

Mean 353 1.62 3.91 2.11

Table 2

Page 11

Logistic functions that included a quadratic modeling of age effects resulted in smaller differences between published and predicted percentiles.
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Projected Percentiles for Individuals in Their 80s and 90s with Corresponding Estimated VO, Max.

Table 3

Males Females
Age 80-89 Age90-99 Age80-89 Age 90-99
Percentile Estimated VO,Max
99 42.7 37.1 344 31.0
95 36.4 30.8 30.6 271.7
90 33.6 28.0 29.0 26.2
85 31.8 26.3 279 253
80 30.5 25.0 27.1 24.6
75 29.4 239 26.5 24.0
70 28.5 22.9 259 23.5
65 27.6 22.0 254 23.1
60 26.8 21.2 249 22.7
55 26.0 20.5 244 22.3
50 253 19.7 24.0 21.9
45 24.5 18.9 235 215
40 23.7 18.2 231 211
35 22.9 17.4 22.6 20.6
30 22.0 16.5 221 20.2
25 211 15.6 215 19.7
20 20.0 145 21.0 19.1
15 18.7 13.2 20.1 18.4
10 16.9 11.4 19.0 17.5
5 14.1 8.6 17.3 16.0
1 7.8 <3.0 13.6 12.7
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