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Methods
and results

While greater physical activity (PA) is associated with improved health outcomes, the direct links between distinct
components of PA, their changes over time, and cardiorespiratory fitness are incompletely understood.

Maximum effort cardiopulmonary exercise testing (CPET) and objective PA measures [sedentary time (SED),
steps/day, and moderate-vigorous PA (MVPA)] via accelerometers worn for 1 week concurrent with CPET and
7.8 years prior were obtained in 2070 Framingham Heart Study participants [age 54 £ 9 years, 51% women, SED
810 £ 83 min/day, steps/day 7737 £ 3520, MVPA 22.3 +20.3 min/day, peak oxygen uptake (VO,) 23.6 £ 6.9 mL/kg/
min]. Adjusted for clinical risk factors, increases in steps/day and MVPA and reduced SED between the two assess-
ments were associated with distinct aspects of cardiorespiratory fitness (measured by VO,) during initiation, early-
moderate level, peak exercise, and recovery, with the highest effect estimates for MVPA (false discovery rate <5%
for all). Findings were largely consistent across categories of age, sex, obesity, and cardiovascular risk. Increases of
17 min of MVPA/day [95% confidence interval (Cl) 14-21] or 4312 steps/day (95% Cl 3439-5781; ~54 min at 80
steps/min), or reductions of 249 min of SED per day (95% Cl| 149—777) between the two exam cycles corre-
sponded to a 5% (1.2 mL/kg/min) higher peak VO,. Individuals with high (above-mean) steps or MVPA demon-
strated above average peak VO, values regardless of whether they had high or low SED.

Our findings provide a detailed assessment of relations of different types of PA with multidimensional cardio-
respiratory fitness measures and suggest favourable longitudinal changes in PA (and MVPA in particular) are associ-
ated with greater objective fitness.
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Graphical Abstract
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s Exposures: Omnidirectional accelerometer worn for 1 week to measure sedentary
time (SED), steps per day, and moderate-vigorous physical activity (MVPA)
d contemporaneously with exercise testing; repeated measures from =8 years prior to
exercise testing (n=1,720)
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An overview of the study design is displayed. Cardiopulmonary fitness measures were associated with omnidirectional accelerometry data concurrent
with exercise testing and from /8 years prior to evaluate the relations of physical activity and fitness.

Keywords

Introduction

Greater routine physical activity (PA) is associated with lower cardio-
vascular disease (CVD) risk' ™ and improved longevity.”~"* PA pro-
motes cardiovascular health partly through positive effects on clinical
CVD risk factors (e.g. weight, blood pressure, dysglycemia, and blood
cholesterol14’15). However, the physiological and metabolic benefits
of PA extend beyond its impact on standard risk factors'®"” with fa-
vourable effects on multiple organ systems including the heart and
vasculature, brain, muscle, bones, and kidneys.'®"

The 2018 Physical Activity Guidelines for Americans encourage
several types of PA, including dedicated exercise [ie. moderate-
vigorous PA (MVPA)], lower-level activity (e.g. steps during routine
ambulation), and minimization of sedentary time (SED), in accord-
ance with growing evidence that each form of PA is associated with
improved long-term health outcomes.™*** However, for individuals
across the age, sex, and cardiovascular risk status spectrum, the rela-
tive impact of PA intensity and duration on physical fitness remains
unclear. Cardiorespiratory fitness, as assessed by peak oxygen uptake
(VO,) during cardiopulmonary exercise testing (CPET), integrates
global physiological function and is, therefore, ideally suited to investi-
gate the relations of PA and metabolic health. CPET also provides

Physical activity e Sedentary time e Cardiorespiratory fitness e Exercise

measures of central cardiac and vascular function and VO, kinetics
during different phases of exercise (including initiation, low-moderate
intensity, peak exercise, and recovery), which may help to map how
each component of habitual PA relates to changes in metabolic
responses to exercise.

In the present investigation, we related different types of PA with
components of cardiorespiratory fitness in 2070 predominantly
middle-aged community-dwelling Framingham Heart Study (FHS) par-
ticipants. One week of accelerometry-derived PA measures (SED,
steps/day, and MVPA) and their changes over nearly a decade were
related to CPET fitness measures assessed on a single occasion. Our
relatively large sample size permitted assessment of how various com-
binations of SED, steps/day, and MVPA were related to cardiorespira-
tory fitness as well as enabling examination of how relations of PA and
fitness measures varied across age, sex, and cardiovascular risk status.

Methods

Study sample
Detailed characteristics and enrolment procedures for the FHS
Generation Three, Omni Generation Two, and New Offspring cohorts
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Physical activity and components of fitness

Table |

Methodological approaches for measuring cardiopulmonary exercise testing responses

CPET fitness measure

Exercise intensity

Physiological significance

Measurement methodology

Mean response time

O, uptake efficiency slope
VO, at the VAT

VO, at the VAT as % of peak VO,

VO,/work

Post-VAT VO,

Peak VO,

% predicted peak VO,

Peak O, pulse

VO, recovery delay

VO, half-time

% maximum predicted heart rate

Ve/NCO, nadir

Mean arterial pressure at 75 W

Initiation-moderate

Initiation-moderate

Moderate

Moderate

Moderate

Late

Peak

Peak

Peak

Recovery

Recovery

Peak

Low-moderate

Low-moderate

Exponential time constant of VO,

onset kinetics

Reflects VO, kinetics

VO, prior to onset of anaerobic
metabolism

Amount of total VO, (peak VO,)
that occurs prior to VAT

Reflects metabolic cost of performing
external work

Amount of VO, occurring during pri-
marily anaerobic phases of
exercise

‘Gold standard’ assessment of cardio-
respiratory fitness

Comparison of peak VO, achieved
with predicted value for age, sex,
and body size

Reflects stroke volume and periph-
eral O, extraction

VO, recovery kinetics reflect the
metabolic deficit accrued during
exercise (lower deficit observed
with higher fitness)

Heart rate response to exercise

Central cardiac and pulmonary vascu-
lar function and peripheral
chemoreflexes*®*’

Blood pressure and vascular re-

sponse to exercise

O, deficit/ AVO,, where O, deficit = time from
rest to steady state x AVO,-cumulative
VO,, and AVO,; = VO, at steady state-VO,
at rest®

Slope of the regression line of VO, vs. logoVe

Measurement of VO, up to the VAT, measured
using the V-slope method**

VO, at VAT/peak VO,

AVO,/Awork during incremental exercise

Peak VO,—VO, at the VAT

Highest 30’ s median value of VO, during the
final minute of loaded exercise

Using the Wasserman and Hansen formula**

Peak VO,/peak heart rate

Time from end of loaded exercise to when
VO, permanently falls below peak VO,

Time for VO, to decrease to 50% of peak VO,
after adjustment for resting VO,

Predicted peak heart rate calculated using the
Tanaka formula (peak heart rate =208-0.7 x
age)*’

The lowest 30 s average Vg/VCO, value during

exercise

Diastolic blood pressure + 1/3(systolic—diastol-
ic blood pressure)

CPET, cardiopulmonary exercise testing; O,, oxygen; VAT, ventilatory anaerobic threshold; Ve¢/VCO,, the ratio of minute ventilation to carbon dioxide production; VO,, oxy-

gen uptake.

have been described*** At their third examination cycle (exam 3;
2016-2019), all participants were offered participation in the CPET
study, and information on their metabolic responses to exercise and
ventilatory efficiency has been reported previously.”> " Accelerometry
data were obtained during both the second (exam 2; 2008-2011) and
the third (exam 3) examination cycles. At both examinations, partici-
pants were asked to wear the accelerometer for 8 days after their
study visit. From a total of 3521 exam 3 participants, 3486 attended
the research centre (n=35 were home visits), and 3117 completed
CPET, of whom 2408 individuals provided accelerometry data.
Characteristics of individuals with and without accelerometry data at
exam 3 were similar with slightly worse cardiometabolic risk profiles
noted in those who did not provide
(Supplementary material online, Table S7). The majority of participants
resided in New England (84%). We excluded individuals with inad-
equate volitional effort during exercise (peak respiratory exchange
ratio <1.0; n=41), insufficient accelerometer wear time (fewer than 3

accelerometry data

days with >10h of wear time; n= 182), missing steps data (n = 3), miss-
ing CPET data or covariate information (n=108), or outlier values like-
ly to be a result of instrument error (five standard deviations [SD]
above or below the mean) for PA measures (n=4), yielding a final
sample size of 2070 individuals for cross-sectional analyses of CPET
and accelerometry measures (Graphial Abstract). For analysing the rela-
tions of CPET measures with the change in accelerometry measures
from exam 2 to exam 3, we further excluded individuals without
accelerometry data from exam 2 (n=350), yielding an analytic sub-
sample of 1720 individuals. This study was approved by the
Institutional Review Boards at Boston University Medical Campus/
Boston Medical Center and Massachusetts General Hospital. All partic-
ipants provided written informed consent.

Cardiopulmonary exercise testing
Maximum effort incremental ramp CPET was performed on a cycle erg-
ometer (Lode, Netherlands), as previously described.**’ Briefly, breath-
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Table 2 Clinical characteristics of the study sample for cross-sectional analyses

Characteristic

Age, years 54 (9)
Body mass index, kg/m? 28.0 (5.3)
Resting systolic blood pressure, mmHg 124 (16)
Nonwhite race 183 (8.8)
Hypertension medication use 425 (21)
Current smoking 105 (5.1)
Former smoking 641 (31)
Diabetes 145 (7.0)
Prevalent cardiovascular disease 88 (4.3)
Residing in New England 1734 (84)
Wear time, h/day 142 (1.2)
Valid days of accelerometry data, days 6.9 (1.6)
Steps-per-day, steps 7737 (3520)
Sedentary time standardized to an 18-h day, min/day 810 (83)
Moderate-vigorous physical activity, min/day 22.3(20.3)
Peak respiratory exchange ratio 1.23 (0.09)
Peak VO,, mL/kg/min 23.6 (6.9)
% predicted peak VO,, % 96.7 (20.1)
VO, at the VAT, mL/kg/min 12.8 (3.7)
VO, at the VAT as a % of peak VO,, % 54.6 (7.6)
Post-VAT VO,, mL/kg/min 11.0 (4.1)
VO,/work, mL/kg/min per W 9.0 (0.9)
Ve/VCO; nadir 27.0 (2.8)
Peak oxygen pulse, mL/beat 12.5 (4.0)
Mean response time 28.1 (16.4)
O, uptake efficiency slope 2009 (602)
% of maximum predicted heart rate achieved, % 89.6 (9.8)
VO, recovery half time, s 772 (28.6)
VO, recovery delay, s 9.7 (10.0)
Mean arterial pressure at 75 W, mmHg 106 (11)

Overall (n =2070)

Men (n = 1006) Women (n = 1064)

54 (9) 53 (9)

29.1 (47) 269 (5.5)
129 (16) 121 (16)
88 (8.7) 95 (8.9)
250 (25) 175 (16)
52(52) 53 (5.0)
291 (29) 350 (33)
103 (102) 42(39)
60 (6.0) 28 (2.6)
838 (83) 896 (84)
143 (1.2) 141 (1.2)
7.0 (1.6) 6.9 (1.5)
7828 (3468) 7651 (3568)
810 (85) 810 (80)
225 (19.4) 222 (212)
1.24 (0.10) 121 (0.09)
262 (69) 210 (59)
95.0 (18.5) 982 (213)
13.8 (3.8) 119 (3.3)
52.5 (7.0) 56.6 (7.5)
127 (40) 9.4 (34)
9.3(09) 8.7 (0.9)
264 (27) 27.5 (2.8)
155 (32) 9.6 (2.1)
25.6 (16.8) 304 (15.7)
2421 (519) 1619 (371)
89.5 (10.2) 89.8 (9.5)
69.5 (22.5) 845 (31.7)
7.7 (8.3) 115 (11.1)
107 (11) 105 (12)

Characteristics are displayed as mean (standard deviation) for continuous variables or n (%) for categorical variables.
VAT, ventilatory anaerobic threshold; Veg/VCO,, the ratio of minute ventilation to carbon dioxide production; VO,, oxygen uptake.

by-breath gas exchange data were obtained by metabolic cart
(Medgraphics, St. Paul, MN, USA) during four stages of exercise: (i) 2 min
of rest, (i) 3 min of unloaded (‘freewheel’) exercise, (iii) a maximum incre-
mental ramp (15 or 25 W/min), and (iv) recovery with 3 min of unloaded
cycling followed by 1 min of rest. The measurement approach for each
CPET variable is detailed in Table 1.

Accelerometry assessment of physical
activity

Participants attending exam 2 and exam 3 were asked to wear an omni-
directional accelerometer (Actical model no. 198-0200-00; Philips
Respironics) for all hours (except when bathing) for 8days on a belt
worn around the waist."® Given difficulty in discriminating sleep from
waking wear time, participants at exam 3 were asked to remove the de-
vice during sleep. Signals within 0.5-3 Hz and accelerations/decelerations
of 0.05-2g were grouped into ‘counts’ or ‘steps’ at 30-s intervals and
averaged over 1 min. Processing of the data and quality control were per-
formed using the SAS programming language and the first day of wear
was removed from the dataset.”® Non-wear time periods were removed

and were defined by the Choi algorithm, as periods of consecutive zero
counts lasting for at least 90 min with allowance of non-zero counts last-
ing up to 2min as long as they were surrounded by 30 min intervals of
consecutive zero counts.”” We further removed 6 consecutive hours of
wear with the lowest accumulated counts to exclude potential sleep time
that was not removed through application of the Choi algorithm and to
account for differences in wear time between the two examinations.
‘SED’ was defined as <100 counts per minute*® and reported as a percent
of wear time and then standardized to an 18-hour wear day. ‘MVPA’ was
defined by >1535 counts per minute.>'

Covariate ascertainment

Smoking was defined by self-report as current smokers (having smoked
within the 1-year period preceding the study visit), former smokers (prior
smoking but none in the last year), and never smokers. We defined dia-
betes as fasting blood glucose >126 mg/dL, non-fasting glucose >200 mg/
dL, or use of medications for diabetes. Prevalent CVD was characterized
as a history of myocardial infarction, stroke, or heart failure, or by self-
report of taking medications for angina or chest pain, heart failure, atrial
fibrillation or heart rhythm abnormality, stroke, claudication, or
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Table 3 Cross-sectional associations of physical activity and cardiopulmonary exercise testing fitness measures

Sedentary time

CPET fitness measure Est.beta SE FDR-P
VO, kinetics
Exercise initiation-moderate level
Mean response time 0.030 0.022 0.20
O, uptake efficiency slope -0.035 0.015 0.024
Log(VO, at the VAT) -0.079 0.017  <0.0001
VO, at the VAT as % of peak VO3~ 0.023 0.022 0.32
VO,/work -0.084 0.021 0.0001
Late exercise
Post-VAT VO, -0.051 0.017 0.003
Peak exercise
Log(peak VO,) -0.078 0.015 <0.0001
% predicted peak VO, -0.103 0.022  <0.0001
Peak oxygen pulse -0.042 0.014 0.004
Exercise recovery
Square root (VO, recovery delay)  0.025 0.022 0.27
VO, half-time 0.108 0.019  <0.0001
Central cardiac and vascular
% maximum predicted heart rate 0.010 0.021 0.66
Ve/VCO; nadir 0.051 0.021 0.017
Mean arterial pressure at 75 W -0.038 0.015 0.016

Steps/day Log(moderate-vigorous PA)
Est.beta SE FDR-P  Est. beta SE FDR-P
-0.088 0.023 0.0002  -0.190 0.023 <0.0001
0.122 0.015  <0.0001 0.172 0.016 <0.0001
0.168 0.017  <0.0001 0.205 0.018 <0.0001
-0.049 0.023 0.038 -0.145 0.023 <0.0001
0.162 0.021  <0.0001 0.220 0.022 <0.0001
0.144 0.017  <0.0001 0.236 0.017 <0.0001
0.171 0.015  <0.0001 0.257 0.015 <0.0001
0.246 0.021  <0.0001 0.356 0.021 <0.0001
0.130 0.015  <0.0001 0.183 0.015 <0.0001
-0.076 0.023 0.0012  -0.106 0.023 <0.0001
-0.174 0.020 <0.0001  -0.263 0.020 <0.0001
0.003 0.022 088 0.074 0.022 0.001
-0.044 0.022  0.047 -0.081 0.022 0.0004
-0.004 0016  0.81 -0.043 0.016 0.010

Estimated beta coefficients represent the change in standardized CPET fitness measure for a 1-SD change in sedentary time (82.5 min/day standardized to an 18-h day), steps/
day (3519 steps/day), or moderate-vigorous PA (1.0 in log moderate-vigorous PA). Models were adjusted for age, sex, cohort, season of device wear, location (New England vs.
others), average minutes of device wear (for steps and MVPA), body mass index, resting systolic blood pressure, hypertension medication use, smoking (current/former/never),

diabetes, and prevalent cardiovascular disease.

CPET, cardiopulmonary exercise testing; Est., estimated; FDR-P, false discovery rate adjusted P-value; PA, physical activity; SD, standard deviations; SE, standard error; VAT, ven-
tilatory anaerobic threshold; Ve/VCO,, the ratio of minute ventilation to carbon dioxide production; VO,, oxygen uptake.
*Models for peak VO, at the VAT as % of peak VO, were restricted to individuals reaching a respiratory exchange ratio >1.1 (n=1917) to ensure that adequate volitional effort

was expended to allow accurate interpretation.

peripheral arterial disease. The 10-year atherosclerotic CVD risk was cal-
culated using the Pooled Cohort Equations.®

Statistical analysis

After reviewing variable distributions for normality, peak VO,, VO, at the
ventilatory anaerobic threshold (VAT), and MVPA were natural-
logarithmically transformed and VO, recovery delay was square root
transformed prior to analysis to reduce the skewness of these variables.
All CPET and PA variables were mean centred and standardized prior to
analysis.

We evaluated the cross-sectional associations of CPET (dependent)
variables with PA measures at exam 3 (independent variables) using mul-
tivariable linear regression models adjusted for age, sex, cohort, season of
activity monitor wear (fall: September—November; winter: December—
February; spring: March—May; Summer: June—August), location (New
England vs. others, to account for geographic weather differences that
may affect PA), average minutes of activity monitor wear (for steps and
MVPA), body mass index (BMI), resting systolic blood pressure, hyper-
tension medication use, smoking, diabetes, and prevalent CVD. We eval-
uated for the evidence of effect modification by clinical variables on the
associations of PA measures and CPET variables using multiplicative inter-
action terms and the following categorical variables: age (> or < the me-
dian age of 54 years), sex, BMI (three level categorical variable: <25, 25 to
<30, and >30 kg/m?), prevalent CVD or diabetes vs. those without preva-
lent CVD or diabetes, and CVD risk score (three-level categorical

variable based on sex-specific tertiles from the Pooled Cohort Equations:
for women <0.8%, 0.8-2.2%, and >2.2%; for men <3.4%, 3.4-7.7%, and
>7.7%). Non-linearity of the relation of PA measures with peak VO, was
assessed by examining the visual fit of generalized additive models with
flexible splines for PA measures. To measure the associations of domains
of cardiorespiratory fitness with changes in PA between exam 2 and
exam 3 (defined as the exam 3—exam 2 value), linear regression models
were constructed using covariate values at exam 3 with additional adjust-
ment for the exam 2 (baseline) PA measure, interval between exams 2
and 3, and discordant season (which was defined as a binary variable with
a value of ‘1’ assigned if the accelerometer was worn for the summer
months for one assessment and the winter months for the other and was
otherwise assigned a value of ‘0’).

A 5% false discovery rate (FDR; Benjamini-Hochberg) was used to de-
termine statistical significance. All analyses were performed with R (The
R Foundation for Statistical Computing, version 4.0.3; Vienna, Austria;
http://www.rproject.org).

Results

Study sample characteristics
The characteristics of the study sample are shown in Table 2. The
analytic sample (n=2070) had a mean age of 54+ 9 years and was
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Figure | Relative associations of physical activity measures with
cardiorespiratory fitness (peak oxygen uptake [VO,]). Overlaid
added variable plots are displayed for the association of standar-
dized log(peak VO,) and standardized steps per day, log(moderate-
vigorous physical activity), and sedentary time. Each line was fitted
individually adjusting for age, sex, cohort, season of device wear, lo-
cation (New England/other), average minutes of device wear (ex-
cept for sedentary time), body mass index, resting systolic blood
pressure, hypertension medication use, smoking (current/former/
never), diabetes, and prevalent cardiovascular disease.

evenly split between men and women, and the mean BMI was
28.0+5.3kg/m”. Accelerometers were worn for an average of
14.2+ 1.2 h/day, and participants took 7737 £ 3520 steps/day and
spent 22 £ 20 min/day performing MVPA and 13.5 £ 1.4 h/day (stand-
ardized to an 18-h day) sedentary.

Associations of physical activity
measures with multi-domain measures

of cardiorespiratory fithess

Each PA measure demonstrated a modest linear relation with peak
cardiorespiratory fitness (peak VO,) in unadjusted analyses
(Supplementary material online, Figure S7). In multivariable models
adjusted for clinical risk factors, statistically significant associations for
PA measures with different domains of fitness were observed (Table
3). Each of the PA measures was associated with VO, responses
reflecting different components of exercise: initiation-moderate level,
late exercise, peak exercise, and recovery (FDR <5% for all, Table 3).
Notably, while steps/day was associated with numerous VO, meas-
ures, it was not significantly associated with heart rate or blood pres-
sure exercise responses. The effect size for a 1-SD higher MVPA was
greater for each of the fitness responses compared with SED and
steps. A 5% higher peak VO, (corresponding to 1.18 mL/kg/min rela-
tive to the mean) was associated with daily averages of 96% higher
MVPA [95% confidence interval (Cl) 82-113%; e.g. 22 min more rela-
tive to the sample mean], 3458 more steps (95% Cl 2942-4193;
expected to take 40 min, assuming an average cadence of 80 steps/
min®3), and 182 min less SED (95% Cl 131-301) (Figure 1). We did

not observe clinically significant non-linearity in the association of the
PA measures with peak VO, visually or by comparison of the model
fit of linear vs. flexible regression models.

We then evaluated whether PA measures were complementary
(i.e. additive) in their relations to peak VO,. The marginal mean peak
VO, was estimated for individuals with high vs. low values (in relation
to the approximate sample means) for each of the three PA meas-
ures (Figure 2). Higher peak VO, values were observed in groups
with greater than average steps/day or MVPA and low SED.
Intriguingly, individuals with low steps/day or MVPA displayed esti-
mated peak VO, values below the mean regardless of whether
they had high or low SED, whereas individuals with high steps or
MVPA demonstrated peak VO, values above the mean even with
high SED.

Finally, to assess whether the associations of PA and fitness meas-
ures differed across categories of clinical variables, we evaluated for
effect modification by age, sex, BMI, prevalent CVD or diabetes, and
CVD risk (Supplementary material online, Table S2). Despite several
significant interactions, the key findings were largely consistent across
clinical categories (Supplementary material online, Table S2 and
Supplementary material online, Figure S2). We did, however, observe
the evidence of effect modification by sex on the association of SED
and peak VO,, such that each 1-SD higher SED was associated with a
larger decrement in the observed peak VO, in women compared
with men (Supplementary material online, Figure S2F).

Associations of changes in physical
activity measures over time and

cardiorespiratory fitness

Next, we evaluated the associations of changes in PA measures over
a median interval of 7.8 years (25th—75th percentile 7.5-8.1 years) in
1720 individuals who attended both exams 2 and 3 and had complete
accelerometry and CPET measures (Supplementary material online,
Table S3). Changes in PA measures were not associated with heart
rate or blood pressure responses during exercise but were reflected
in metrics of VO, kinetics in different domains of exercise (Table 4).
Increases in average steps/day or MVPA and reductions in SED be-
tween the two exam cycles were related to favourable measures of
each exercise domain, with the largest effect size observed for MVPA
(Table 4). Overall, increases of 17 min of MVPA/day (95% ClI 14-21)
or 4312 steps/day (95% Cl 3439-5781; ~54 min at 80 steps/min), or
reductions of 249 min of SED per day (95% Cl 149-777) between
the two exam cycles corresponded to a 5% higher peak VO, (i.e.
1.18 mL/kg/min relative to the mean).

Lastly, we estimated the marginal mean log peak VO, for individu-
als with PA values above or below the approximate sample mean at
the two exam cycles (Figure 3). There was a stepwise increase in peak
VO, from individuals with low steps/MVPA (or high SED) at both
exams 2 and 3, to high steps/MVPA (or low SED) at one exam, to
high steps/MVPA (or low SED) at both exam cycles. Notably, peak
VO, was similar in the groups with high steps/MVPA (or low SED) at
one of the exam cycles, regardless of whether it was the current
exam when CPET was performed (exam 3) or the previous exam
(exam 2).
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Figure 2 Marginal means of peak oxygen uptake (VO,) by categories of high or low physical activity measures. The estimated marginal means of
standardized log(peak VO,) and 95% confidence intervals were plotted for each category of high or low physical activity measures defined as the fol-
lowing: sedentary time, <821 vs. >821 min; steps/day, <7500 vs. >7500 steps; moderate-vigorous physical activity, >21 vs. <21 min/day. Each marginal
mean was fitted individually adjusting for age, sex, cohort, season of device wear, location (New England/other), average minutes of device wear (ex-
cept for sedentary time), body mass index, resting systolic blood pressure, hypertension medication use, smoking (current/former/never), diabetes,

and prevalent cardiovascular disease.

Discussion

The principal findings of our study are three-fold. First, in a large sam-
ple of community-dwelling individuals, we defined relative associa-
tions between three measures of routine PA (MVPA, steps, SED) and
multiple dimensions of cardiorespiratory fitness. MVPA had the high-
est effect size for exercise response patterns throughout exercise
relative to total steps/day and SED. Specifically, for each minute of in-
crease in average MVPA, >3 min of intermediate cadence walking and
>14 min less SED would be required for the equivalent changes in fit-
ness. Second, we observed linearity in associations of PA measures
and peak VO, and broad consistency of the associations among cate-
gories of age, sex, obesity, and CVD status. Third, the relation of
steps and MVPA with peak VO, was additive, such that the highest
peak VO, was observed in individuals with higher values for both
MVPA and steps/day. Interestingly, higher activity levels (both
moderate-to-vigorous and total activity by steps/day) were associ-
ated with greater than average fitness levels regardless of the amount

of SED, and above average PA at 8years prior to CPET and at the
time of CPET similarly influenced fitness. Collectively, these findings
not only provide a detailed assessment of the relation of PA to pre-
cise measures of fitness but are also consistent with the notion that
antecedent PA and maintenance of PA over time (specifically MVPA)
may preserve cardiorespiratory fitness.

Greater PA has been associated with higher levels of cardio-
respiratory fitness,>*** but prior reports were mostly limited by rela-
tively narrow inclusion criteria, small sample sizes, and lack of
objective measurement of both PA and fitness. Detailed physiologic
studies have demonstrated that physical inactivity (modeled as pro-
longed bedrest leading to both high SED and minimal PA) has a
powerful deleterious effect on cardiovascular function and fitness.>®
Conversely, in sedentary middle-aged individuals, supervised exercise
training can result in significant benefits in fitness.>” Recently, investi-
gators demonstrated that higher self-reported MVPA was associated
with attenuation of age-related declines in peak VO, in ~1500
middle-aged, community-dwelling individuals.*® By relating different
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Table4 Associations of change in physical activity measures from exam 2 to exam 3 with cardiopulmonary exercise

testing fitness measures at exam 3

CPET fitness measure A Sedentary time

Oxygen uptake kinetics

Exercise initiation-moderate level

Mean response time 0.019 0.027 053

O3 wptake efficiency slope -0.009 0.019 0.65

Log(VO; at the VAT) -0.052 0.021  0.026

VO, at the VAT as % of peak VO,*  -0.001 0.026 097

VO,/work -0.069 0.026  0.013
Late exercise

Post-VAT VO, -0.038 0.021 0.0
Peak exercise

Log(peak VO,) -0.054 0.019  0.008

% predicted peak VO, -0.066 0.026 0.023

Peak oxygen pulse -0.029 0.018 0.14
Exercise recovery

Square root (VO recovery delay) 0.040 0.027 0.8

VO; half-time 0.092 0.024  0.0003

Central cardiac and vascular

% maximum predicted heart rate 0.028 0.026 032
Ve/VCO; nadir 0.038 0.026 0.18
Mean arterial pressure at 75 W -0.033 0.019  0.120

A Steps/day A Moderate-vigorous PA

Est. beta SE FDR-P Est. beta SE FDR-P
-0.068 0.030 0.041 -0.170 0.028 <0.0001
0.102 0.021  <0.0001 0.146 0.019 <0.0001
0.152 0.023  <0.0001 0.185 0.021 <0.0001
-0.049 0.031 0.15 -0.079 0.028 0.010
0.170 0.029  <0.0001 0.175 0.026 <0.0001
0.139 0.023  <0.0001 0.198 0.021 <0.0001
0.158 0.021  <0.0001 0.206 0.018 <0.0001
0.225 0.029  <0.0001 0.292 0.026 <0.0001
0.127 0.020  <0.0001 0.166 0.018 <0.0001
-0.071 0.030 0.032 -0.096 0.028 0.001
-0.177 0.027 <0.0001 -0.177 0.025 <0.0001
-0.038 0.029 0.23 0.003 0.027 0.93
-0.043 0.029 0.18 -0.030 0.027 0.31
-0.012 0.021 0.61 -0.046 0.020 0.032

Estimated beta coefficients represent the change in standardized CPET fitness measure for a 1-SD change in sedentary time (80.1 min/day standardized to an 18-h day), steps/
day (4044 steps), or moderate-vigorous PA (20.7 min/day). Models were adjusted for age, sex, exam 2 PA measure, interval between exams, cohort, season of device wear, lo-
cation (New England vs. others), discordant season, average minutes of device wear (for steps and moderate-vigorous PA), body mass index, resting systolic blood pressure,
hypertension medication use, smoking (current/former/never), diabetes, and prevalent cardiovascular disease.

CPET, cardiopulmonary exercise testing; Est., estimated; SE, standard error; FDR-P, false discovery rate adjusted P-value; PA, physical activity; SD, standard deviations; VAT, ven-
tilatory anaerobic threshold; VO,, oxygen uptake; Ve/VCO,, the ratio of minute ventilation to carbon dioxide production.

“Models for peak VO, at the VAT as % of peak VO, were restricted to individuals reaching a respiratory exchange ratio >1.1 (n=1597) to ensure that adequate volitional effort

was expended to allow accurate interpretation.

forms of objectively measured PA (SED, steps/day, MVPA) to mul-
tiple domains of VO, during exercise, our study builds on these prior
reports and demonstrates that routine PA modalities (as opposed to
dedicated exercise training, per se) are important in building and
maintaining cardiorespiratory fitness throughout the life course.

Peak VO, is considered the gold standard measure of cardio-
respiratory fitness and is closely related to health outcomes
across the entire spectrum of health and disease.®” In our sample,
relative amounts of MVPA, moderate walking, and reduction in
SED were associated with a clinically meaningful difference in fit-
ness (>1-1.2ml/kg/min of VO, relative to the mean peak VO, of
23.6 mL/kg/min) among community-dwelling middle-aged adults.
Importantly, MVPA was linearly related to peak VO,, indicating
that while the guideline-recommended thresholds (>150 min/week
of MVPA**) may be a reasonable benchmark (and closely
approximated mean MVPA levels of 156 min/week observed in
our cohort), higher levels of MVPA would be expected to result
in continued improvements in physical fitness with >3- and >14-
fold greater efficiency in achieving higher fitness levels than mod-
erate walking or reducing sedentary time. These associations were
consistent among categories of age, sex, BMI, and CVD status,

reinforcing the message that PA is associated with higher levels of
fitness across age and health status.

A unique aspect of this study is the availability of PA measures
across two times over nearly a decade, necessary to understand the
benefits of maintenance of activity over time on cardiorespiratory fit-
ness. Individuals with persistently low activity levels (or high SED) had
lower cardiorespiratory fitness relative to individuals who displayed
an improvement in activity levels over time, though we did not ob-
serve differences in peak VO, in those individuals with discordant
MVPA at the two exam cycles (e.g. high MVPA at exam 2/low MVPA
at exam 3 vs. low MVPA at exam 2/high MVPA at exam 3). Our find-
ings suggest that cumulative exposure to PA may be related to long-
term fitness levels.”’

In addition to peak VO,, we observed associations of PA measures
with numerous CPET variables reflecting VO, during initiation-
moderate level exercise, late exercise, peak exercise, and recovery.
While MVPA would be expected to promote adaptation to high-
intensity peak exercise (e.g. peak VO,), we found higher relative ef-
fect sizes for MVPA compared to steps or SED in relation to CPET
variables reflecting VO, throughout exercise, suggesting that MVPA
may promote global adaptation to all intensity levels of exercise. Each
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Figure 3 Marginal means of peak oxygen uptake (VO,) by categories of high or low physical activity measures at examinations 2 and 3. The esti-
mated marginal means of peak VO, (log transformed and standardized) with 95% confidence intervals were plotted for each category of high or low
physical activity measures defined as the following: sedentary time, <821 vs. >821 min; steps/day, <7500 vs. >7500 steps; moderate-vigorous physical
activity, >21 vs. <21 min/day. The marginal means were estimated by linear models adjusted for age, sex, cohort, season of device wear, location
(New England/others), average minutes of device wear (except for sedentary time), body mass index, resting systolic blood pressure, hypertension
medication use, smoking (current/former/never), diabetes, and prevalent cardiovascular disease.

form of PA was associated with CPET measures of VO, kinetics, but
were less reliably associated with simple hemodynamic measures
such as heart rate and blood pressure responses. While peak global
cardiorespiratory fitness (peak VO,) is closely related to changes in
PA over time, it requires peak volitional effort for accurate ascertain-
ment. Submaximal measures of VO, kinetics may therefore serve as
sensitive measures (i.e. biomarkers) of the physiologic benefits of dis-
crete PA interventions.

Our study has several limitations. The cross-sectional associations
of PA with fitness measures may be affected by reverse causation.
For example, individuals with lower fitness levels may be less likely
(or unable) to perform PA. By investigating the associations of

changes in PA over 8 years with fitness measures, the issue of reverse
causation is partially addressed, but we still cannot exclude the po-
tential for residual confounding by other determinants of health sta-
tus that may simultaneously impact cardiorespiratory fitness and the
propensity for PA. Our findings should be interpreted as cross-
sectional associations; the precise mechanisms explaining the rela-
tions of greater PA and higher fitness should be assessed using differ-
ent study designs and may include formal mediation analysis. Our
sample was mostly middle-aged. Therefore, while we tested for effect
modification by age, we cannot exclude that the associations of PA
with fitness differ at the extremes of age. Moreover, our sample com-
prised community-dwelling, middle-aged individuals who displayed,
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on average, lower than expected fitness levels; whether these rela-
tions differ in more fit individuals should be explored in future studies.
One potential explanation for the lower-than-expected peak VO,
values is the use of cycle exercise, which is recognized to result in
lower peak VO, measures compared to treadmill exercise.*? Finally,
our sample was primarily of European descent and generalizability to
other populations is therefore unknown.

In conclusion, lower SED, and greater steps/day and MVPA (and
their changes over time) were each associated with better cardio-
respiratory fitness measures. The highest effect estimate was
observed for MVPA, which was associated with favourable CPET fit-
ness measures throughout various intensity levels of incremental ex-
ercise (i.e. from initiation to recovery). These findings are consistent
with the notion that different forms of PA (especially MVPA) are
associated with cardiorespiratory fitness in the general public regard-
less of one’s age, sex, BMI, or CVD status. In addition, our data pro-
vide information regarding the relative modifiability of specific
exercise responses and permit scaling of relative changes in SED,
steps/day, and MVPA required to improve fitness.

Supplementary material
Supplementary material is available at European Heart Journal online.
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