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Abstract

Background: The six-minute walk test (6MWT) is a commonly used clinical assessment of
exercise capacity in patients with cardiopulmonary or neuromuscular disease, but normal values
are lacking for young adults, who are frequent subjects of testing.

Methods: In a two-center study, 272 young adults, ages 18-50, underwent American Thoracic
Society protocolized six-minute walk testing, and 56 underwent repeat testing. A linear regression
model was developed based on anthropomorphic data. This model was compared to existing
prediction equations.

Results: Median 6MWD for the cohort was 637m (IQR 584 — 686m) and was not significantly
impacted by age. This is in contrast to existing equations extrapolated from older subjects that
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predict increasing 6MWD in younger subjects. We found weak correlation of 6MWD with height,
weight, BMI, and resting heart rate. Heart rate at completion correlated most strongly with 6MWD
(rho 0.53 p <0.0001). Repeat 6MWD was surprisingly variable, with a median difference between
tests of 32.5 + 31.9m. Established reference equations performed poorly in this population, largely
because age has much less effect on 6MWD in this group than in older adults.

Conclusions: Established reference equations should be reconfigured to include data from
young adults, as age has minimal effect on 6MWD in this population. Heart rate response may be
a valuable measure of effort in normal subjects. Six-minute walk distance, as with pulmonary
function and exercise testing, should have predictive equations across the spectrum of age to allow
for accurate assessment of exercise limitation.
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Introduction:

Methods:

The six-minute walk test (6MWT) is a widely used measurement of exercise capacity in
many conditions that affect young adults.1~8 Compared to more comprehensive laboratory
tests like cardiopulmonary exercise testing, the 6MWT is easier to administer, less
expensive, less invasive, and is easily repeated.” Six-minute walk distance (6MWD) has
been shown to be a reliable predictor of survival in several disease states.12:8-10 The change
in BMWD is commonly used as the primary outcome in clinical trials, with 575 trials in
clinicaltrials.gov currently using 6MWD as an endpoint. The Federal Drug Administration
has approved multiple medications on the basis of trials showing a change in 6MWD.411-15

The most commonly used reference values for SMWD in American adults were derived
from a study of 290 men and women aged 40-80 (mean age 61).16 Comparisons of
observed-to-expected 6MWD are used to make prognostic statements and treatment
decisions for younger patients who were not represented in this cohort.1” Previous studies
have demonstrated discrepancy between the observed 6MWD of healthy young adults and
the values estimated from these reference equations, but these studies have been limited by
small size and patient characteristics that may not generalize to the United States (US).18-22
Thus, we tested the standard US reference equation, derived in older adults, against objective
results of 6BMWD in healthy young adults, hypothesizing that these equations would over-
predict BMWD in younger adults.1® We then developed comparative reference equations for
this patient population based on anthropomorphic data.16

This study was approved by the internal review boards at Vanderbilt University (#172128)
and the Meharry Medical College (#18-10-866). Informed consent was obtained from all
participants.
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Study Population

Outcomes

Healthy volunteers were recruited via electronic research distribution lists, flyers, and
internal institutional emails. Interested participants were directed to a secure online health
survey and informed consent document (see online supplement). The inclusion criteria were
healthy adults, ages 18-50. Exclusion criteria included pregnancy or any known
cardiovascular, pulmonary, neurologic, metabolic, hematologic, or musculoskeletal
diagnosis. Any uncertainties or questions about health status were addressed by the principal
investigators, which included disqualification for any medication used to treat the listed
chronic medical conditions (e.g. inhalers for mild asthma, anti-hypertensives). Volunteers
who met all inclusion criteria and none of the exclusion criteria were contacted to schedule a
6MWT.

The primary outcome was the 6MWD as a function of age, compared to the prediction of
current reference equations. A secondary goal was to develop a model based on age, height,
weight, BMI and gender. Model fit is reported as Spearman correlation coefficients, RZ, and
optimism-adjusted R? based on resampling validation on 300 bootstrap repetitions.
Exploratory outcomes were correlation between 6MWD and resting and post-test heart rate,
self-reported days of exercise per week, and daily step counts as measured by smartphones
and wearable fitness devices.

Data Collection

Six-Minute Walk Test Protocol: Participants were instructed to wear comfortable
clothing and walking shoes, and to not exercise within 12 hours of the test. Prior to testing,
all participants had height, weight, resting heart rate (seated) and oxygen saturation
measured. Each subject completed a brief demographic survey, which included self-reported
days of exercise per week, and average daily step count if available from a smartphone or
wearable fitness device. Study personnel assisted participants in finding daily step counts on
their devices if needed, and the longest available average (1 month — 1 year) was used.

Testing was performed at Vanderbilt University Medical Center and at Meharry Medical
Center. In both locations, testing was performed along a 100ft (30m) indoor track with firm
flooring, marked at regular intervals. All participants were read the same standardized
instructions, slightly adapted from the American Thoracic Society (ATS) guidelines (see
online data supplement).}” Per ERS/ATS guidelines, the test included only scripted
encouragement, and at each minute the participants were informed of the time remaining.23
At the conclusion of 6 minutes, the test administrator measured the participant’s heart rate
and oxygen saturation, recorded the 6MWD, and administered the Borg Dyspnea and
Fatigue scale questionnaires.24

All participants who completed initial testing were contacted electronically and asked to
perform a repeat test, with the same protocol as listed above, on a separate day. Study data
were collected and managed using REDCap electronic data capture tools.25
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Statistical Analyses

Results:

Data are presented as median and interquartile range or count and percentage. Differences
between paired continuous variables are assessed using the Wilcoxon signed-rank test.
Spearman correlation coefficients are reported for the relationship between prediction
models and observed 6MWD, as well as heart rates, self-reported activity level, daily step
counts and observed 6MWD.

Details of the development of the reference equation can be found in the supplement. In
summary, a linear regression model of 6MWD was constructed using demographic and
anthropometric variables, as has been done in previous 6MWD reference equations.
16,19,20,26.27 These included age, height, weight, and sex. The accuracy of the prediction
models in our population were assessed using Spearman correlation coefficients, and R2 or
sum of squared errors. Bootstrapping was performed for validation and correction for
optimism.

Statistical analyses were performed using STATA statistical software package (\ersion 15
for Mac) and R version 3.5.2 (R foundation for Statistical Computing, Vienna, Austria).

Study Population:

Two hundred and seventy-two participants completed an initial 6GMWT (Table 1). The
median age of the population was 32.5 years (interquartile range (IQR) 27 — 39 years), 70%
were female, and the median BMI was 24.9 (IQR 21.8 — 27.9). Most participants reported
being at least moderately physically active, and none were current smokers. Forty-nine
percent of the participants either wore a fitness watch or had a smartphone app that tracked
daily step counts.

Mean 6MWD for the population was 636 + 88m, and participants increased their heart rate
by 45 + 23 beats per minute to 65% + 14% of their predicted maximum heart rate (220 —

age).

Multivariable Modeling for Prediction of 6MWD:

The linear multiple regression model for the outcome of predicted 6MWD included the 272
initial BMWTs from all participants. There were no missing data for the variables of interest.

The model incorporates only pre-test demographic and anthropometric variables. The
reference equation and model fit characteristics are presented in table 2. To compare effect
sizes of the predictors, we calculated the change in predicted 6MWD expected by increasing
from the 25™ percentile to the 75! percentile of the population of that given variable, while
holding all other predictors constant (table 3). This shows that among the anthropometric
variables, age has the smallest effect, whereas height, weight, and gender are all significant
predictors, with weight having the greatest effect.

Respir Med. Author manuscript; available in PMC 2021 April 01.
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Reference Equation Performance in Healthy Participants:

Our new 6MWD prediction model, incorporating age, height, weight, and sex, had a
Spearman correlation coefficient of 0.457, and adjusted R? of 0.196 (Table 2). Residual plots
of predicted vs. observed 6MWD using this model show that it tends to over-predict
participants with low 6MWD, and under-predict those with high 6MWD (e-Figure 1).

We tested the most commonly used 6MWD prediction model in our population, which
yielded a Spearman correlation coefficient of 0.335.16 The sum square of errors for this
model was greater than the total sum of squared errors for the sample, so R? could not be
calculated. We also tested the reference equations developed by Chetta and Gibbons in
younger adults, and these also did not accurately predict 6MWD in our population (Table 2).
18,19 \When comparing the most common US prediction model to our prediction model, it
over-estimated 6MWD in younger participants (Figure 1).

Reproducibility of 6MWT

Among the 56 participants who underwent repeat testing (median time between tests = 147
days, IQR 121 to 168 days) we found no significant difference in mean 6MWD between the
first and second test (642m vs. 621m, p=0.436), however, there was intra-individual
variability in 6MWD, with an average difference between tests of 32.5 + 31.9m (Figure 2).

Exploratory Outcomes and Associations with 6MWD

Higher resting heart rate correlated with shorter 6MWD (rho —0.23 p = 0.0001). Increase in
heart rate during testing (from resting to immediately post-test) correlated more strongly
with MWD than any other single variable (rho 0.53 p <0.0001) (Figure 3). Number of self-
reported exercise days per week (rho 0.15 p = 0.02), and daily step counts from smartphones
or wearable fitness devices (rho 0.35 p < 0.0001) are both correlated with 6MWD (Figure 4).

Discussion:

This data reveals that the existing reference equation for predicted 6MWD in American
adults over-predicts 6MWD in a younger population, age 18-50.16 Other reference
equations developed for predicting 6MWD in younger adults in smaller, international
populations also did not accurately predict SMWD in our cohort.18:19 Consistent with prior
studies, we found that height, weight, and gender correlate with 6MWD. Age, however,
which has been strongly predictive of 6MWD in most studies, especially among older
adults, had minimal effect in our cohort.28 We have shown that the ability of any model
using only anthropometric variables to predict 6MWD in healthy participants is likely to be
limited, and this is largely due to variation in participant effort. This is suggested by the
strong correlation between increase in heart rate during testing and 6MWD, and intra-
individual repeat testing variability.

Clinical interpretation of a 6MWT is contingent on comparing a patient’s actual six-minute
walk distance to a set reference value, and without accurate refence values a clinician’s
ability to prognosticate and guide treatment is hampered, and clinical trial data interpretation
may be limited. We have developed a reference equation for our cohort, and propose that

Respir Med. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Halliday et al.

Page 6

further experiments are warranted to increase the cohort size, parse variables such as gender,
and make new associations with subject physical activity and basal heart rate. As with
predictive equations in pulmonary function and exercise testing, this information will
improve assessment of the functional limitation of younger patients with cardiopulmonary
disease. 1’

We speculate on why the 6MWD is relatively flat compared to age in our cohort. The
kilometers per hour (kph) corresponding to the mean speed of 642m/6 min is 6.4 kph. In
most studies of locomotion, the speed threshold for converting from rapid walking to
jogging is about 6.4 — 7.2 kph.29 Thus, the 6-minute walk speed is not linear, and has a
ceiling before a subject finds jogging more comfortable.30 It seems likely that this walking
speed limit influences the data we have generated, and makes the extrapolations from
reference equations developed in older populations unrealistically high. At age 20 in current
predictions, the predicted mean 6MWD for our cohort is roughly 760m, which equates to a
walking speed of 7.6 kph.16 Also, it is well recognized that exercise capacity declines with
age, however it is likely that this decline is not linear. The aerobic capacity lost between ages
20 and 40 is not proportional to that lost between ages 50 and 70, for example. This has been
previously shown among non-sedentary adults, though few longitudinal exercise studies
have examined varying rates of decline over time.31:32

The importance of using percent of predicted 6BMWD to guide treatment and prognostication
can also be seen by applying these reference equations to our study population. The
“minimal important difference” for change in 6MWD has been determined for diseases such
as pulmonary arterial hypertension, congestive heart failure, COPD, and diffuse
parenchymal lung diseases, and typically ranges from 2536m.33-37 These studies treat the
minimal important difference as an absolute value across the entire population, however, a
30m change from baseline would represent a 3.4% change in predicted 6MWD for one
participant in our study, and a 6.3% change in another, based off their height, weight, sex,
and age. A more personalized approach to treatment would entail determining what an
individual’s 6BMWD is compared to a population-appropriate reference equation, and
interpreting change in 6MWD as relative to the reference value.

Our study found surprising variability in 6MWD with repeat testing, in tests performed
weeks to months apart. Previous studies have shown a significant learning effect in both
healthy and diseased populations, but primarily in repeat tests within the same day.383% Our
study may be more reflective of clinical practice, where patients are more likely to perform
one 6BMWT per visit, and repeat it once at a follow-up visit. Our data suggests that the repeat
test effect is less pronounced when testing is carried out in this manner, at least among
healthy participants. However, it also notable that intra-individual variability in 6MWD
between tests can be quite high among this healthy population, upwards of 50-100m. This
finding further suggests that measuring effort, which may vary from one visit to the next,
should be an important aspect of clinical six-minute walk testing.

We have presented data that assessments of physical fitness, such as resting heart rate and
self-reported days of exercise per week correlate with 6MWD in this population. While
using self-reported variables such as exercise is exploratory, and prone to bias, all of the
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available data points towards physical fitness significantly affecting 6MWD, even in
otherwise healthy young adults.

Daily step counts from wearable devices with accelerometers have previously been shown to
correlate with 6MWD in diseased populations, and our study suggests that this may be true
in healthy populations as well. 4041 With the increasing availability and use of mobile health
devices, utilizing data from these devices to assess patient’s health status may be of clinical
interest, and merits further investigation.

Our study has a number of limitations. Participants were recruited from two academic
medical centers, and may not be reflective of a broader national population. However, this is
the largest study to date of 6MWD in healthy young American adults, and is more
demographically diverse than most previous studies. We also have limited observations of
individuals at the extremes of height and weight. A relatively small number of subjects
underwent repeat 6MWD testing (56 out of 272), which limits the generalizability of our
findings of high intra-individual 6MWD variability. Although participants were provided
with a structured questionnaire about health conditions at screening, they did not undergo
physical examinations, and medical records were not reviewed. It is therefore possible that
some of the self-reported “healthy” participants had a disqualifying medical condition.
Lastly, our prediction model did not perform particularly well, even within the study
population from which it was derived (adjusted R2 of 0.196), and this has been seen in other
reference equations as well.18:19.26 This suggests that developing a highly accurate
prediction model for 6MWD in this population is probably not feasible, due to unmeasured
variables such as participant effort. Future efforts to develop reference equations should find
ways to incorporate objective measures of participant effort, and perhaps modify the current
scripted instructions to ensure more consistent understanding among subjects. Clinically, the
available reference equations are still useful for approximation of a patient’s level of debility
and prognosis, and trends in 6MWD on serial evaluations provide additional prognostic
information, 584243

Conclusions:

Established reference equations for 6 MWD dramatically over-predict 6MWD in healthy
young adults. A reference equation developed from our cohort differs significantly from
those developed in populations of older adults because age does not have a strong effect on
6MWD in adults aged 18-50. This may be due to a ceiling effect of walk speed at the
threshold of jogging. This information may improve assessment of exercise limitation with
age-appropriate reference values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Current reference equations for six-minute walk distance (6MWD)
dramatically over-estimate 6MWD in healthy young adults

Age has minimal impact on walking speed in healthy young adults.

Reference equations for 6MWD should be revised to include broader
demographics.
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Figure 1:

Prediction models for six-minute walk distance versus age in the study population. Lines
represent quadratic regression fit, and shaded areas represent 95% CI of the mean.
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Figure 2:
Bland-Altman plot of change in six-minute walk distance (6MWD) between the first and

second tests versus initial 6MWD among participants whom underwent repeat testing
(n=56). Dotted lines represent the mean change in 6MWD and 95% confidence interval.
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Figure 3:
Univariate plots of observed 6MWD vs. predictor variables. Lines represent fitted spline

regression with 95% confidence interval of the mean.
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Figure 4 A&B:
A: Six-minute walk distance by number of self-reported days of exercise per week.

B: Six-minute walk distance versus average daily step count obtained from participants’
smartphone or wearable fitness device. The line represents a linear prediction with 95%
confidence interval of the mean.
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Table 1:

Characteristics of the Study Population (n=272)

Median or % (IQR)

mHealth device 4

Age (years) 32.5(27 - 39)
Gender (Female) 70%
Race
White 69%
Black 15%
Asian 9%
Hispanic 2%
Height (cm) 169 (164 - 176)
Weight (kg) 72 (61-84)
BMI (kg/m?) 24.9 (21.8-27.9)
Ever smoker 11%
Current smoker 0%
Exercise days per week iy
0 13%
1-2 29%
3-5 44%
6-7 13%
49%

Daily step count

7500 (5413 - 10,000)

Resting HR

75 (67 - 85)

Resting SPO,

98% (98 — 99)

Post-test heart rate

120 (103 - 138)

AHeart rate (post-test — resting)

43 (27 - 59)

Percent of Maximum heart rate achieved’t

64% (55% — 74%)

Post-test SPO,

98% (98 — 99)

Six-minute walk distance (m)

637 (584 — 686)

*
Self-reported “Aerobic or lower body exercise for greater than 20 minutes”

flncludes wearable fitness device or smart phone with step counter

’tMaximum heart rate = 220 — age
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Table 2:

Reference Equation

Page 17

330.2
6MWD(m) [male] = (6.22 x height(cm)) — (2.99 x weight(kg)) — (0.52 x age) —
183.06

Prediction Reference equation Spearman Adjusted R?
Model Correlation

Enright Model 6MWD(m) [female] = (2.11 x height(cm)) — (2.29 x weight(kg)) - (5.78 x age) + 667 | 0.335 n/a
6MWD (m) [male] = (7.57 x height(cm)) — (5.02 x age) — (1.76 x weight(kg)) — 309

Chetta Model 6MWD(m) [female]= (1.25 x height(cm)) — (2.816 x age) + 479.783 0.233 0.05
6MWD(m) [male]= (1.25 x height(cm)) — (2.816 x age) + 518.853

Gibbons Model 6MWD(m) [female] = 794.1 — (age x 2.99) 0.213 0.042
6MWD(m) [male] = 868.8 — (age x 2.99)

Model 1 6MWD(m) [female] = (2.64 x height(cm)) — (2.12 x weight(kg)) + (0.12 x age) + 0.457 0.196

6MWD = six-minute walk distance
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Table 3:

Effect Sizes of Predictor Variables in New Prediction Model

Predictor 25t percentile Value | 75 Percentile Value | A6BMWD(m) by increasing from 25t to 75t percentile (95%
cny’

Age (years) 27 39 1.44m (-15.51 - 18.4)

Height (cm) 164 176 31.68m (9.31 - 54.06)

Weight (kg) 60.75 84 -49.37m (-67.11 — -31.63)

Sex (Male : Female)

8.76m (-22.87 — 40.39)

*
Estimated effect sizes of the predictors as calculated by the change in predicted 6MWD expected by increasing from the 25th percentile to the

75th percentile of the population of that given variable, while holding all other predictors constant
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