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Abstract of the Dissertation

Developing, Validating, and Applying Measurements of Relative Intensity Activity in Older
Adults from Observational Accelerometry Studies

by

Benjamin Troy Schumacher

Doctor of Philosophy in Public Health (Epidemiology)

University of California San Diego, 2022
San Diego State University, 2022

Professor Andrea Z. LaCroix, Chair

Background: Regular physical activity (PA) reduces the risk of chronic diseases, slows the
progression of prevalent chronic diseases, and promotes other health benefits. One’s level of
energy expenditure while performing an activity (absolute intensity) may be discordant with
their level of exertion relative to their maximal possible effort (relative intensity). VO,ay, the

gold standard measurement of cardiorespiratory fitness, can be used to individualize absolute

xi



activity relative to maximum effort. If the VO,,,,, of an individual is known and their
instantaneous oxygen uptake (VO,) can be measured, (VO, / VO,,,.,)*100) gives the percent of
their maximal exercise capacity (i.e., their relative intensity).

Methods: Aim 1 assessed the performance of published VO,,,,,, prediction equations in relation
to measured VO, and recalibrated the equations using the Baltimore Longitudinal Study of
Aging (BLSA). Aim 2 developed new machine-learned (ML) VO, prediction algorithms in
the BLSA. In Aim 3, daily hours spent in light and moderate-to-vigorous PA (MVPA) were
calculated on the absolute scale (accelerometer-measured PA) and relative scale (accelerometer-
estimated VO, / predicted VO,,,, using Aim 2’s algorithms). The associations between absolute
and relative intensity PA, total mortality, and incident major cardiovascular disease (CVD) were
estimated in the Objective Physical Activity and Cardiovascular Health (OPACH) Study.
Results: In Aim 1, the prediction equations yielded root mean squared error (RMSE) values
ranging from 4.2-20.4 mLekg'emin’! and from 3.9-4.2 mL<kg'emin’! after recalibration. The
newly developed ML algorithms in Aim 2 yielded RMSE values ranging from 2.9-4.4 mL+kg"
lemin!. In Aim 3, on each PA measurement scale (relative and absolute), higher levels of light
PA and MVPA were associated with reduced risk of both outcomes. On the absolute scale,
MVPA was more strongly associated with both outcomes than light intensity, but on the relative
scale, light intensity was more strongly associated with both outcomes.

Conclusion: The PA intensity paradigm should keep shifting towards recommendation of more
movement, regardless of intensity, and placing greater emphasis on relative light intensity (37%-
46% of maximal capacity) as modifiable behavioral targets that are more easily achieved, reduce

the risk of CVD and death, and promote healthy aging.
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1. Introduction

1.1. Physical Activity and Health in Older Adults

For people of all ages, regular physical activity (PA) is known to reduce the risk of
developing new chronic diseases, slow the progression of prevalent chronic diseases, and
promote a myriad of other health benefits.! Older adults (> 65 years) that engage in the
recommended amounts of physical activity have a reduced risk of developing/experiencing:
dementia, cancers (specifically of the breast, colon, bladder, endometrial, kidney, lung, and
stomach), falls, among many other deleterious health outcomes.! Further, physical activity is also
known to improve executive function, sleep quality, and overall quality of life.! Despite the
benefits from engaging in regular PA, the proportion of older adults that meet the PA guidelines

was only 28%, according to a 2016 study.’

1.2. Classification and Measurement of Physical Activity

PA can be defined as “bodily movement produced by skeletal muscles that results in
energy expenditure™ and has a wide range of intensity categories: light, moderate, vigorous, and
a frequently used aggregate category of moderate-to-vigorous PA (MVPA).! The PA intensity
category is determined by the amount of energy expended while completing a task, most
commonly measured in metabolic equivalents (METs).! One MET is the amount of metabolic
energy that is expended while sitting quietly at rest, which, for most individuals takes 3.5
milliliters of oxygen (mL) per kg of body weight (kg) per minute (min) (mLekg'emin-').
Therefore, an activity of five METs requires five times the amount of energy expended (or 17.5
mLekg'emin') while sitting at rest. Categories of PA intensity have been defined as < 1.5, 1.6 -
2.9,3.0-5.9,and > 6.0 METs as sedentary behavior (SB), light, moderate, and vigorous PA,

respectively.! Lastly, for an activity to truly be considered as SB, one’s energy expenditure must



be < 1.5 METSs and they must be sitting, reclining, or lying.!* The measurement of PA in
epidemiologic cohort studies is generally conducted using triaxial accelerometers. These
accelerometers are generally placed on the right hip and are worn for 7 days. When analyzing
accelerometry data, accelerations from all three axes are aggregated into vector magnitude (VM)
counts over a recording period (epoch, usually 15-seconds or one minute) to summarize activity
within that epoch.> The VM counts per epoch can then be used to classify the intensity of
activity engaged in during that epoch. Epochs can then be aggregated across the device wear
time to yield an objective measurement of PA and PA intensity over a specified time interval

(e.g. per hour or day).

1.3. Absolute vs. Relative Intensity Activity

According to the 2018 U.S. Physical Activity Guidelines Advisory Committee (PAGAC)
Scientific Report, PA intensity can be measured on an absolute or relative scale.! The absolute
intensity scale focuses solely on the amount of energy expenditure needed to complete an
activity, while the relative intensity scale considers the absolute energy expenditure in relation to
one’s maximal possible effort.! The aforementioned MET-based categories of PA intensity (see
Chapter 1.2.) are on the absolute scale. The absolute intensity scale assumes that energy
expenditure for a given activity is the same for all individuals and does not account for health
status, age, cardiorespiratory fitness level, or any other observed or unobserved phenotype.
Therefore, published, commonly used absolute intensity categories may adequately correlate
with perceived exertion for a middle-aged, generally healthy adult.! However, given that older
adults have a lower resting metabolic rate® coupled with an increased energy cost of movement’,
the absolute intensity categories will likely have lower correlations with perceived exertion and

underestimate amounts of moderate and vigorous PA in older populations.! This discordance



between the absolute energy expenditure and perceived level of effort is not exclusive to older
adults, but also applies to those in poor health, those with comorbidities, and those with poor
cardiorespiratory fitness. The following adapted example® more clearly illustrates the differences
between absolute and relative intensity activity. Assume walking at a constant, slow pace
requires 3 METs. For a younger adult capable of 12 MET activities, this slow walk requires
minimal effort relative to their 12 MET capacity (3/12 = 25% of their maximal effort). For an
older adult, capable of 5 METs, this same walk requires much more relative effort (3/5 = 60% of
their maximal effort). Both adults are exerting the same amount of energy on an absolute scale (3

METs) but the exertion relative to their maximum is quite disparate.

1.4. Percent Maximal Oxygen Uptake as a Relative Intensity Activity Metric

The capacity of the circulatory and respiratory systems to deliver oxygen to skeletal
muscles for use during physical activity and exercise can be quantified by one’s
cardiorespiratory fitness (CRF) level.” Maximal oxygen uptake, VO, k. 1S the gold standard
measurement of cardiorespiratory fitness.® VO,,,,, measures the volume of oxygen (O>) that
physiologic systems can uptake and utilize during activity.'®!! VO,,,., is measured using a gas
exchange monitoring system attached to the participant’s face, covering the nose and mouth,
while a graded exercise test is conducted on a stationary bicycle or treadmill. Participants will
begin walking or biking at a slow speed, and the incline of the device will be increased in a
graded, stepwise fashion until the participant indicates they have reached total exhaustion. Thus,
VO,,,.x marks the point in which one’s body cannot increase oxygen (O2) consumption and
utilization despite an increase in the requested workload. This volume of O, measured in
milliliters (mL), is standardized per kilogram (kg) of body mass, and per minute of exercise,

yielding units of VO,,,,, to be mLekg'emin‘!. Traditionally, VO,,,,, can be converted to METs



by dividing by 3.5, though studies have shown that a conversion factor of 3.0 for older adults
more accurately captures the decrease in resting metabolic rate.’ If the VO,,,, of an individual is
known and their instantaneous oxygen uptake (VO,) can be measured, then [(VO, /
VO,max)¥100 or (METSs / maximal MET capacity)*100] gives the percent of their maximal
exercise capacity (i.e., the relative intensity of their effort). The American College of Sports
Medicine (ACSM) proposes the following relative intensity categories based on percent of
maximal effort: < 37% as very light, 37 — 45% as light, 46 — 63% as moderate, 64 — 90% as

vigorous, and = 91% as maximal effort.’

1.5. Review of Epidemiologic Studies on Relative Intensity Activity

To my knowledge, this dissertation is the first study to assess relative vs. absolute
intensity of physical activity with an estimated percent of maximal exercise capacity. As direct
measurements of instantaneous VO, and VO,,,,, require specialized equipment, trained
personnel, the presence of a licensed physician (for VO,,...), and extensive economic resources
that are generally not feasible for large epidemiologic cohort studies, only indirect estimations of
relative intensity have been used, e.g. the talk test!> and the Borg Rating of Perceived Exertion
(RPE)." In short, the Borg Scale is a subjective survey completed by the participant during PA
that ranges from “no exertion at all” to “maximal exertion” and the talk test states that, generally,
while engaged in relative moderate intensity activity, one can talk but not sing, and while

engaged in vigorous activity one can hardly talk.

In a prospective cohort study of 7,337 men in the Harvard Alumni Health Study (mean
age: 66 years), participants rated their usual level of exertion when exercising on a 10-point Borg
Scale, categorized as 0 to 2 (“nothing to weak™), 3 (“moderate”), 4 (“somewhat strong”), and = 5

(“strong to maximal™).!* Adjusted relative risks (RR (95% CI)) of coronary heart disease (CHD)



for men reporting usual perceived exertion as “moderate,” “somewhat strong,” and “strong to
maximal” were: 0.86 (0.66-1.13),0.69 (0.51-0.94), and 0.72 (0.52-1.00), respectively (P ena=
0.02), when compared with “nothing to weak”.!> The authors of the study note that, “[the
finding] suggests that physical activity recommendations need to be tailored to the individual and
that global requirements for activities of > 3 METs may not be appropriate, especially for older

persons.”!*

In a study from the same cohort as used in parts of this dissertation, the Baltimore
Longitudinal Study of Aging (BLSA), 619 healthy men and 497 healthy women had their
activity assessed on both the relative and absolute scales.!® The proportion of participants
meeting the national recommendations for moderate and high intensity PA on an absolute
intensity scale decreased with age, but this same proportion increased when activity was assessed
on a relative intensity scale, further exemplifying the need to measure activity of older and
younger adults on different scales. Talbot et al. assert that more older adults are compliant with
national PA recommendations on a relative intensity scale and that the absolute intensity scale is

inappropriate to measure and motivate older adults’ physical activity.!®

1.6. Specific Aims

In this dissertation, I examined the performance of VO, prediction equations, use
machine-learned (ML) methods to develop new VO, prediction algorithms, and then assess
relationships between absolute and relative intensity PA and selected health outcomes. The

following aims are addressed:

Aim 1: Quantify the association between VOZmax, both measured and as predicted

from numerous published prediction equations, and all-cause mortality in the



Baltimore Longitudinal Study of Aging. Several published non-exercise VO,
prediction models will be used to predict VO,,,,, in the Baltimore Longitudinal Study of
Aging (BLSA). After assessing performance metrics for each predicted VO,,,, relative
to laboratory-measured VO,,,,, the equations will be recalibrated to measured VO,,,x,
and associations between the predicted VO,,,,,, recalibrated predicted VO,,,,,, and all-

cause mortality will be quantified.

Aim 2: Train multiple ML algorithms to develop non-exercise based VO2zmax
prediction algorithms in the BLSA. Given the logistical challenges of measuring
VO,,..« in large, epidemiologic cohorts, there exists a need for an accurate, reliable
VO,,..x prediction models that can be broadly applied to epidemiologic cohorts. These
VO,,.x prediction models will be trained using all covariates in the Baltimore
Longitudinal Study of Aging, after restricting to commonly available non-exercise
covariates to increase the transportability of these algorithms to external epidemiologic

cohorts, and within sex-specific strata.

Aim 3: Estimate the associations between absolute intensity PA, relative intensity
PA, total mortality, and incident major CVD. Using accelerometry data from the
Objective Physical Activity and Cardiovascular Health (OPACH) Study, VM counts in
each epoch will be used to categorize absolute intensity of activity. Epoch-level
accelerometer-estimated METs will be divided by each persons predicted VO, (using
the best performing algorithms from Aim 1 and Aim 2) to yield percent maximal effort in
that epoch. Percent maximal effort will be classified using the ACSM’s categorization
scheme. The associations between absolute intensity PA, relative intensity PA, total

mortality, and incident major CVD will then be quantified and compared.



2. Validation, Recalibration, and Predictive Accuracy of Published VO,,,,, Prediction
Equations for Older Adults

Benjamin T. Schumacher, Chongzhi Di, John Bellettiere, Michael J. LaMonte, Eleanor M.

Simonsick, Humberto Parada Jr., Dr. Steven P. Hooker, Andrea Z. LaCroix

2.1. Abstract
Background: Maximal oxygen uptake (VO,,,,) is the criterion measure of cardiorespiratory

fitness (CRF). Lower CRF is a strong predictor of poor health outcomes, including all-cause
mortality. Since VO,,,, testing is resource intensive, several non-exercise based VO,
prediction equations have been published. We assess these equations’ ability to predict measured
VO,,..«, recalibrate these equations, and quantify the association of measured and predicted

VO,,,.x With all-cause mortality.

Methods: Baltimore Longitudinal Study of Aging participants with valid VO,,,,, tests were
included (n=1,080). Using published VOyax prediction equations, we calculated predicted
VO,,..x and present performance metrics before and after recalibration (deriving new regression
estimates by regressing measured VO,,,,, on BLSA). Cox proportional hazards models were fit
to quantify associations of measured, predicted, and recalibration-predicted values of VOyax

with mortality.

Results: Mean age and VO,,,,, were 69.0+10.4 years and 21.6+5.9 mLekg'emin’!, respectively.
The prediction equations yielded root mean squared error values ranging from 4.2-20.4 mLekg-
'emin!. After recalibration, these values decreased to 3.9-4.2 mLekg'emin'. Adjusting for all

covariates, all-cause mortality risk was 66% lower for the highest quartile of measured VO,



relative to the lowest. Predicted VO,,,,, variables yielded similar estimates in unadjusted models

but were not robust to adjustment.

Conclusion: Measured VO,,,,, is an extremely strong predictor of all-cause mortality. Several
published VOyax prediction equations yielded: (1) reasonable performance metrics relative to
measured VO,,..,, especially when recalibrated, (2) all-cause mortality hazard ratios similar to

those of measured VO, .y, especially when recalibrated, yet (3) were not robust to adjustment
for basic demographic covariates likely because these were used in the equation for predicted

VOZmax .



2.2. Introduction

The capacity of the circulatory and respiratory systems to deliver oxygen to skeletal
muscles for use during physical activity and exercise can be quantified by one’s
cardiorespiratory fitness (CRF) level °. CRF is a physiological attribute determined by several
factors including age, sex, health status, and genetics; however, the principal modifiable
determinant is habitual physical activity (PA) level °. Through increases in the frequency,
duration, and intensity of PA, CRF can incrementally increase, especially among the sedentary,
though CRF declines soon after the frequency, duration, and/or intensity of PA declines. Thus,
CREF often is used as an objective surrogate of recent PA patterns. Decades of clinical,
epidemiologic, and exercise science studies have reported that higher CRF is a strong and
independent predictor of a myriad of beneficial health outcomes . Low CRF is among the
strongest predictors of cardiovascular and all-cause mortality, with associations as strong or
stronger as those of smoking, obesity, and high blood pressure with the same outcomes 202!
Likewise, higher CRF is associated with lower: coronary heart disease/cardiovascular disease
incidence and mortality 222, incidence of cardiometabolic risk factors °2°, cancer incidence and
cancer mortality 2%, dementias * including Alzheimer’s disease *' and their progression,
depression symptoms 3223, rates of loss of independence for older adults 3, and all-cause

mortality 20212335,

The gold standard measure of CRF is maximal oxygen uptake (VO,,,.)°. In research

settings, VO,,... measurements are conducted using maximal graded exercise tests on a treadmill
or stationary cycle ergometer and require specialized testing equipment, highly trained
personnel, and direct physician supervision in most instances. Further, in vulnerable populations

such as older adults, VO,,,,, testing may be contraindicated as it requires maximal, strenuous



activity to the point of absolute exhaustion. Thus, conducting direct measures of VOyax i large
epidemiologic cohort studies is largely infeasible *°. As an alternative approach, several non-
exercise based VO, prediction equations have been published to enable the approximation of

VO,,ax in a variety of settings, including large epidemiologic cohorts 22374, However, few

equations have been developed specifically for use in older adult populations “°42, There is a
critical need for accurate VO,,,,, prediction models in older adults, given that by the year 2060,
almost a quarter of the United States (U.S.) population will be comprised of adults 65 years of
age or older (i.e., older adults) 4 and VO,,,,, has been identified as a hallmark biomarker of
successful aging . Given the shifting demographics, the challenges older adults face with
VOyax testing, and the benefits of increased CRF on health, we aimed to quantify the

performance of published VO,,,,, prediction models in relation to measured VO,,,,, in the
Baltimore Longitudinal Study of Aging (BLSA), recalibrate the equations to the BLSA cohort,

and assess their predictive accuracy in relation to all-cause mortality.

2.3. Methods

Study Population

The analytic sample for the present study was derived from the BLSA, the longest
running scientific study of aging 8. The BLSA was established in 1958 and is conducted by the
National Institute on Aging Intramural Research Program #°. BLSA participants have been asked
to visit the BLSA testing facility every one to four years to undergo a three-day battery of health,
cognitive, and functional evaluations. More than 3,000 participants have participated in the
BLSA since its inception, and over 1,300 participants are still active ’. To date, 1,080 BLSA
participants have had laboratory-based VO,,,,, measurements that meet criteria for a maximal

test. Extensive details about the design, recruitment, and measurements collected in the BLSA
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have been published elsewhere . This study was approved by the relevant Institutional Review

Boards and all participants provided written informed consent.

Measures

VO,,,.. Measurement

VO,max (measured in milliliters of O, uptake /kilogram body weight / minute; mLskg-
'emin’') was assessed in the BLSA using a modified Balke treadmill testing protocol 3!, This
protocol consists of a graded exercise test; walking on a treadmill at a constant pace at 3.0 miles
per hour (mph) for women and 3.5 mph for men, with the incline of the treadmill increasing 3%
every 2 minutes until the participant indicates they have reached exhaustion. During this test,
expired gas volumes were measured using a Parkinson-Cowan gas meter and concentrations of
oxygen and carbon dioxide were measured using a medical mass spectrometer (Perkin-Elmer
MGA-1110), which was calibrated daily using standard gases. A computerized interface between
the gas meter and mass spectrometer calculated average expired gas concentrations every 30
seconds throughout the test and the highest 30-second value for O, uptake defined the

participant’s VO,,,.

Achievement of maximal effort during the treadmill test was defined as reaching a
respiratory exchange ratio (RER) >1.0. Fifty-two participants had a VO,,,, test just below this
RER cutoff when the treadmill test was stopped. Of these 52 participants, 11 achieved > 85% of
their age-predicted maximal heart rate (beats per minute, bpm; calculated as 220 — age) and a
Borg rating of perceived exertion (RPE) >17 on a 20-point scale, so their tests were considered
to reflect maximal effort and were included in the present analysis. Of the remaining 41

participants with an RER <1.0 at the time the treadmill was stopped, 31 were excluded because
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they had no other VO,,,,, test that met the aforementioned maximal effort criteria, and 10
participants were included who provided a subsequent VO,,,,, test that fit the criteria for a
maximal test, resulting in a final analytic sample of 1,080. For participants with multiple
VO,,,,x measurements, the first measurement satisfying these criteria was used in the present

study.
Non-Exercise Test VO,,,,. Prediction Models

Google Scholar was used to query previously published studies using the terms “non-
exercise based VO,,,,, prediction models” and “older adults”, yielding a total of 12 VO,
prediction equations from nine published studies that were assessed in the present study. Studies
that developed VO,,,,, prediction equations derived solely for younger populations, were
developed using any form of exercise testing or physical performance as a predictor of VO, .y,
or included variables in the prediction equation not available in the BLSA were not included in
the present study. Each prediction equation included sex, age, and some measure of body mass.
Some equations additionally included variables such as self-reported PA scores, smoking history,
height, and resting heart rate. In the present analysis, covariates in the published VO,,,,

prediction equations were matched with their closest equivalent covariate in the BLSA.
Outcome Ascertainment

All-cause mortality status and date of death were ascertained by linking participants to
the National Death Index, a centralized database of death record information compiled from state
vital statistics records, and by correspondence from relatives >2. Follow-up for mortality occurred
from first VO,,,,, test date, the earliest of which was January 1%, 2007, through April 15" 2021.

Mortality ascertainment was high with 96% of participants having a classified vital status. Over a
Y g p p g
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median follow-up time of 9.6 years (range: 0.60 — 14.1 years), 141 participants died from any

cause.

Covariates

Covariates for the VO,,,,,, prediction equations or their closest approximations in the
BLSA included participant’s sex, age, body mass index (BMI), resting heart rate, self-reported
PA/exercise level, self-rated general health status, and smoking history. In the BLSA, a
participant’s sex and age were self-reported during each health history interview. Height and
weight were measured using a stadiometer and calibrated scale, respectively, and BMI was
calculated as weight in kilograms divided by height in meters squared. Resting heart rate was
assessed by a nurse after the participant had been sitting quietly for at least 5 minutes 3.
Participants were asked how much time they spent each week engaging in weight/circuit
training, moderate-to-high intensity exercise, or brisk walking which was then categorized as: 0—
29 (coded as 0), 3074 (1), 75-149 (2), or >150 (3) minutes. Health-related quality-of-life was
assessed using the 12-item short form health survey (SF-12) 4. Smoking history (never, current,
or former smoker) was self-reported using a standardized questionnaire >°. The following
covariates were not used in any VO,,,, prediction models, but were employed in the description
of the study sample: self-reported race (White, Black, Asian/Other Pacific Islander, Other/not
classifiable), self-reported educational attainment (non-college graduate, college graduate, post-
college graduate), beta blocker use (yes or no), systolic and diastolic blood pressures (mmHg;
oscillometric brachial blood pressure was measured with the participant in a supine position on

both arms three times and the minimum systolic and diastolic blood pressures were used).

Statistical Analysis
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We compared covariates by sex-specific quartiles of measured VO,,,,, using chi-square

tests for categorical variables and analysis of variance (ANOVA) tests for continuous variables.

Predicted VO,,,, Was calculated using each VO,,,,,, prediction equation as originally
published. The performance (ability to accurately predict measured VO,,,,,,) of each equation
was evaluated by comparing the predicted VO,,,,, to the measured VO,,,, using the root mean
square error (RMSE), bias, mean absolute percentage error (MAPE), the Bland-Altman 95%
Limits of Agreement (LOA) %%, correlation coefficients, and R2. These analyses were conducted
in the overall sample and within sex strata. In brief, RMSE quantifies the concentration of the
data around the line of best fit by estimating the square of all predicted VO,,,,, minus measured
VO,,..x pairs, taking the mean of these squared differences, and obtaining the square root of the
mean squared errors. Bias was computed by taking the mean of the measured VO,,,,, minus
predicted VO,,,,.« pairs. MAPE was computed by taking the mean of the absolute value of the
percent deviation of the predicted VO,,,,,, from the measured VO,,,.,. The lower the RMSE,
bias, and MAPE, the better the performance of the prediction model, with 0 indicating perfect
prediction of the measured VO,,,,. The calculation for the Bland-Altman 95% LOA has been
described elsewhere, but these limits are expected to capture 95% of the differences between

measured and predicted VO,,,,; @ more narrow range of limits indicates a better prediction *.

The Bland-Altman 95% LOA were obtained using the blandr package in R 7.

Because the accuracy of each VO,,,, prediction equation is strongly influenced by the
distribution of covariates and measured VO,,,,,, in the source population from which the
equation was derived, the application of a prediction equation from one population to another

can affect predictive accuracy. Therefore, each VO,,,,, prediction equation was recalibrated by
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regressing measured VO,,,,,, in the BLSA on the BLSA covariates representing those used in
each prediction equation. With recalibration, the regression coefficients for each covariate in
relation to measured VO,,,,, derive fully from the BLSA, as opposed to applying regression
weights calculated in a different population to BLSA covariates. Recalibration has been used in
other settings to evaluate accuracy of prediction equations when transported from the source to
other populations . Residuals vs. Fitted, Normal Q-Q, Scale-Location, and Residuals vs.
Leverage plots were used to assess model diagnostics of the recalibrated VO,,,,,, prediction
equations *. After evaluation of all recalibrated equations, their predicted VO,,,,, values were
output. Performance metrics for the recalibrated equations included the same metrics as

described above for evaluation of the original equations, as well as the 10-fold cross-validation

(CV) RMSE and R? values.

To further evaluate the validity of predicted VO, values, sequentially adjusted Cox
proportional hazards regression models were used to estimate the associations between quartiles
of VO, (measured VO,,.,., predicted VO,,,..., and the recalibration-predicted VO,,,,,,) and
all-cause mortality. Model 1 was unadjusted, Model 2 adjusted for age and sex, and Model 3
adjusted for Model 2 covariates in addition to race and ethnicity, and education. Linear trends
across quartiles (P-value for Trend) were tested by specifying the quartile indicator in the model
as a continuous variable. Associations between a one standard deviation increase in each VO,,,.,
variable and all-cause mortality were also assessed using the same modeling approach, and the
P-value for the centered and scaled VO,,,,, variable in the model are presented. The
concordance statistic (C-Statistic), the proportion of pairs of participants where the model
correctly predicts which participant will experience a mortality event first, is also presented.

Tests of the proportional hazards assumption were conducted using the cox.zph function of the

15



survival package ® in R through the testing of the correlation of each covariate’s (and the whole
model’s) scaled Schoenfeld residuals with time to ensure independence between the residuals

and time; no violations were noted.

All analyses were conducted in R version 3.6.3 (R Foundation for Statistical Computing,

Vienna, Austria).

2.4. Results

Sample Characteristics

The 565 women and 515 men with measured VO,,,,, included in this study had a mean
age, BMI, and VO,,,,, of 69.0 = 10.4 years, 27.0 + 4.4 kg/m?, and 21.6 + 5.9 mLekg 'emin"!,
respectively (see Table 2.1.). Two-thirds of study participants were non-Hispanic White, one-
fourth were non-Hispanic Black, 4.6% were non-Hispanic Asian, 3.2% were Hispanic, and the
remaining 0.7% were from other non-Hispanic race/ethnicity groups or could not be classified.
The majority of the sample (61.9%) had a post-college education. Current smoking prevalence
was 1.8% and mean systolic and diastolic blood pressures were 114.1 = 14.1 and 66.7 + 8.8
mmHg, respectively. Age, BMI, current smoking, and systolic blood pressure were inversely
related with incremental quartiles of measured VO,,,, Whereas education, self-reported
exercise, self-rated health status, and diastolic blood pressure were positively related with

VO, (see Table 2.1.).

VO,.... Prediction Equations

When each prediction equation was used to estimate VO,,,,, in the BLSA sample, the
lowest and highest RMSE values (in units of mLekg'emin™') of the VO,,,,, prediction equations

were 4.2 (Bradshaw et al.’s 37 equations) and 20.4 (Jang et al. +*), respectively (see Table 2.3.).
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The absolute value of the bias (unitless) ranged from 0.1 (Matthews et al. “°) to 19.3 (Jang et al.
43). Bradshaw et al. *” had the lowest MAPE value (15.4%) and Jang et al. ** had the highest

MAPE value (97.7%).

After recalibration of the equations to the BLSA data, every equation improved on all
performance metrics (see Table 2.4.). The recalibrated formulas’ cross-validated RMSE values
ranged from 3.9 (Bradshaw et al. *7) to 4.2 (Myers et al. ?2) and, as expected, all bias values were
0. MAPE values were similar across the recalibrated prediction equations, ranging from 14.4%
(Bradshaw et al. ¥) to 15.7% (Myers et al. 22). The R? for the recalibrated equations ranged from
49% (Myers et al. 2?) to 58% (Bradshaw et al. *7), which compares favorably to an age and sex
adjusted model R? of 36%. Additional recalibrated performance metrics including sex-stratified

performance metrics are reported in Tables 2.3 and 2.4.

VO,.... Associations with Mortality

When assessing the associations between quartiles of measured VO,,,, and all-cause
mortality, a steep inverse gradient in mortality risk across incremental VO,,,,, quartiles was
evident in both unadjusted and adjusted models. Adjusting for Model 3 covariates, the hazard
ratios (HRs) and (95% CI) were 0.55 (0.37-0.82), 0.30 (0.17-0.54), and 0.34 (0.15-0.75) for
quartile 2 (Q2) — Q4 relative to Q1 of measured VOoaxs respectively, Pyena < 0.001 (see Table
2.5.). To further investigate the robustness of measured VO, tO adjustments beyond the Model
3 covariates, we additionally adjusted for the following variables: BMI, smoking history, self-
rated health, diagnosed diabetes, glucose intolerance, or high blood sugar, history of heart attack
or myocardial infarction, history of heart failure or CHF, history of stroke mini stroke or slight

stroke, and current hypertension. The HRs from this model slightly strengthened in magnitude,
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remained statistically significant, and maintained their trend across quartiles (HRs for Q2-Q4

relative to Q1: 0.56 (0.36-0.88), 0.30 (0.16-0.59), and 0.31 (0.13-0.75); Pyena< 0.001).

Results from the Cox proportional hazards regression models estimating the associations
between predicted VO,,.x (€ach equation separately), and all-cause mortality are shown in Table
4a. For most equations, predicted VO,,,,, Was associated with mortality in a pattern and strength

similar to that of measured VO,,,,, in the crude model (Model 1), but adjustment for basic
covariates in Models 2 and 3 attenuated the HRs, widened the confidence intervals to statistical

insignificance, and eliminated all linear trends (see Table 2.5.).

After recalibration, unadjusted HRs for Q2 — Q4 relative to Q1 of predicted VO,
exhibited patterns and magnitudes of association that more closely reflected those for measured
VO,,..x . For example, no published equation had an HR of 0.10 (the Q4 HR of measured VO,
relative to Q1) in Q4 relative to Q1, but recalibrated Q4 HRs were <0.10 for most equations.
However, after adjustment for covariates in Models 2 and 3, the HRs were attenuated again,
confidence intervals widened to statistical insignificance, and linear trends were not statistically

significant (see Table 2.6.).

2.5. Discussion

In the present study, we sought to provide validation, recalibration, and predictive
accuracy metrics of published VO,,,, prediction equations with the aim of enabling large scale
epidemiologic cohorts with older, ambulatory, community-dwelling adults to accurately estimate
VO, Performance metrics of several of the extant equations yielded reasonable results

relative to measured VO,,,., €.g. the Bradshaw 37 equation had an RMSE value of 4.2 mLekg"

'emin'. This means that, on average, this equation’s errors were within ~1.2 metabolic
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equivalents (MET's) assuming the standard conversion of 3.5 mLekg'emin' to 1 MET. The
Matthews “° equation had absolute bias value of 0.1, meaning that, on average, this model’s
predictions were within 0.03 METSs. The recalibration of these equations using the BLSA
measured VO,,,,, and covariate data improved every performance metric, although such
recalibration would not be possible in epidemiologic cohorts unless VO, and the covariates

used in the derivation cohort were directly measured.

Cox proportional hazards modeling showed measured VO,,,, is an extremely powerful
predictor of all-cause mortality in BLSA participants in both the unadjusted and adjusted models.
Compared to participants in the lowest quartile of measured VO,,,,,, those in the highest quartile
had a 3-fold reduction in the risk of all-cause mortality, after adjusting for age, sex, race and
ethnicity, and education. These HRs are similar to, though slightly stronger than, those reported
in other studies of VO,,,,, and all-cause mortality for those with the highest levels of CRF

relative to those with the lowest CRF ¢1-63,

Among the previously published VO,,,,, prediction models, there was no discernable
pattern of covariate types (i.e. demographics, body mass, self-reported PA) that contributed to
the performance of the model more than others (e.g. the Bradshaw equation ¥, one of the best
performing models, has the same covariates as the Jurca equations ¥, which did not perform as
well in relation to measured VO,,,,, in the BLSA). Several of the published equations yielded
HRs similar in pattern and magnitude to those of measured VO,,,,, before adjustment, but these
associations were not robust to even minimal adjustments. After adjustment for only age and sex,
the ability of the equations to predict mortality was substantially weakened, suggesting that much

of the association observed in the unadjusted models was due to these two variables alone. In
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regression models using the recalibrated equations, the patterns of association were more similar
to those estimated using measured VO,,,, in unadjusted models, (i.e. closer to the pattern of the

unadjusted HRs of measured VO,,,,): Q1 — Q4: 1.00 (ref.), 0.43 (0.29-0.63), 0.16 (0.09-0.29),

and 0.10 (0.05-0.20).

Despite the pattern of the recalibrated equations’ HRs in unadjusted models, these
associations were still not robust to adjustment. These findings strongly suggest that while the
equations may be valid and useful, to varying degrees, for individual exercise prescriptions in the
field, their ability to predict mortality is severely compromised after adjustment for basic
demographic and anthropometric covariates, some of which are components of the prediction
equations themselves. VO,,,.., and CRF in general, are complex constructs reflecting an
integration of multifaceted organ systems and metabolic processes . Without direct measures of
the physiologic variability across individuals inherent in measured CRF, even well-performing
prediction equations based on basic demographic and health characteristics do not predict
mortality independent of sex and age. To a large extent, this is because demographic and
behavioral characteristics do not adequately capture the integrated physiological signal reflected

in measured VO,,,ax -

There are some limitations to the present study. First, not all covariates from the
published equations had exact counterpart covariates in the BLSA. While these discrepancies
could potentially limit the performance metrics of the equations when applied in the BLSA, this
limitation would be eliminated once the equations were recalibrated to the BLSA measured
VO,,ax - Next, the mayjority of the sample (61.9%) had a post-college education, which is higher

than the general population. One substantial strength of the present study is the prospective
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follow-up, enabling the evaluation of the accuracy of predicted VO,,,,, With respect to measured
VO,,ax and their associations with mortality. BLSA enrolled a large group of racially and
ethnically diverse older adults, included laboratory-based measurements VOy,ax» followed
participants for mortality outcomes after VO,,,, assessment, and collected data that enabled
adjustment for confounders. The conclusions drawn from these data and analyses are robust

across our approaches —the performance metrics and the HRs contribute to a consistent and

unified narrative regarding the importance of accurately assessing VO,,,,x in older adults and the

relevance of this aging biomarker * to clinical outcomes such as all-cause mortality.

In conclusion, measured VO,,,, is an extremely strong predictor of all-cause mortality in
aging men and women. Those in the highest sex-specific quartile of measured VO,
experienced a 66% lower risk of death relative to those in the lowest quartile of VO,,,, after
adjustment for age, race, sex, and education. Several published VOyax prediction models
yielded: (1) reasonable performance metrics relative to measured VO,,,,, especially when
recalibrated, (2) all-cause mortality hazard ratios similar to those of measured VO,,,,, especially
when recalibrated, yet (3) were not robust to adjustment for basic demographic covariates. These
findings make an important contribution to research on the development of an inexpensive
surrogate for direct measurement of CRF that could be broadly used to guide healthy aging in the
older population. Future studies should investigate whether modern analytic methods such as
machine learning can improve prediction of VO,,,,, in community-dwelling older adults so that
this critical “vital sign” can be more broadly studied as a modifiable target for promoting

functional resiliency and healthy aging.
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Chapter 2, in part, is currently being prepared for submission for publication of the
material. Schumacher, Benjamin T.; Di, Chongzhi; Bellettiere, John; LaMonte, Michael J.;
Simonsick, Eleanor M.; Parada, Humberto; Hooker, Steven; LaCroix, Andrea Z. The dissertation

author was the primary investigator and author of this paper.
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3. Development, Validation, and Transportability of Several Machine-Learned, Non-
Exercise Based VO,,,,, Prediction Models for Older Adults

Benjamin T. Schumacher, Michael J. LaMonte, Andrea Z. LaCroix, Eleanor M. Simonsick,

Steven P. Hooker, Humberto Parada Jr., John Bellettiere, Arun Kumar
3.1. Abstract

Background: There exist few maximal oxygen uptake (VO,,,,.;) non-exercise based prediction

equations, fewer that use machine-learned (ML), and none specifically for older adults. Since
direct measurement of VO,,,, is infeasible in large epidemiologic cohort studies, we sought to

develop, validate, compare, and assess the transportability of several ML VO,,,,, prediction

algorithms.

Methods: Baltimore Longitudinal Study of Aging participants with valid VO,,,,, tests were
included (n=1,080). LASSO, linear- and tree-boosted xgboost, random forest, and SVM
algorithms were trained to predict VO,,,,,. We developed these algorithms for: (1) the overall
BLSA, (2) by sex, (3) using all BLSA variables, and (4) variables common in aging cohorts.

Finally, we quantified the associations between measured and predicted VO, and mortality.

Results: Mean age was 69.0 (SD = 10.4) years and mean measured VO,,,,, was 21.6 (SD = 5.9)
mLekg'emin'. LASSO, linear- and tree-boosted xgboost, random forest, and SVM yielded root

mean squared errors (RMSEs) of 3.4,3.6,3.4,3.6, and 3.5 mLekg'emin™!, respectively.
Incremental quartiles of measured VO,,,,, showed an inverse gradient in mortality risk.

Predicted VO, variables yielded similar effect estimates but were not robust to adjustment.

Conclusion: Measured VO,,,, is a strong predictor of mortality. Using ML can improve the

accuracy of prediction as compared to simpler approaches but estimates of association with
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mortality remain sensitive to adjustment. Future studies should seek to reproduce these results so
that this vital sign can be more broadly studied as a modifiable target for promoting functional

resiliency and healthy aging.
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3.2. Introduction

An individual’s cardiorespiratory fitness (CRF) refers to their circulatory and respiratory
systems’ capacity to provide oxygen to skeletal muscles for engaging in physical activity (PA).
While factors such as age, sex, health status, and genetics are strong determinants of CRF, one’s
level of habitual PA is the principal modifiable determinant of this physiological attribute.” CRF
can be improved by increasing PA frequency, duration, and/or intensity, especially for sedentary
individuals; however, CRF declines rapidly once PA declines in frequency, duration, and/or
intensity, making CRF a commonly used objective surrogate marker of recent PA patterns.
Scientific evidence accumulated over many years from clinical, epidemiologic, and exercise
science studies has consistently shown higher CRF to have a strong, independent, beneficial
association with a number of health-related factors and clinical outcomes. Higher CRF predicts
lower incidence and mortality from coronary heart disease/cardiovascular disease?2*, longer

survival times?2!233565 "and lower rates of loss of independence for older adults.**

Maximal oxygen uptake (VO,,.¢) is the gold standard measure of CRF and is recognized

as a hallmark biomarker of healthy aging.>#¢ VO,,,., measurements in research settings involve
maximal graded exercise tests, usually conducted on a treadmill or stationary cycle ergometer.
Such assessments typically require highly trained personnel, specialized testing equipment, and,

in most instances, must include direct physician supervision to reduce the risk of adverse events.

Because VO, ax testing involves strenuous activity to the point of absolute exhaustion, it is often

contraindicated for vulnerable populations, including older adults. These features make direct
measurement of VO,,,,, infeasible in large epidemiologic cohort studies.*® In an attempt to
provide more practical alternatives, researchers have published non-exercise based VOyax

prediction equations that can be used to approximate laboratory-measured VO,,,, in various
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contexts, including in large epidemiologic cohorts.??3* However, few of these equations were
designed for use specifically in older adults.**4> A recent systematic review of the published
VOyax prediction equations utilizing machine learning (ML) algorithms determined few
equations could be applied to epidemiologic cohorts that do not have exercise testing data, and
none of these ML-derived models were developed in older adult populations.5 By the year 2060,
nearly one-fourth of the United States’ (U.S.) population will be = 65 years of age. Given the
aforementioned strong, independent associations of higher CRF with a number of beneficial
health outcomes, the ability to precisely estimate VO,,,,, in older adults is growing as critical
need to enable continued investigation on the effects of cardiorespiratory fitness on healthy

aging.*

Thus, in this study, we aimed to develop, validate, and compare multiple machine-
learned, non-exercise based VO,,,,, prediction algorithms for older adults using laboratory-
measured VO,,,,, in the Baltimore Longitudinal Study of Aging (BLSA). We aimed to develop
these algorithms for the BLSA sample overall and within sex-specific strata, assess the
associations between measured and predicted VO,,,,, and all-cause mortality for the total sample
and within sex-specific strata, and assess the feasibility of transporting these algorithms for use
in an external epidemiologic cohort of older women, the Women’s Health Initiative’s (WHI)
Objective Physical Activity and Cardiovascular Health in Older Women (OPACH) Study where

mortality follow-up is available.®’

3.3. Methods
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Study Population

The analytic sample was drawn from the BLSA, which is conducted by the National
Institute on Aging Intramural Research Program.* Established in 1958, the BLSA is the longest
on-going scientific study of aging.*’#® The study protocol specifies visits by participants to the
BLSA testing facility every one to four years for health, cognitive, and functional evaluations
lasting three days. Since its inception, over 3,500 individuals have participated in the BLSA, and
more than 1,300 remain active.*’ Extensive details about BLSA design, recruitment, and
measurements are available elsewhere.*® All participants provided written informed consent for

the current study, which was approved by the applicable Institutional Review Boards.

Measures

VO,,,.. Measurement

Using a modified Balke treadmill testing protocol, 5! VO,,.., was measured as milliliters
of oxygen uptake perkilogram of body weight per minute (mLekg'emin'). The participants
walked on a treadmill at a set pace (3.0 miles per hour for women; 3.5 miles per hour for men)
and the incline of the treadmill increased by 3% every two minutes until the participant indicated
having reached exhaustion. Because participants included here were without known or suspected
cardiopulmonary disease at the time of exercise testing, none of the data included in the present
study were from tests terminated early due to medical contraindications. During this test, a
Parkinson-Cowan gas meter was used to measure expired gas volumes. A medical mass
spectrometer (Perkin-Elmer MGA-1110; calibrated daily using standard gases), was used to
measure oxygen and carbon dioxide concentrations. Every 30 seconds during the test, average

expired gas concentrations were calculated by a programmed interface between the gas meter

and mass spectrometer, and VO,,,,, was defined as the highest 30-second oxygen uptake value.
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Maximal effort on the treadmill test was specified as a respiratory exchange ratio (RER)
greater than 1.0. Of 52 participants with an RER value just below the cutoff when the treadmill
was stopped, 11 achieved = 85% of their age-predicted maximal heart rate in beats per minute
(bpm; computed as 220 - age in years) and had a value greater than 17 on the 20-point Borg
rating of perceived exertion (RPE) scale. Their test results were considered to reflect maximal
effort and were included in the present analysis. Of the remaining 41 participants with an RER
less than 1.0 when the treadmill was stopped, 31 had no other VO, test meeting the
aforementioned criteria and were excluded from the present analysis, and 10 provided a
subsequent VO,,... test that satisfied these maximal test criteria and that subsequent
measurement was included, resulting in a final analytic sample of 1,080 participants. For
participants having more than one VO,,,,, measurement, only the first measurement meeting the

maximal effort criteria was analyzed in the present study.
Outcome Ascertainment

Participant information was linked to the National Death Index®® to ascertain vital status
and, for those deceased, their date of death. Vital status surveillance using the National Death
Index has been shown to provide an accurate mortality follow-up even in historical cohort
datasets® even when limited personal identifying information is available.”® Follow-up occurred
from the participant’s VO,,,,, test date (the earliest VO, test was administered on January 1,
2007), until April 15, 2021. Vital status classification was obtained for 96% of participants.
There were 141 participant deaths from any cause during a median follow-up of 9.6 years (range:

0.60 to 14.1 years).

Covariates
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Demographics and Physical Attributes

Demographic variables included self-identified sex (male, female), race and ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic, non-Hispanic Asian/Other Pacific Islander,
or non-Hispanic Other/not classifiable), education (non-college graduate, college graduate, or
post-college), the participant’s age at VO,,,,, testing, height (centimeters; cm) measured using a
stadiometer, weight (kilograms; kg) measured using a calibrated scale, body mass index (BMI)
calculated as weight divided by height (meters) squared, and waist circumference (cm) using a

tape measure.
Health Status/Health History/Functional Capacity

Health status variables included the SF-12 self-rated health>* scale and its physical and
mental health composite scores, hand grip muscle strength scores (kg) in both hands, and Short
Physical Performance Battery (SPPB) physical function score (0-12, higher is better) and its
three component pieces’!»’?: (1) the number of seconds to complete five sit-to-stand movements
from a chair, (2) whether the participant was able to balance with their feet placed side by side,
semi-tandem, and in tandem for 10 seconds each, and (3) the number of seconds needed to
complete a four-meter walk. Additional timed walk tests included the number of meters walked
at usual pace for 2.5 minutes, 2.5-minute walk pace (m/s), the number of seconds to walk 400m
at a fast pace, 400m fast walk pace (m/s), and a walking capacity summary score. In brief, the
walking capacity summary score is an aggregate index score from participant’s responses to
several questions about their ability to walk a variety of distances, with a score of 0 representing
an inability to walk "4 mile and 9 representing the ability to easily walk one mile. Details about
the derivation of the walking capacity summary score have been published elsewhere.”® Health

history variables included dichotomous indicators (yes/no) for a physician diagnosis of
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myocardial infarction, congestive heart failure (CHF), stroke, diabetes glucose intolerance, high
blood sugar, and breast cancer. Additionally, measurements of seated, resting systolic and
diastolic blood pressure from both arms, resting heart rate, and heart rate at the end of the 2.5-

minute usual pace walk.
Health Behaviors

Self-reported health behavior variables were included: smoking history (never, current, or
former smoker), calories expended in all activity, calories expended in all activities per kilogram
of body weight, calories expended in exercise related activity as scored by the Harvard alumni
scale’, minutes of any exercise per week (0-29, 30 -74, 75 — 149, or 150+ minutes), minutes of
any walking per week, minutes of brisk walking per week, minutes of vigorous activity per

week, beta blocker use (yes/no), and blood sugar medication use (yes/no).
Machine Learning Algorithms

We first trained a Least Absolute Shrinkage and Selection Operator (LASSO) model. The
LASSO process yields a parsimonious model as it adds a penalty term that is equivalent to the
absolute value of the magnitude of coefficients. The penalty coefficient, lambda, was tuned using
a grid search and the lambda value that yielded the lowest mean squared error (MSE) in the 10-
fold cross-validation (CV) process was used to train the final algorithm. This final algorithm was
then used to predict VO, (mLekg'emin') and the root MSE (RMSE) between measured and

predicted VO,,,,.x. LASSO was implemented using the glmnet package in R.”

The next algorithm, extreme gradient boosting (XGBoost), was employed using two
separate boosters, linear and tree. In brief, XGBoost is an extension of the gradient boosting

framework as it iteratively fits a model to the data, fits a subsequent model based on the previous
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model’s residuals, and fits another subsequent model using previous models to minimize the
gradient descent function. Both algorithms were trained on the BLSA data using 10-fold CV and
a grid search to tune the hyperparameters. The linear-boosted model hyperparameters included:
the number of boosting rounds (nrounds), L1 (LASSO) regularization weight (alpha), and
learning rate (eta). Fine-tuning of the hyperparameters was conducted until no hyperparameters
were at their boundary value. The combination of these hyperparameters that yielded the
minimum RMSE in the 10-fold CV process was selected as the final algorithm. The same
process was executed for the tree-boosted algorithm, but the hyperparameters included nrounds,
the maximum depth of the tree (max_depth), eta, alpha, subsample ratio of the training instances
(subsample), and the subsample ratio of columns when constructing each tree
(colsample_bytree). The combination of these hyperparameters that yielded the minimum
predictive error (RMSE) in the 10-fold CV process was selected as the final algorithm. The
minimum 10-fold CV test RMSE values are presented in Table 2. XGBoost was implemented

using the xgboost package in R.76

Next, random forest models were trained to predict VO,,,,,.. Random forest is a tree-
based ensemble algorithm where every tree is trained on a bootstrapped sample of the training
data, tested against the sample not in the bootstrapped sample (the out-of-bag sample; OOB), and
the prediction from all trees are averaged to get the predicted value. The following
hyperparameters were tested using a grid search approach: the number of trees to grow (ntrees),
the number of variables randomly sampled as candidates at each split (mtry), the proportion of
the training data to include in the bootstrapped sample vs. remaining OOB (sampsize), and the
minimum size of terminal nodes (node_size). The combination of hyperparameters that

minimized the OOB RMSE was selected as the final model.
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The final algorithm trained to predict VO,,,,, in the BLSA was Support Vector
Regression (SVR), a specific application of Support Vector Machine (SVM). In brief, SVR tries
to fit hyperplane through kernel transformation to best classify the data points. Similar to the
approaches of the other ML algorithms, 10-fold CV was used to find the combination of the cost
of constraint violations (cost) and radial kernel coefficient (gamma) that minimized the test

RMSE.

Variable importance scores for the linear-boosted xgboost algorithm were extracted as
Weight (the linear coefficient of each variable; a higher percentage indicates a more important
predictive feature) and as Gain for the tree-boosted xgboost algorithm (contribution of each
variable to the model calculated by taking each variable’s contribution to each tree in the model;
a higher percentage indicates a more important predictive feature). Variable importance scores
for the random forest were extracted as the percent change in the OOB MSE with the given
variable excluded from the algorithm (a higher percentage indicates a more important predictive

feature).

These ML algorithms were trained using all BLSA participants combined and separately
for BLSA men and women. The total sample and sex-stratified algorithms were trained using all
the aforementioned variables within the BLSA, and, to assess if the results are transportable to an
external cohort, using only the variables common between BLSA and OPACH, for a total of 24

combinations.
OPACH Covariates

We assessed the ML algorithms’ performance when the universe of eligible predictors

was restricted to BLSA variables that also exist in OPACH. Extensive details about OPACH
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have been published elsewhere.®” For the purposes of the present study, the OPACH dataset
contained all the BLSA covariates except for measures of rapid gait speed, 2.5-minute usual pace
walk, 400m fast walk, walking capacity summary score, and heart rate measures during and after

the 2.5-minute walk.

Statistical Analysis

Analysis of variance (ANOVA) tests for continuous variables and chi-square tests for
categorical variables were used to compare baseline covariates by sex-specific quartiles of
measured VO,,,,,. Correlations between measured VO,,,,,, all predicted VO,,,, variables, age,

BMI, and SPPB were calculated.

Next, Cox proportional hazards regression models were used to estimate the associations
between quartiles of VO,,,, (measured and predicted VO,,,,,,) and all-cause mortality. Model 1
was unadjusted, and Model 2 was adjusted for age, sex, race and ethnicity, and education. To test
the linear trends across quartiles and obtain a P-value for Trend (Pyend), We specified the
indicator for quartile in the model as a continuous variable. Using the same modeling approach,
we also assessed VO,,,,, as a continuous variable estimating adjusted hazard ratios for all-cause
mortality associated with a one standard deviation increase in VO,,,,,. P-values for mean-
centered, standard deviation scaled VO,,,,,, variable for models 1 and 2 are presented. The
concordance statistic (C-Statistic), a measure of discrimination for time-to-event models which
gives the proportion of participant pairs for which the model correctly predicts the participant in
the pair who experiences a mortality event first, are also presented.”” To test whether the
proportional hazards assumption was violated, we used the cox.zph function in the R survival

package.®® The correlation of the scaled Schoenfeld residuals for each covariate (and for the
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whole model) with time was examined to ensure independence of residuals and time. No

violations in the proportional hazards assumption were found.

All analyses were conducted in R version 3.6.3 (R Foundation for Statistical Computing,

Vienna, Austria).

3.4. Results

Sample Characteristics

For the 565 women and 515 men with laboratory measures of VO,,,,, that achieved the
criteria for maximal effort, mean age was 69.0 (SD = 10.4) years, mean BMI was 27.0 (SD =
4 4) kg/m?, and mean measured VO, Was 21.6 (SD =5.9) mlLekg'emin! (see Table 3.1.). The
median VO,,,,, for the men was 23.7 (SD = 6.1) mLekg'emin’! (range: 9.5 — 48.9 mLekg 'emin™')
and the median VO,,,,, for the women was 19.9 (SD = 5.1) mLekg'smin! (range: 6.2 — 42.1
mLekg'emin'). Two-thirds of the participants were non-Hispanic White, 25.8% non-Hispanic
Black, 4.6% Asian, 3.2% Hispanic, while the remaining 0.7% belonged to other race/ethnicity
categories or could not be classified. The majority of participants (61.9%) had post-college
education. The prevalence of current smoking was 1.8%. Mean systolic and diastolic blood
pressure was 114.1 (SD = 14.1) mmHg and 66.7 (SD = 8.8) mmHg, respectively. Education,
diastolic blood pressure, self-rated health status, and self-reported exercise were positively
associated with increasing quartiles of measured VO,,,,,, While age, systolic blood pressure,

BMI, and current smoking status were inversely associated with increasing VOyax quartiles (see

Table 3.1.).

Performance of Machine-Learned VO,.... Prediction Algorithms
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The first algorithm, LASSO, yielded an RMSE of 3.4 mLekg'emin‘! for VO,,,,,
prediction in the total sample using all predictors (see Table 3.2.). For the subgroups (sex-
stratified in combination with the BLSA-predictor and OPACH-predictor algorithms), predicted
VO,,,.x RMSEs ranged from 2.9 to 3.9 mLekg 'emin"! for the women BLSA-predictor and men
OPACH-predictor, respectively. The linear xgboost yielded an RMSE of 3.6 mLekg'emin! for
VO,,.x prediction in the total sample using all predictors and OPACH predictors. For the
subgroups, RMSEs ranged from 3.2 to 4.0 mLekg'emin’! for both women’s algorithms and both
men’s algorithms, respectively. The tree-boosted xgboost algorithm yielded an RMSE of 3.4
mLekg-lemin' for VO,,,,, prediction in the total sample using all predictors. For the subgroups,
RMSEs ranged from 3.0 to 4.0 mLekg'emin™! for the women BLSA-predictor and men OPACH-
predictor algorithms, respectively. The random forest algorithm yielded an RMSE of 3.6 mLekg"
lemin! for the total sample using all predictors. For the subgroups, RMSEs ranged from 2.9 to
4.2 mLekg'emin! for the women BLSA-predictor and men OPACH-predictor algorithms,
respectively. The SVR algorithm yielded an RMSE of 3.5 mLekg!emin! for the total sample
using all predictors. For the subgroups, RMSEs ranged from 2.8 to 4.1 mLekg'emin"! for the
women BLSA-predictor and men OPACH-predictor algorithms, respectively. To summarize the
performance of each algorithm, the LASSO and tree-boosted xgboost algorithms had the lowest
RMSE for the entire sample using the BLSA predictors (3.4 mLekg'emin'). LASSO had the best
RMSE for the entire sample when using the OPACH predictors (3.5 mLekg'emin™'). Further
details about the combination of subgroups can be found in Table 3.2. Finally, for all algorithms

the RMSE values for the women were lower than the RMSE values for the men.

Correlations of Measured and Predicted VO,._.. with Selected Covariates
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Correlations between measured VO, , all predicted VO,,,,, estimates, age, BMI, and
SPPB are show in in Supplemental Table 3.5. In short, the correlations between predicted
VO, and measured VO, ranged rom 0.80 (OPACH-predictor linear-boosted xgboost) to
0.93 (BLSA-predictor tree-boosted xgboost). All predicted VO,,,, estimates were more strongly

associated with age, BMI, and SPPB than measured VOy, .-

Associations of Measured and Predicted VO,.... with All-Cause Mortality

When assessing the associations between quartiles of measured VO,,,, and all-cause
mortality, a steep inverse gradient in mortality risk across incremental VO,,,, quartiles was
evident in both unadjusted and adjusted models. Adjusting for Model 2 covariates, the HRs (95%
CI) were 0.55 (0.37-0.82),0.30 (0.17-0.54), and 0.34 (0.15-0.75) for quartile 2 (Q2) — Q4
relative to Q1 of measured VO, , respectively, Pyena < 0.01 (see Table 3.3.). When evaluated in
continuous format, every one SD increment (5.9 mLekg'emin‘!) in measured VO,,,,, Was, on
average, associated with a 50% percent lower risk of all-cause mortality (P < 0.01) controlling

for Model 2 covariates. The C-statistic for this model (95% CI) was 0.79 (0.75-0.83).

In the unadjusted models, every VO, prediction algorithm demonstrated patterns that
were similar to those seen for measured VO,,,,, —an inverse gradient in mortality risk across
incremental predicted VO,,,,, quartiles (Q4 HRs ranged from 0.09 — 0.17). However, adjustment
for the model 2 covariates attenuated the HRs for Q2 - Q4, and, while the majority of the
confidence intervals widened to include 1.0, the significant trend across quartiles persisted
except for the SVM-OPACH algorithm. After adjusting for model 2 covariates, the HRs for a

one SD increment in predicted VO,,,,,, were similar to that seen for measured VO,,,,, (HRs
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ranged from 0.48 to 0.61). The C-statistics for all predicted VO,,,,, models were 0.78 and 0.79

after adjustment for Model 2 covariates (see Table 3.3. for the C-statistics’ 95% Cls).

Among the BLSA men, there were 91 deaths: 53,27, 8, and 3 in Q1 — Q4 of measured
VO,,.., respectively. Among the BLSA women, there were 50 deaths: 28, 11,6, and 5 in Q1 —
Q4 of measured VO, respectively. Sex-specific associations for measured and predicted
VO,,,.x With all-cause mortality can be found in Supplemental Tables 3.6 (men) and 3.7
(women). In the unadjusted and adjusted models, higher measured VO, Values are more
strongly, inversely associated with risk of death in men than in women (Model 2 Q4 vs. Q1: men
HR =0.20 (0.06-0.70), Pyena < 0.01; women HR = 0.63 (0.21-1.90), Pyena = 0.14). This pattern of
stronger inverse associations with mortality among men than women held for every predicted
VO, estimate. In both the BLSA- and OPACH-predictor models, inverse trends were
observed between increasing quartiles and mortality risk, with most HRs and trends achieving
significance in men but fewer significant HRs and trends in women. Model 2 C-statistics were

somewhat stronger for the men than the women.

Variable Importance Scores

The five most important variables in the tree-boosted BLSA-predictor xgboost algorithm
were, in order from more-to-less important: (1) number of seconds to complete the 400m walk,
(2) calories expended in self-reported exercise, (3) Harvard alumni calorie expenditure, (4) right-
hand grip muscle strength, and (5) diastolic blood pressure. The five most important variables in
the linear-boosted BLSA-predictor xgboost algorithm were: (1) non-Hispanic Other race, (2)
usual gait speed in the 2.5-minute walk, (3) history of myocardial infarction, and (5) being a

former smoker. The five most important variables in the random forest BLSA-predictor xgboost
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algorithm were: (1) number of seconds to complete the 400m walk, (2) the balance component of
the SPPB, (3) meters walked in the 2.5-minute walk, (4) 2.5-minyet gait speed, and (5) weight.

In summary, when using all of the variables in the BLSA, the number of seconds to complete the
400m walk showed to be the most important variable across the random forest and tree-boosted
xgboost algorithms, and in the OPACH-predictor algorithms (i.e. in the absence of the 400m
walk), age became the most important variable. See Table 3.4. for the top 10 most important

variables for the 18 combinations

3.5. Discussion

We developed and assessed the performance of multiple ML, non-exercise based VO,
prediction algorithms that may enable large-scale epidemiologic cohorts with older, ambulatory,
community-dwelling adults to accurately estimate VO,,,,,, an important biomarker of aging
resiliency. The performance of all the ML algorithms evaluated in this study were reasonably
good in relation to the performance of previously published RMSE values —our RMSE values
ranged from 2.8 to 4.2 mLekg'emin’'. For additional context, if one assumes the standard
conversion of 3.5 mLekg'emin"' as being equivalent to 1 metabolic equivalent (MET), the errors
in VO,,,, prediction based on the ML algorithms used herein were about 0.8 and 1.2 METs.
These predictive error values are lower than previously published non-exercise based VO«
prediction equations derived using ordinary least squares (see Chapter 2.4.) and lower than
several RMSEs of previously published ML VO,,,,, prediction algorithms.® Further, these non-
exercise based predictive error values are comparable to those obtained when predicting VOyax
using exercise based covariates such as the duration of maximal treadmill exercise tests’® and
timed walk tests.” These RMSE values, coupled with the strong correlations between predicted

and measured VO,,,,,, further enhances confidence in the VO,,,,, prediction algorithms
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described herein, even when performance-based assessment of cardiorespiratory fitness is not

feasible.

For the total sample, the LASSO and tree-boosted xgboost algorithms yielded the lowest
RMSEs. When restricting to the OPACH predictors, LASSO had the lowest RMSE (3.5 mLekg-
lemin') followed by the two xgboost algorithms and SVR at 3.6 mLekg'emin-'. Across all the
algorithms, the RMSE values for the women were lower than the men. This is likely due to the
larger variation in men’s VO,,,,,, measurements than the women’s VO,,,... Despite the better
prediction of VO,,,,, for the BLSA women than men, the associations between measured and
predicted VO,,,,,« and all-cause mortality were notably stronger for the men than the women,

though the number of deaths in each quartile after stratifying by sex are few.

Minimal differences in RMSEs were observed when using the BLSA compared to
OPACH covariate inputs, indicating that the variables that are not measured in OPACH are not
critical to obtaining an accurate prediction of VO,,,,,, or at least other variables were able to
compensate for their absence using these ML approaches. For example, in the BLSA-predictor
random forest algorithms, the number of seconds it took to complete the 400-meter walk, an
objective measure of physical performance capacity, is the most important variable in VO,
prediction (RMSE = 3.6 mLekg'emin!'). However, since OPACH does not have a 400-meter
walk measure, age becomes the most important variable in the OPACH-predictor random forest
algorithms, but the effectiveness of this model to predict VO,,,,, is nearly identical (RMSE = 3.7
mLekg'emin'). Since age and physical performance capacity are inversely correlated, it could be

that age serves as a proxy of physical performance in OPACH.
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Few non-exercise based VO,,,,, prediction ML models have been previously published,
and even fewer have been developed specifically for older adults. Chapter 2 (namely Chapter
2.4.) on assessing the performance of previously published OLS models showed that when these
OLS models are used to predict VO,,,,, in the BLSA, the RMSE values range from 5.1 (using
equations from Bradshaw et al.*” and Sloan et al.’s HR equation*') to 20.4 (Jang et al.**) mLekg-
lemin-!. After recalibrating these formulas’ to measured VO,,,, in the BLSA (obtaining new
regression weights derived from the distribution of covariates in the BLSA) the RMSE values
decrease to 3.8 (Bradshaw et al.*") to 4.2 (Myers et al.?) mLekg'emin’'. A recent meta-analysis
of 16 VO, prediction equations that use ML, few of which use non-exercise predictors and
none of which were developed in older adults (the majority of the 16 equations were trained men
and women in their mid-to-late 20s; oldest age range included in the meta-analysis was 18-65),
found RMSEs (mLekg'emin') of 2.9 (SVM), 3.14 (MLP Neural Network), 3.38 (tree boost),
4.78 (multilayer perceptron; MLP), 4.07 (artificial neural networks; ANN), 2.91 (feature
selection with SVM), 3.37 (Generalized Regression Neural Networks), 4.51 (Single Decision
Tree), and 4.78 (Multiple input single output (MISO) with MLP, SVM, and ANN with RBF).
Interestingly, in the MISO model, the RMSEs were 4.07 for the women and 5.30 for the men,
suggesting the sex differences as also seen in the present study. The majority of the RMSEs in
the algorithms for the present study outperform (lower RMSE values) those reported in this
meta-analysis, perhaps due to the decreased variance in VO,,,,, in the older adults included

herein.

While several of the ML algorithms yielded reasonable predictions of VO, as
indicated by the relatively low RMSEs, the utility of predicted VO,,,,, in estimating mortality

risk was not as clear as compared to measured VO,,,,,. In unadjusted models, all predicted

54



VO,,..x variables produced HRs comparable to measured VO,,,,,. However, after adjustment for
even the limited set of Model 2 covariates, these HRs were attenuated compared to measured
VO,,.x, though significant inverse trends in mortality risk still were evident in men, less so in
women. The C-statistics were comparable for measured and predicted VO,,,,. Measurement of
VO, Using indirect calorimetry surely provides a more accurate representation of the
underlying physiological construct of CRF than is possible using prediction approaches, derived
from host factors related to demographics, body habitus, and physical performance that are
correlates of VO,,,,. However, the present study indicates that ML prediction of VO,,,,, in
older adults has relatively low prediction error and is associated with a clinical aging outcome,
all-cause mortality, in a similar pattern and magnitude of association as measured VO,,,, in
unadjusted analysis. The attenuation of associations with mortality for predicted VO, but not
measured VO,,,,,,When adjusting for even a limited set of demographic covariates likely reflects
the effect of controlling for factors correlated with mortality risk that were used in the prediction
of VO,,.«. Replication of the present investigation using large study samples with greater

numbers of outcome events for analysis are needed to clarify and build upon our findings.

This study, in direct response to the call for future research in the aforementioned ML
meta-analysis®, implemented the use of multiple ML methods to allow for meaningful
comparisons of the algorithms’ performances. Further, we compared these algorithms’
associations with all-cause mortality for the total BLSA sample and sex stratified. Additionally,
we provided these metrics and associations when using a restricted universe of variables likely to
be available in most aging cohort studies to assess the transportability of these algorithms.
Another substantial strength of the present study is the prospective follow-up, enabling the

evaluation of the accuracy of predicted VO,,,,, with respect to measured VO,,,, and their
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associations with mortality. BLSA enrolled a large group of racially and ethnically diverse older
adults, included objectively measured VO,,,,,, followed participants for mortality outcomes after

VO, assessment, and collected data that enabled adjustment for confounders.

In conclusion, measured VO, is a strong predictor of all-cause mortality in aging men
and women enrolled in the BLSA, which further supports the recognition of VO,,,, as a
biomarker of aging resiliency. Given the infeasibility of direct measurement of VO,,,,,, in large
epidemiologic cohorts, simple linear regression models have been proposed to predict VO,,,, to
guide exercise prescription in older adults, but these more simplistic predicted VO,,,,,, measures
are not robust to adjustment in multivariable analyses (see Chapter 2.4.). Using ML can improve
the accuracy of VO, prediction as compared to simple OLS approaches but estimates of
association with mortality remain sensitive to adjustments in multivariable analyses. Future
studies should seek to reproduce these results to further improve the ability to predict VO,,,, in
community-dwelling older adults so that this critical “vital sign” can be more broadly studied as

a modifiable target for promoting functional resiliency and healthy aging.
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Chapter 3, in part, is currently being prepared for submission for publication of the
material. Schumacher, Benjamin T.; LaMonte, Michael J.; LaCroix, Andrea Z.; Simonsick,
Eleanor M.; Hooker, Steven P.; Parada, Humberto; Bellettiere, John; Kumar, Arun. The

dissertation author was the primary investigator and author of this paper.
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4. Associations of Relative Intensity of Physical Activity with Incident Cardiovascular
Outcomes and Total Mortality

Benjamin T. Schumacher, Michael J. LaMonte, Chongzhi Di, Eleanor M. Simonsick, Humberto

Parada, Steven P. Hooker, John Bellettiere, Andrea Z. LaCroix
4.1. Abstract
Background: Quantify and compare the associations of relative and absolute intensity of physical

activity (PA) with total mortality and incident major cardiovascular disease (CVD).

Methods: Accelerometer-measured PA in the Objective Physical Activity and Cardiovascular
Health (OPACH) Study was used to estimate daily hours spent in absolute light intensity and
moderate-to-vigorous PA (MVPA). Accelerometer-estimated metabolic equivalents (METs) in
each epoch were divided by two maximal MET capacity estimates. These percent maximal effort
metrics were categorized and aggregated into daily hours of relative light intensity PA and
MVPA. Cox proportional hazards models estimated the associations of a one-hour daily increase

in absolute and relative PA with the two outcomes.

Results: Mean age was 78.5+6.7 years. On each PA measurement scale, an increase in either
intensity category reduced the risk of both outcomes. A one-hour increase in absolute light
intensity PA reduced the risks of both outcomes by 12%, and a one-hour increase in absolute
MPV A reduced the risk of death and CVD by 45% and 27%, respectively. On the relative scale,
light intensity PA was more strongly associated with both outcomes than MVPA. Increasing
absolute MVPA was more strongly associated with the outcomes than increasing relative

MVPA.

Conclusion: The PA intensity paradigm should keep shifting towards recommendation of more

movement, regardless of intensity, and placing greater emphasis on relative light intensity
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activities (between 37% and 46% of maximal effort) as modifiable behavioral targets that are

more easily achieved, reduce risks of death and incident major CVD, and promote healthy aging.
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4.2. Introduction

Across the life course, regular physical activity (PA) for all population subgroups is
known to reduce the risk of developing new chronic diseases, slow the progression of prevalent
chronic diseases, and promote a myriad of other health benefits.! A 2019 meta-analysis found an
association between higher levels of accelerometer-measured total PA (regardless of intensity)
and a substantially reduced risk for premature mortality in older adults (ages > 65).%° Similarly,
higher levels of accelerometer-measured total PA and moderate-to-vigorous PA (MVPA) have
been associated with a lower risk of developing cardiovascular disease (CVD).8! Despite the
benefits from engaging in regular PA, the proportion of older adults that meet the PA guidelines

was only 28%, according to a 2016 study .’

Historically, PA has been prescribed to individuals and recommended to populations at a
given intensity. For example, in 2018, the U.S. Department of Health and Human Services
recommended that adults engage in 150 - 300 minutes a week of moderate intensity, or 75 - 150
minutes a week of vigorous intensity PA .82 These recommendations are calibrated for a generally
healthy, middle-aged adult, and do not consider one’s cardiorespiratory fitness, physical
function, general health status, or any other observed or unobserved phenotypes. Thus, especially
for an older individual, the level of energy they expend while performing an activity (absolute
intensity) may be discordant with their level of exertion relative to their maximal possible effort
which expresses the very same amount of absolute effort as a percent of the individual’s
maximum possible energy expenditure (relative intensity).!3 This concept may be better
understood through the following adapted example: for a younger adult capable of 12 metabolic
equivalent (MET) activities, a slow walk (assume 3 METs) requires minimal effort relative to

their maximum energy expenditure capacity (3/12 = 25% of their maximal MET capacity), but
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for an older adult capable of 5 MET activities, this same walk (3 METSs) requires a much greater
relative effort (3/5 = 60%), compelling them to operate closer to their maximum capacity.®
Though both adults are exerting the same amount of energy on an absolute scale, their exertions

relative to their maximum capabilities are quite disparate.

The recognition that what constitutes “vigorous intensity activity” is not necessarily the
same from one person to the next poses a challenge to the formulation of population-level
physical activity guidelines, which have always been made based on absolute intensity. This led
the Physical Activity Guidelines Advisory Committee (PAGAC) to call for further research that
includes objective measures of relative intensity of PA." As noted in the 2018 U.S. PAGAC
Scientific Report, relative intensity activity can be quantified as the percentage of maximal
oxygen uptake.! Maximal oxygen uptake, VO,,.x, is the gold standard measurement of
cardiorespiratory fitness.? If the VO,,,,,, of an individual is known and their instantaneous
oxygen uptake (VO,) can be measured, (VO, / VO,,,.,)*100) gives the percent of their maximal
exercise capacity (i.e., the relative intensity of their effort). As direct measurements of
instantaneous VO, and VO,,,,, require specialized equipment, trained personnel, the presence of
a licensed physician (for VO,,,,,), and extensive economic resources that are generally not
feasible for large epidemiologic cohort studies, indirect estimations of relative intensity have
been used, e.g. the talk test!? and the Borg Rating of Perceived Exertion (RPE)." To the best of
our knowledge, the present study is the first to outline an approach that leverages a previously
published accelerometer-derived algorithm3* for assessing instantaneous VO, and two VO,,.«
prediction algorithms (one from Chapter 2.4 and one from Chapter 3.4) to estimate percent
maximal effort. We sought to determine how estimated relative intensity of physical activity

differs from absolute intensity in relation to risks of total mortality and incident cardiovascular
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outcomes among older women followed for up to 9 years in the Objective Physical Activity and

Cardiovascular Health (OPACH) Study.

4.3. Methods

Study Population

The analytic sample for the present study was derived from OPACH, an ancillary study
of the Women’s Health Initiative’s (WHI) Long Life Study (LLS). Details about the design,
recruitment, and measures have been previously published for OPACH®” and WHI®*#, and the
description of the inclusion criteria for the present study closely emulates those of Schumacher et
al .37 In brief, all ambulatory women from the LLS (2012-2013; n = 7,875) were invited to
concurrently enroll in OPACH.*” Women were included in the present study if they returned their
accelerometer (n after exclusion = 6,721), if their accelerometer had usable data (n = 6,489), if
they wore their accelerometer for more than four or more adherent days (where a day with =10
hours of device wear while awake was considered adherent®’; n = 6,126), and did not have
prevalent cardiovascular disease at OPACH baseline, leaving 5,633 women in the analytic
sample. All women provided informed consent either in writing or by telephone. The
institutional review board at the Fred Hutchinson Cancer Research Center approved the study
protocols for the LLS and OPACH, and the University of California, San Diego’s institutional

review board has approved subsequent OPACH data analysis.

Measures

Accelerometer-Measured Absolute Intensity

OPACH participants wore a GT3X+ triaxial accelerometer (ActiGraph LLC, Pensacola,

FL) on their right hip, above the iliac crest, using a belt for 7 days, with the first day of
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accelerometer wear serving as that participant’s OPACH baseline.” The triaxial accelerometers
measured acceleration at 30 Hz. Data were converted to 15-second epochs using the normal filter
supplied with ActiLife (version 6; ActiGraph LLC). The Choi algorithm?® was used to remove
periods of accelerometer non-wear using vector magnitude acceleration counts with a 90-minute
window, 30-minute stream frame, and 2-min tolerance.®® Estimates of accelerometer-measured
absolute intensity were categorized using cutpoints from the OPACH Calibration Study® based
on each epoch’s vector magnitude (VM) count. Absolute light intensity activity was defined as
any epoch with VM counts of > 18 & < 518 and absolute MVPA was defined as any epoch with

VM > 518.
VOs,ax Estimation

VO,,,.x Was estimated using two prediction equations: one previously published ordinary
least squares (OLS) model** that was recalibrated to measured VO,,,,, in the Baltimore
Longitudinal Study of Aging (BLSA) (see Chapter 2.4.) and one machine-learned (ML) VO,
prediction algorithm also derived in the BLSA (see Chapter 3.4.). A third algorithm, a Least
Absolute Shrinkage and Selection Operator (LASSO) model, also developed in the BLSA, was
selected based on its prediction performance in the BLSA, but when exported to OPACH yielded
38% of participants’ predicted VO, values as missing due to missing covariate data. Results
are not shown for the LASSO model in this study. Extensive details about the BLSA*%4%-%0 and
these prediction algorithms are published elsewhere (see Chapters 2 and 3). Briefly, the OLS

1.* was recalibrated to measured VO,,,,, in the BLSA women

model published by Baynard et a
and yielded a final regression equation of predicted VO,,,,x = 56.63 - 0.33*age - 0.54*body mass

index (BMI) and then used to predict VO,,,,, in OPACH (root mean squared error (RMSE)
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between predicted VO,,,,, and measured VO,,, in the BLSA = 3.6 mLekg'smin"'; Chapter
2.4.). An extreme gradient boosted (xgboost) algorithm using a tree-booster was used to develop
a VO, prediction algorithm in the BLSA and was applied to OPACH (RMSE from BLSA 3.1

mLekg'emin'; Chapter 3.4.).

The two VO,,, estimations in OPACH were converted to maximal MET capacity
(predicted VO, / 3.0 mLekg'emin'). After applying the Baynard equation to OPACH, 172
OPACH participants had implausible predicted maximal MET capacity levels (< 3 METs),
largely due to very high body mass index levels which were not represented in the BLSA, and

these women were excluded from analyses relying on the Baynard equation.
Outcome Ascertainment

Two outcomes were assessed in the present study: total mortality and physician
adjudicated cases of incident stroke, myocardial infarction, or cardiovascular disease (CVD)
related death (hereafter referred to as incident major CVD). Deaths and incident major CVD
events were ascertained through March 31%, 2021 via annual mailed outcomes questionnaires,
telephone follow-up, augmented by systematic reviews of the National Death Index™?, obituary
notices, notification from the family of the decedent, and proxy queries.®”?! Vital status
classification was obtained for all OPACH participants in the analytic sample. Incident major
CVD events were physician adjudicated following a review of participants’ medical records.5’
There were 1,312 participant deaths from any cause and 748 incident major CVD cases during a

median follow-up time of 7.4 years (range: 0.1 to 8.9 years).

Statistical Analysis
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Analysis of variance (ANOVA) tests (continuous variables) and chi-square tests
(categorical variables) were used to compare baseline covariates by quartiles of xgboost-

predicted maximal MET capacity.

Correlations between all maximal MET estimations and selected covariates were
assessed. To evaluate the transportability of these prediction algorithms to OPACH from BLSA,

the same correlations from the BLSA cohort are also presented.

Cox proportional hazards models were fit to assess the associations between quartiles of
the two estimates of predicted maximal MET capacity and the two outcomes. Model 1 was
unadjusted, Model 2 adjusted for age, race and ethnicity, and education, and Model 3 adjusted
for all Model 2 covariates and the RAND-36 physical function composite score.”? Tests for linear
trends across quartiles were conducted using an indicator variable for the quartile in the same
model. Additionally, we assessed how a one standard deviation increase in each predicted
maximal MET capacity (continuous) was associated with total mortality. Hazard ratios (HRs)
and P-values of the mean-centered and scaled (i.e. a one standard deviation increase) maximal
MET capacity variable for all models were obtained. Concordance statistics (C-Statistics), which
give the proportion of participant pairs for which the model correctly predicts the participant in

the pair who will experience an outcome event first, are also reported for each model.””

Next, we estimated relative intensity of activity. Using a previously published equation®,
VM counts in each 15-second epoch were used to estimate that epoch’s energy expenditure
expressed in METs (estimated METs = 1 + (0.09088*+/VM)). The estimated MET value in each
epoch was divided by both of the predicted maximal MET capacity estimates and each resulting

measure of percent of maximal effort was categorized into relative intensity categories per the
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American College of Sports Medicine’: = 37% and < 46% of maximal MET capacity as relative
light intensity activity and = 46% of maximal MET capacity as relative MVPA. We then
computed the total hours spent in each absolute and relative intensity category and divided each
by the number of adherent accelerometer wear days to yield average daily hours in each category
of absolute (based on VM counts alone) and relative intensity (based on the percent of maximal
MET capacity). Correlations between time spent in absolute and relative intensity categories and
selected covariates were assessed. Cox proportional hazards models were fit to estimate the HRs
of a one-hour daily increase in each intensity category for both relative and absolute activity.
Multiplicative effect measure modification tests were conducted to assess differences between all
exposures and tertiles of xgboost-predicted maximal MET capacity and the Short Physical
Performance Battery (SPPB) to assess whether the association between estimated relative
intensity of PA and the two outcomes varied by the degree of the predicted maximal MET
capacity or by lower extremity physical function. To test whether the proportional hazards
assumption was violated, we used the cox.zph function in the R survival package.®® The
correlation of the scaled Schoenfeld residuals for each covariate (and for the whole model) with
time were examined to ensure independence of residuals and time. No violations in the

proportional hazards assumption were noted.

4.4, Results

Distribution of Maximal MET Capacity and Daily Time Spent in Each PA Category

In OPACH women, the median predicted maximal MET capacity for the xgboost and
Baynard algorithms were 5.7 and 5.3 METs, respectively. These medians were slightly lower
than the measured maximal MET capacity (6.2 METs) from the BLSA women in the same age

range as those in OPACH (63 - 97). The Baynard-predicted maximal MET capacity had a wider
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distribution of values than xgboost, ranging from 3.0 — 8.9 METs, though xgboost yielded a
higher predicted maximal MET capacity than Baynard at 9.2 METs. Further details on the

summary of both maximal MET capacity estimates can be found in Supplemental Table 4.5.

On the absolute intensity scale, OPACH women engaged in 4.8 and 0.8 hours per day
(hrs/d; median) of accelerometer-measured light intensity and MVPA, respectively. On the
relative intensity scale as defined by xgboost-predicted maximal MET capacity, these amounts
were 1.3 and 1.7 hrs/d, respectively. Finally, on the Baynard-relative scale, these amounts were

1.3 and 2.2 hrs/d for relative light and relative MVPA, respectively.

Sample Characteristics

The 5,633 OPACH women had a mean age and BMI of 78.5 (SD = 6.7) years and 28.1
(SD =5.7) kg/m?, respectively. The participants were 49.2% were non-Hispanic White, 33.3%
non-Hispanic Black, and 17.5% were Hispanic. Half of the participants (51.9%) reported
“excellent or very good” health status, had moderate Short Physical Performance Battery scores
(mean: 8.3 (SD =2.5), and 2.4% were current smokers. Older age, non-Hispanic White
race/ethnicity, higher BMI, lower SPPB, and lower quality of life rating were associated with

having a lower xgboost-predicted maximal MET capacity at baseline (see Table 4.1.).

Associations Between Predicted Maximal MET Capacity and the Selected Outcomes

xgboost-Predicted Maximal MET Capacity

In unadjusted Cox proportional hazards models, xgboost-predicted maximal MET
capacity was inversely associated with total mortality in both quartile and continuous forms
(Puena < 0.01; see Table 4.2.). After adjustment for Model 2 covariates, all three quartiles” HRs

(in reference to the lowest quartile) remained below 1.0, statistically significant, and maintained
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an observable trend across quartiles. After further adjustment for physical function (Model 3), all
the HRs were above 1.0, all of the confidence intervals included 1.0, and no statistically

significant trend across quartiles remained.

In unadjusted Cox proportional hazards models, xgboost-predicted maximal MET
capacity was inversely associated with incident major CVD in both quartile and continuous
forms (Puend < 0.01; see Table 4.3.). After adjustment for Model 2 covariates, all three quartiles’
HRs were attenuated, though the trend across quartiles remained (Pyena < 0.01). After further
adjustment for physical function (Model 3), all the HRs were further attenuated with all three
confidence intervals now including the null value and no trend across quartiles was evident (Pyeng

=0.80).

Baynard-Predicted Maximal MET Capacity

In unadjusted Cox proportional hazards models, Baynard-predicted maximal MET
capacity was inversely associated with total mortality in both quartile and continuous forms
(Pyena < 0.01; see Table 4.2.). After adjustment for Model 2 covariates, all three quartiles’ HRs
(in reference to the lowest quartile) were above 1.00, and, after further adjustment for physical
function (Model 3), all HRs again increased in strength and were positively associated with total

mortality in both quartile and continuous forms (Pyena < 0.01; see Table 4.2.).

In unadjusted Cox proportional hazards models, Baynard-predicted maximal MET
capacity was inversely associated with incident major CVD in both quartile and continuous
forms (Pyend < 0.01; see Table 4.3.). After adjustment for Model 2 covariates, all three quartiles’
HRs were attenuated and the trend across quartiles remained (Pyena < 0.01). After further

adjustment for physical function (Model 3), all the HRs were further attenuated with all three
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confidence intervals now including the null value and no trend across quartiles remained (Pyena =

0.80).

Correlations Among Predicted Maximal MET Capacity Estimates, Accelerometer-Measured

Maximal MET Capacity, Daily Hours in Intensity Categories, and Selected Covariates

Both xgboost and Baynard-predicted maximal MET capacity estimates were strongly
correlated with measured maximal MET capacity in the BLSA women in the same age range of
the OPACH women (r = 0.87 and 0.63, respectively; see Table 4.6.). The correlations between
xgboost and Baynard-predicted maximal MET capacity and age, BMI, and SPPB were of similar

magnitude and direction in BLSA and OPACH.

Daily hours spent in light intensity PA on the xgboost-relative and Baynard-relative
scales were quite strongly correlated with absolute light intensity PA (r = 0.88 and 0.87,
respectively). Daily hours spent in MPV A on the xgboost-relative and Baynard-relative scales

were moderately correlated with absolute MVPA (r = 0.47 and 0.35, respectively).

Associations of Absolute and Relative Intensity Activity with the Selected Outcomes

Accelerometer-Measured Absolute Intensity

When categorizing physical activity absolute intensity into light (VM counts of > 18 & <
518 in each 15-second epoch) and MVPA (VM counts of > 518 in each 15-second epoch), we
observed a 12% reduction in the risk of total mortality for every one-hour increase in daily light
intensity activity, after adjusting for model 3 covaries (HR (95% CI): 0.88 (0.84-0.92); Table 4 4.
Further, for every one-hour increase in daily MVPA, we observed a 45% reduction in risk of
total mortality after adjusting for the same covariates (HR (95% CI): 0.55 (0.48-0.64). We

observed a 12% reduction in the risk of incident major CVD for every one-hour increase in daily
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light intensity activity, after adjusting for model 3 covaries (HR (95% CI): 0.88 (0.83-0.93).
Further, for every one-hour increase in daily MVPA, we observed a 27% reduction in risk of
incident major CVD after adjusting for the same covariates (HR (95% CI): 0.73 (0.61-0.87). In
summary, absolute light intensity and absolute MVPA were significantly associated with
reduced risk of total mortality and major CVD and higher levels of absolute MVPA carried a

stronger reduction in risk than higher levels of absolute light intensity activity.

xgboost-Predicted Relative Intensity

When categorizing physical activity relative intensity into time spent in light (> 37% and
< 46% of xgboost-predicted maximal MET capacity) and MVPA (= 46% of xgboost-predicted
maximal MET capacity), we observed a 22% reduction in the risk of total mortality for every
one-hour increase in daily relative light intensity activity, after adjusting for model 3 covaries
(HR (95% CI): 0.78 (0.68-0.89); Table 4.4.). This was the strongest observed association
between light intensity PA (across both absolute and relative) and total mortality. For every one-
hour increase in daily relative MVPA, we observed an 18% reduction in risk of total mortality
after adjusting for the same covariates (HR (95% CI): 0.82 (0.77-0.87)). The association between
a one-hour increase in daily relative light intensity PA was somewhat more strongly associated
with incident major CVD than total mortality (HR (95% CI): 0.70 (0.59-0.84)). The association
between a one-hour increase in daily relative MVPA and incident major CVD was slightly
weaker than the daily relative MVPA and total mortality association but remained in the
direction of reduced risk and statistically significant (HR (95% CI): 0.89 (0.83-0.96); Table 4.4.).
In summary, higher levels of time spent in xgboost-relative light intensity and xgboost-relative

MVPA reduced risk of both total mortality and major CVD, and higher levels of relative light
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intensity were associated with stronger reductions in risk than higher levels of relative MVPA

for both outcomes.

Baynard-Predicted Relative Intensity

When categorizing physical activity relative intensity into light (> 37% and < 46% of
Baynard-predicted maximal MET capacity) and MVPA (> 46% of Baynard-predicted maximal
MET capacity), we observed a 21% reduction in the risk of total mortality for every one-hour
increase in daily relative light intensity activity, after adjusting for model 3 covaries (HR (95%
CI: 0.79 (0.68-0.92); Table 4 .4.). Further, for every one-hour increase in daily relative MVPA,
we observed a 22% reduction in risk of total mortality after adjusting for the same covariates
(HR (95% CI): 0.78 (0.73-0.82)). Unlike the xgboost findings that showed stronger associations
of relative light compared to relative MVPA associations with total mortality, the Baynard-
predicted relative intensity daily light and MVPA associations had nearly equivalent magnitudes
of association with total mortality. However, and similar to xgboost, the association between a
one-hour increase in daily relative light intensity PA was more strongly associated with incident
major CVD than total mortality (HR (95% CI): 0.77 (0.63-0.93)). The association between a one-
hour increase in daily relative MVPA and incident major CVD was weaker than the daily
relative MVPA and total mortality association but remained statistically significant (HR (95%
CI): 0.88 (0.82-0.95); Table 4.4.). In summary, both Baynard-relative light intensity and
Baynard-relative MVPA were associated with reduced risks of both total mortality and major
CVD, the magnitudes of the association between Baynard-relative light intensity and Baynard-
relative MVPA with total mortality were nearly equivalent, and the association between higher
levels of relative light intensity was stronger than for relative MVPA with respect to incident

major CVD.
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Effect Modification

Accelerometer-Measured Absolute Intensity

We observed no statistically significant effect modification at the P = 0.10 level of
absolute intensity on both outcomes by tertiles of xgboost-predicted maximal MET capacity
(Supplemental Table 4.8.) or by SPPB categories (Supplemental Table 4.9.). In all strata, the
associations between absolute PA and the outcomes were the same as in the total sample, except
for the highest SPPB category, where absolute MVPA was not statistically associated with

incident major CVD.

xgboost-Predicted Relative Intensity

We found statistically significant effect modification (P < 0.10) by tertile of xgboost-
predicted maximal MET capacity in the association between xgboost-predicted relative MVPA
and total mortality (Supplemental Table 4.8.) and no statistically significant effect modification
by category of SPPB scores (Supplemental Table 4.9.). Specifically, in tertiles 2 and 3 of
xgboost-predicted maximal MET capacity, the associations between xgboost-predicted relative
MVPA and total mortality were stronger than those of xgboost-predicted relative light intensity,
unlike the associations observed in tertile 1 and in the total sample, where xgboost-predicted
relative light intensity was more strongly associated with total mortality than xgboost-predicted
relative MVPA. In each tertile of xgboost-predicted maximal MET capacity, xgboost-predicted
relative light intensity was more strongly associated with incident major CVD than xgboost-
predicted relative MVPA. When stratifying by category of SPPB scores, xgboost-predicted

relative MVPA was more strongly associated with total mortality than xgboost-predicted relative

82



light intensity, but xgboost-predicted relative light intensity was more strongly associated with

incident major CVD than xgboost-predicted relative MVPA.

Baynard-Predicted Relative Intensity

We observed no statistically significant effect modification at the P = 0.10 level of
Baynard-predicted relative MVPA on both outcomes by tertiles of xgboost-predicted maximal
MET capacity (Supplemental Table 4.8.) or by SPPB categories (Supplemental Table 4.9.).
Though not statistically different, in tertiles 2 and 3 of xgboost-predicted maximal MET
capacity, Baynard-predicted relative MVPA was more strongly associated with total mortality
than Baynard-predicted relative light intensity. In tertiles 1 and 2, Baynard-predicted relative
light intensity was more strongly associated with incident major CVD than Baynard-predicted
relative MVPA. When stratified by categories of SPPB scores, patterns in these HRs become

obfuscated by statistically insignificant HRs.

4.5. Discussion

In the present study, we sought to quantify the association of relative intensity of physical
activity —as scored by percent maximal effort— with incident major CVD and total mortality in a
prospective study of ambulatory, community-dwelling older women. We found that: (1) on the
absolute scale, increases in daily MVPA were more strongly associated with total mortality and
major CVD than increases in light intensity PA in adjusted models, (2) on the relative scale, light
intensity PA was more strongly associated with total mortality and major CVD than MVPA in
adjusted models (with the exception of Baynard-predicted relative intensity where the HRs were
nearly equivalent), (3) a one-hour increase in relative light intensity PA was more strongly

associated with both mortality and incident major CVD than a one-hour increase in absolute light
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intensity PA, and (4) a one-hour increase in absolute MVPA was more strongly associated with

mortality and CVD than a one-hour increase in relative MVPA.

We do not have the ability to assess how well the xgboost and Baynard algorithms
performed in their predictions of maximal MET capacity in OPACH. However, given that the
strength and direction of the correlations between these predicted maximal MET capacity
variables and the selected covariates were similar between OPACH and BLSA, coupled with the
reasonable distributions of both variables (the excluded < 3 MET OPACH participants
notwithstanding), and their ability to predict total mortality and incident major CVD, we have

confidence in their estimations.

Few studies of relative vs. absolute intensity of physical activity exist with which to
compare these results. In a prospective cohort study of 7,337 men in the Harvard Alumni Health
Study (mean age: 66 years), participants rated their usual level of exertion when exercising on a
10-point Borg Scale, categorized as 0 to 2 (“nothing to weak™), 3 (“moderate”), 4 (“somewhat
strong”), and = 5 (“strong to maximal”). Adjusted relative risks (RR (95% CI)) of coronary heart

9% ¢

disease (CHD) for men reporting usual perceived exertion as “moderate,” “somewhat strong,”
and “strong to maximal” were: 0.86 (0.66-1.13),0.69 (0.51-0.94), and 0.72 (0.52-1.00),
respectively (P,...=0.02), when compared with “nothing to weak”.!> Despite the differences
between Lee et al.!> and the present study in measurement of relative intensity, outcome(s) being

assessed, and gender of the study populations, the highest category of relative intensity activity

did not provide the strongest reduction in risk in either study.

Findings from the present study do not support the assertion that one must achieve 6

METsS on the absolute intensity scale to gain protection against total mortality and incident
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CVD.” Our results suggest that reductions in risk of total mortality and major CVD are stronger
for every additional hour per day engaged in activities that require between 37% and 46%
maximal effort (relative light intensity PA) than engaging in activities that require = 46%
maximal effort (relative MVPA). These findings also align with a recent study from the OPACH
cohort, the same cohort from which women in the present study were drawn, that found that
higher amounts of activities in daily life (specifically, “daily life movement”, e.g. performing
housework or gardening) were independently associated with a lower risk of cardiovascular

disease.*

Given the strong, graded associations of predicted maximal MET capacity (the
denominator in the percent maximal effort computation) with death and CVD and the strong,
graded associations of accelerometer-measured absolute intensity of activity (the numerator in
the computation) with the two outcomes, it appears peculiar that the associations of relative light
intensity PA were stronger than the associations of relative MVPA. A likely explanation is that
the participants on the lower end of the predicted maximal MET capacity spectrum, e.g.
participants with a predicted maximal MET capacity of 3 METs can reach MVPA on the relative
scale by engaging in minimal activity (i.e. getting out of bed). However, those same participants
have increased risk of mortality and CVD associated with their low estimated fitness levels as
shown in Tables 2a and 2b. Thus, on the relative scale, the classification of time spent in MVPA
includes participants with a much wider range of fitness levels, than when MVPA is classified on
the absolute scale. Our stratified analyses provide some basis for this hypothesis as we did
observe that xgboost-predicted relative MVPA was more strongly associated with mortality than
xgboost-predicted relative light intensity in higher tertiles (2 and 3) of predicted maximal MET's

(Supplemental Table 4.8.).
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Despite the benefits from engaging in regular PA, the proportion of older adults in the
U.S. that, according to self-report, met the PA guidelines was only 28% according to a 2016
study.? Talbot et al'6 asserts that a higher proportion of older adults meet national PA
recommendations on a relative intensity activity scale than on an absolute intensity activity scale.
Because the energy costs of movement increase with age and aerobic fitness levels decline with
age, these authors assert that absolute intensity is inappropriate to measure and motivate older
adults’ PA. Further, they note that the proportion of older adults meeting the national
recommendations for moderate and high intensity PA on an absolute intensity scale decreases
with age, but the proportion meeting guidelines when activity is assessed on a relative intensity
scale increases with age. Our findings support this, as we observed strong correlations between
absolute light PA and the two relative light PA estimations (both r values = 0.88), but weak
correlations between absolute MVPA and the two relative MVPA estimations (xgboost-MVPA r
=0.47, and Baynard-MVPA r = 0.35). It is evident that measuring PA on the relative scale in

older adults credits them with more MVPA than when measuring PA on the absolute scale.

There are some limitations to the present study. Harmonization of variables between
BLSA and OPACH and missingness in both cohorts could have introduced error and decreased
the precision with which maximal MET capacity was estimated. Also, the accuracy of the
prediction equations for maximal MET capacity could be affected by differences between the
BLSA cohort and OPACH or other study populations. In the present study, the Baynard maximal
MET capacity equation that was calibrated in the BLSA cohort systematically underestimated
predicted maximal MET capacity in OPACH compared to the xgboost estimates. This likely
occurred because OPACH has women with higher BMI values than their BLSA counterparts and

the Baynard estimate relied heavily on BMI. However, both estimates had distributions in
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OPACH similar to the BLSA, similar magnitudes of correlations with age, physical performance,
and BMI, and predictive validity for mortality and CVD until adjusted for physical function.
These findings all support the external validity of the BLSA-derived predicted maximal capacity
measures when applied to an external cohort, in this case OPACH. Importantly, the methods and
results of the present study provide an innovative and rigorous approach for examining relative
intensity of PA in large population-based studies where direct measurement of maximal MET

capacity and accelerometer-measured absolute intensity in the same cohort is quite rare.

There are many strengths to this study. First, we directly respond to PAGAC’s call to
estimate percent maximal effort and its association with health outcomes. Next, the WHI
OPACH study population is a well-characterized, diverse cohort with high-quality prospective
follow-up, accelerometer-measured absolute PA in 5,633 older women, and sufficient data to
support two estimations of maximal MET capacity. Finally, the results of this study provide a
generally consistent narrative across both estimates of relative intensity. Future studies should
seek to replicate these findings and will be especially informative if accelerometer-measured PA

and maximal exercise capacity testing is present in the same cohort.

In conclusion, these findings show that: (1) on the absolute scale, increases in daily
MVPA were more strongly associated with mortality and major CVD than increases in light
intensity activity; however, (2) on the relative scale, light intensity activity was more strongly
associated with mortality and major CVD than MVPA, (3) a one-hour increase in relative light
intensity was more strongly associated with mortality and CVD than a one-hour increase in
absolute light intensity, and (4) a one-hour increase in absolute MVPA was more strongly
associated with both outcomes than a one-hour increase in relative MVPA. These findings

extend the paradigm shift towards recommendation of more movement, regardless of intensity,
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and placing greater emphasis on relative light intensity activities (between 37% and 46% of
one’s maximal effort) as modifiable behavioral targets that are more easily achieved in older

adults to reduce risks of death and CVD and improve prospects for healthy aging.
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Chapter 4, in part, is currently being prepared for submission for publication of the
material. Schumacher, Benjamin T.; LaMonte, Michael J.; Di, Chongzhi; Simonsick, Eleanor
M.; Parada, Humberto; Hooker, Steven P.; Bellettiere, John; LaCroix, Andrea Z. The dissertation

author was the primary investigator and author of this paper.
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5. Discussion

5.1. Summary

Aim 1 provided validation, recalibration, and predictive accuracy metrics of published
VO,ax prediction equations with the aim of enabling large scale epidemiologic cohorts with
older, ambulatory, community-dwelling adults to accurately estimate VO,,,,,. Performance
metrics of several of the previously published equations yielded reasonable results relative to
measured VO,,,,.. The recalibration of these equations using measured VO,,,, in the BLSA
improved every performance metric, although such recalibration would not be possible in
epidemiologic cohorts unless they had directly measured VO,,,,, and the covariates used in the
prediction equation. Among the previously published VO, prediction models, there was no
discernable pattern of covariate types (i.e. demographics, body mass, self-reported PA) that
contributed to the performance of the model more than others (e.g. the Bradshaw equation?®’, one
of the best performing models, has the same covariates as the Jurca equations®, which did not
perform as well in relation to measured VO,,,,,, in the BLSA), likely because there is no group of
covariate types (other than direct exercise testing) that adequately capture the integrated

physiological signal reflected in measured VO,

Cox proportional hazards modeling showed measured VO,,,,, is a powerful predictor of
all-cause mortality in both the unadjusted and adjusted models. Compared to participants in the
lowest quartile of measured VO,,,,,, those in the highest quartile had a 3-fold reduction in the
risk of all-cause mortality, after adjusting for age, sex, race and ethnicity, and education. Several
of the published equations yielded HRs similar in pattern and magnitude to those of measured
VO, before adjustment, but these associations were not robust to even minimal adjustments.

After adjustment for only age and sex, the ability of the equations to predict mortality was
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substantially weakened, suggesting that much of the association observed in the unadjusted
models was due to these two variables alone. In regression models using the recalibrated
equations, the patterns of association were more similar to those estimated using measured
VO, i unadjusted models. Despite the pattern of the recalibrated equations” HRs in

unadjusted models, these associations were still not robust to adjustment.

These findings strongly suggest that while the VO,,,, prediction equations may be valid
and useful, to varying degrees, for individual exercise prescriptions in the field, their ability to
predict mortality is severely compromised after adjustment for basic demographic and
anthropometric covariates, some of which are components of the prediction equations
themselves. VO,,,,, is a complex construct reflecting an integration of multifaceted organ
systems and metabolic processes.** Without direct measures of the physiologic variability across
individuals inherent in measured VO,,,,, , even well-performing prediction equations based on
basic demographic and health characteristics do not predict mortality independent of sex and age.
To a large extent, this is because demographic and behavioral characteristics do not adequately

capture the integrated physiological signal reflected in measured VO, .

Aim 2, in direct response to the call for future research in an ML meta-analysis®,
developed and assessed the performance of multiple ML, non-exercise based VO,,, prediction
algorithms that may enable large-scale epidemiologic cohorts with older, ambulatory,
community-dwelling adults to accurately estimate VO,,,,,, an important biomarker of aging
resiliency. The performance of all the ML algorithms evaluated in this study were reasonably
good in relation to the performance of previously published RMSE values —our RMSE values

ranged from 2.9 to 4.4 mLekg'emin’'. For additional context, if one assumes the standard

103



conversion of 3.5 mLekg'emin"' as being equivalent to 1 metabolic equivalent (MET), the errors
in VO, prediction based on the ML algorithms used herein were about 0.8 and 1.3 METs.
These predictive error values are lower than the RMSEs observed for the Aim 1 prediction
equations and are lower than several RMSEs of previously published ML VO,,.,, prediction

algorithms.®

Across all the algorithms, the RMSE values for the women were lower than the men.
This is likely due to the larger variation in men’s VO,,,,, measurements than the women’s
VO,,..x. Despite the better prediction of VO,,,, for the BLSA women than men, the associations
between measured and predicted VO,,,,, and all-cause mortality were notably stronger for the

men than the women (men’s Model 2 measured VOZmaX Q4 vs. Q1 HR: 0.20 (0.06-0.70), Pyeng <

0.01; women’s 0.63 (0.21-1.90), Pyeng = 0.14).

Minimal differences in RMSEs were observed when using the BLSA compared to
OPACH covariate inputs, indicating that the variables that are not measured in OPACH are not
critical to obtaining an accurate prediction of VO,,,,,, or at least other variables were able to
compensate for their absence using these ML approaches. Specifically, When using all of the
variables in the BLSA, the number of seconds to complete the 400m walk showed to be the most
important variable across the random forest and tree-boosted xgboost algorithms, and in the
OPACH-predictor algorithms (i.e. in the absence of the 400m walk), age became the most

important variable.

Few non-exercise based VO,,,,, prediction ML models have been previously published,
and even fewer have been developed specifically for older adults. Findings from Aim 1 on the

assessment of the performance of previously published OLS models showed that when these
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models are used to predict VO, in the BLSA, the RMSE values range from 5.1 - 20.4 mLekg
lemin! (see Chapter 2.4). After recalibrating these formulas’ to measured VO,,,,, in the BLSA
(obtaining new regression weights derived from the distribution of covariates in the BLSA) the
RMSE values decrease to 3.8 - 4.2 mLekg'emin! (see Chapter 2.4). A recent meta-analysis of 16
VO,,..x prediction equations that use ML®, few of which use non-exercise predictors and none
of which were developed in older adults (the majority of the 16 equations were trained among
men and women in their mid-to-late 20s; oldest age range included in the meta-analysis was 18-
65), found RMSEs (mLekg'emin') of 2.9 (SVM), 3.14 (MLP Neural Network), 3.38 (tree
boost), 4.78 (multilayer perceptron; MLP), 4.07 (artificial neural networks; ANN), 2.91 (feature
selection with SVM), 3.37 (Generalized Regression Neural Networks), 4.51 (Single Decision
Tree), and 4.78 (Multiple input single output (MISO) with MLP, SVM, and ANN with RBF).
Interestingly, in the MISO model, the RMSEs were 4.07 for the women and 5.30 for the men,
suggesting the sex differences as also seen in the present study. The majority of the RMSEs in
the algorithms for the present study outperform (lower RMSE values) those reported in this
meta-analysis, perhaps due to the decreased variance in VO,,,,, in the older adults included

herein, differences in sample size, and/or ML training approaches.

The present study indicates that ML prediction of VO,,,,, in older adults has relatively
low prediction error and is associated with a clinical aging outcome, all-cause mortality, in a
similar pattern and magnitude of association as measured VO,,,, in unadjusted analysis,
however the utility of predicted VO,,,,, in estimating mortality risk in adjusted models was not
as strong or robust as compared to measured VO,,,,, (see Chapter 3.4.). The attenuation of

associations with mortality for predicted VO, but not measured VO,,,,,, when adjusting for
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even a limited set of demographic covariates likely reflects the effect of controlling for factors

correlated with mortality risk that were used in the prediction of VO,,,.

Aim 3 was the first study to estimate participants’ percent maximal effort (relative
intensity of PA), to quantify its association with health outcomes, and compare these associations
to those of absolute intensity of PA. As such, there exist few studies with which to compare the
results herein. In a prospective cohort study of 7,337 men in the Harvard Alumni Health Study
(mean age: 66 years), participants rated their usual level of exertion when exercising on a 10-
point Borg Scale, categorized as 0 to 2 (“nothing to weak™), 3 (“moderate”), 4 (“somewhat
strong”), and = 5 (“strong to maximal”). Adjusted relative risks (RR (95% CI)) of coronary heart

9% ¢

disease (CHD) for men reporting usual perceived exertion as “moderate,” “somewhat strong,”
and “strong to maximal” were: 0.86 (0.66-1.13),0.69 (0.51-0.94), and 0.72 (0.52-1.00),
respectively (P,...=0.02), when compared with “nothing to weak”.!> Despite the differences
between Lee et al.’s'> and this dissertation’s measurement of relative intensity, the outcome(s)
that were assessed (incident CHD in Lee et al. and total mortality and incident major CVD in this
dissertation), and the gender of the study populations, both bodies of work found that the highest
category of relative intensity activity did not provide the strongest reduction in risk of outcome.
In this dissertation, increases in activity requiring between 37% and 46% of maximal effort
(relative light intensity PA) had the strongest reduction in risk of total mortality and incident

major CVD, and Lee et al."” found that those engaging in PA at a perceived exertion of 4 on a

10-point scale had the lowest risk of incident CHD.
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Findings from this dissertation do not support the assertion that one must achieve 6 MET's
on the absolute intensity scale to gain protection against total mortality and incident CVD.** Our
results suggest that reductions in risk of total mortality and major CVD are stronger for every
additional hour per day when engaged in activities that require between 37% and 46% maximal
effort (relative light intensity PA) than when engaged in activities that require = 46% maximal
effort (relative MVPA). These findings also align with a recent study from the OPACH cohort,
the same cohort from which women in the present study were drawn, that found that higher
amounts of activities in daily life (specifically, “daily life movement”, e.g. performing
housework or gardening which was comprised of 69% light and 16% MVPA on the absolute

scale) were independently associated with a lower risk of cardiovascular disease.*

These findings show that: (1) on the absolute scale, increases in daily MVPA were more
strongly associated with mortality and major CVD than increases in light intensity activity, (2)
on the relative scale, light intensity activity was more strongly associated with mortality and
major CVD than MVPA, (3) a one-hour increase in relative light intensity activity was more
strongly associated with mortality and CVD than a one-hour increase in absolute light intensity
activity, and (4) a one-hour increase in absolute MVPA was more strongly associated with both
outcomes than a one-hour increase in relative MVPA. Further, the proportion of older adults
meeting the national recommendations for moderate and high intensity PA on an absolute
intensity scale decreases with age, but the proportion meeting guidelines when activity is
assessed on a relative intensity scale increases with age.”” The findings in this dissertation
support this, as strong correlations were observed between absolute light PA and the two relative
light PA estimations (both r values = 0.88), but weak correlations between absolute MVPA and

the two relative MVPA estimations (xgboost-MVPA r = 0.47, and Baynard-MVPA r = 0.35). It
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is evident that measuring PA on the relative scale in older adults credits them with more MVPA
than when measuring PA on the absolute scale. These findings extend the paradigm shift towards
recommendation of more movement, regardless of intensity, and placing greater emphasis on
relative light intensity activities (between 37% and 46% of one’s maximal effort) as modifiable
behavioral targets that are more easily achieved in older adults to reduce risks of death and CVD

and improve prospects for healthy aging.

Aims 1 and 2 of this dissertation showed VO, to be a strong predictor of health
outcomes, and these associations were stronger in older men than women. While previously
published VO,,, prediction equations yielded reasonable estimates of VO,,,,,, especially when
recalibrated, these predictions are not robust to minimal adjustments in multivariable models
(Aim 1). Using ML approaches (Aim 2), the accuracy in which VO,,,,, can be predicted
improves, though the resulting predictions are still sensitive to adjustment. VO,,,,, predictions
were more accurate relative to VO,,.,, in older women than men, but VO,,,.,, (measured and
predicted) was more strongly associated with health outcomes in men than women, perhaps due
to the wider range of VO,,,, values in men than women. When the universe of predictors for the
ML algorithms was restricted to non-exercise variables common in many epidemiologic cohorts
of aging (namely, OPACH), the predication errors were hardly affected, indicating that: (1) the
performance-based variables important in the BLSA are not critical to accurate VO,
prediction, and (2) that other variables become important in their absence. Though the
transportation of one OLS equation from Aim 1 (Baynard et al.**) and the tree-boosted xgboost
algorithm from Aim 2 to OPACH could not be directly validated, the distributions of the

predicted VO,,,,,, variables were reasonable and their correlations with selected covariates
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closely emulated the same correlations in BLSA, bolstering confidence in the quality of the
prediction.

This dissertation greatly advances the field of PA epidemiology and other exercise-
science related fields through: (1) validating published VO,,,,, equations, (2) leveraging modern
ML algorithms to develop new VO,,,, prediction algorithms for older adults, (3) further
establishing the advantage of measuring VO,,,,«, a hallmark biomarker of healthy aging®, or
estimating VO,,,,x when laboratory measurements of VO,,,,,, are infeasible, and, most
importantly, (4) providing the first estimates of the relationship between percent maximal effort

and health outcomes.

5.2. The importance of understanding the relationships between absolute intensity PA. relative

intensity PA. and health outcomes

The current paradigm of absolute intensity —instead of relative intensity —is the
prevailing paradigm in which epidemiologic studies of PA are conducted. Though the results
from these studies have shown that increasing the frequency, duration, and intensity of PA on an
absolute scale is beneficial, we do not yet know measuring PA on the relative scale contribute to
our understanding of these associations. Several lab experimental studies have measured
individual cardiorespiratory fitness, prescribed exercise based on these measurements, and have
found that moderate relative intensity activity has beneficial associations with: blood pressure,
lipids, insulin sensitivity, coagulation, and hemostasis.!*?* Results from this dissertation
indicate that relative light intensity (37 - 46% of maximal effort) is more important in reducing
the risk of total mortality and incident major CVD than previously known to be. Gaining a

deeper understanding of the associations between percent maximal effort as an estimate of
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relative intensity of activity and these health outcomes would enable more attainable population-

level PA recommendations and improve prospects for healthy aging.

5.3. Recommendations for future work on the intensity of PA and health outcomes

There is a critical need for the development and validation of more accurate and robust
VOyax prediction models in older adults. Given that by the year 2060, almost a quarter of the
United States (U.S.) population will be comprised of adults 65 years of age or older*, coupled
with the association between beneficial health outcomes and higher VOyax» the development of
a few accurate, robust prediction equations will enable VO, to be more broadly studied as a
modifiable target for promoting functional resiliency and healthy aging. Further, future studies
should seek to reproduce this dissertation’s findings on the associations between absolute
intensity PA, relative intensity PA, total mortality, and incident major CVD, especially if
maximal exercise capacity testing has been conducted in the same cohort where accelerometry

exists.

5.4. Concluding remarks

In conclusion, higher VO,,,,,, is strongly associated with beneficial health outcomes. In
large epidemiologic cohort studies that do not have the resources to directly measure VO,
previously published OLS prediction equations can be used to yield reasonable estimates of
VO,max» and ML prediction algorithms may yield more precise results. Findings from this
dissertation extend the paradigm shift towards recommendation of more movement, regardless of
intensity, and placing greater emphasis on relative light intensity activities (between 37% and
46% of one’s maximal effort) as modifiable behavioral targets that are more easily achieved in

older adults to reduce risks of death and CVD and improve prospects for healthy aging.
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