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A new set of estimated cardiorespiratory fitness equations
are associated with cognitive performance in older adults
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Abstract This study aimed to develop new equa-
tions to estimate cardiorespiratory fitness specifically
for older adults and, secondly, to analyze the asso-
ciations of cardiorespiratory fitness, both objectively
measured and estimated using new equations, with
cognitive performance. Ninety-two older adults (41
females, 65-75 years) from baseline data of a rand-
omized controlled trial were analyzed (“ClinicalTri-
als.gov” Identifier: NCT03923712). Participants
completed 4 measurement sessions including (i) phys-
iological and health indicators in a laboratory setting,
(ii) field-based fitness tests, (iii) sociodemographic
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and physical activity questionnaires, and (iv) a battery
of neuropsychological tests to evaluate cognitive per-
formance. The main findings were as follows: (i) a set
of new equations with good predictive value for esti-
mated cardiorespiratory fitness were developed (74—
87%), using different scenarios of complexity and/
or equipment requirements, and (ii) higher estimated
cardiorespiratory fitness, even using its simplest
equation (eCRF=—1261.99+1.97x6 min walking
test (m)+ 1.12xbioimpedance basal metabolic rate
(kcal/day) +5.25 x basal heart rate (bpm)), was asso-
ciated with better cognitive performance evaluated
by several neuropsychological tests (i.e., language,
cognitive flexibility, fluency, attention, and working
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memory), similar to using objectively measured car-
diorespiratory fitness. In summary, a new set of esti-
mated cardiorespiratory fitness equations have been
developed with predictive values ranging from 74 to
87% that could be used based on necessity, availabil-
ity of equipment, resources, or measurement context.
Moreover, similar to objectively measured cardiores-
piratory fitness, this measure of estimated cardiores-
piratory fitness was positively associated with per-
formance on language, fluency, cognitive flexibility,
attention, and working memory, independently of sex,
age, and education level.

Keywords Alzheimer - Cognitive impairment -
Physical fitness - Aerobic capacity - Aging

Introduction

Life expectancy of the population around the world
is increasing, especially in developed countries; thus,
addressing the aging of the population pyramid has
become an issue of global concern [1]. During the
aging process, there is an increase in the incidence of
several diseases, including physical and mental health
declines, which have a cascading effect on other health-
related problems. Dementia and cognitive impairment
are among the most relevant non-communicable dis-
eases or age-related problems [2]. Although there is
currently no cure for dementia, non-pharmaceutical
strategies such as physical activity or physical exercise
interventions are considered essential to prevent disease
onset [3]. Particularly, cardiorespiratory fitness (CRF)
has been found to be associated with better cognition
and lower risk of dementia [4].

CREF is the gold standard for exercise capacity [5],
defined as the ability of the circulatory, respiratory, and
muscular systems to supply oxygen during sustained
physical activity [6]. It is usually assessed as peak
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oxygen uptake (VO,,,) and considered a powerful
marker of health [7]. However, to obtain an accurate
and precise measurement of CRF, an incremental car-
diopulmonary exercise test (CPET) until exhaustion is
required [8]. CPET entails certain physical and health
risks, especially for older adults, and requires the use of
high precision and expensive equipment that hampers
its implementation in large-scale studies and clinical
settings [5, 9]. In addition, it has been suggested [10]
that the main argument frequently used [11], justifying
why CRF should not be used in routine clinical practice
based on the skills, equipment, and costs associated to
CEPT in compared with other assessments [12] is con-
sidered as the “old dogma”. However, Kaminsky et al.
[13] recently highlighted that commercial metabolic
exercise testing units are easy to use providing analysis
in real time of respiratory exchange and even built-in
electrocardiogram system at lower prices. Because of
this, and because of the enormous amount of clinically
significant cardiopulmonary data that such units pro-
vide, the implementation of CPET in hospitals should
now be considered [13]. Therefore, the CRF assess-
ment as “gold standard” using CPET should be used
more routinely in clinical practice [14]. However, while
CRF is not commonly used in routine clinical practice
and other professional settings, one alternative is the
use of estimated CRF (eCRF) [15-17]. Several studies
[15-17] have previously developed valid equations of
eCREF based on large population studies including basic
health information in a wide range of ages and aiming
to build a simple and cost-effective equation to predict
CRF.

Nevertheless, few studies have developed equa-
tions to predict CRF in older people. The limited
existing evidence has shown that these equations
overestimate CRF [18], present high variability in
prediction accuracy for those non-maximal, and are
not specific for older people, or they were low rep-
resented. Therefore, it is of great scientific interest to
develop new equations for eCRF that could be easily
adopted and have good predictive value using health
information available in many healthcare settings.

Previous literature has shown positive associations
of objectively measured CRF with brain health in
older adults [19-22]. However, although eCRF is fre-
quently used in the clinical setting, few studies have
analyzed the association of eCRF with a complete set
of cognitive performance tests to determine whether
both objectively measured and eCRF show a similar
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pattern of association with cognitive performance.
For example, Boots et al. [23] showed that eCRF
was associated with cognitive function; however,
this work included people between 20 and 70 years
old, and they used an equation that was not specific
for older people [17]. Also, Tari et al. [4] concluded
that eCRF was an independent risk factor for the inci-
dence of dementia and dementia mortality; however,
the association with cognitive performance was not
analyzed.

Therefore, the aims of this study were (i) to ana-
lyze the accuracy of existing equations in predicting
CRF in older adults and to develop new equations to
predict CRF (eCRF) in this specific population group
and (ii) to analyze the associations of CRF (objec-
tively measured by a laboratory-based test, and esti-
mated by the equations) with a complete set of cog-
nitive performance tests (i.e., screening to cognitive
status, language, memory, cognitive flexibility, flu-
ency, inhibition, attention, and working memory).

Material and methods
Study participants

The present study used baseline data from the
total sample of a randomized controlled trial
(RCT registered in “ClinicalTrials.gov,” Identifier:
NCT03923712). Ninety-two older adults 41 women
were recruited in 13 public health care centers from
Céadiz. The inclusion criteria were as follows: between
65 and 75 years, being able to speak, understand and
write Spanish properly, not suffering any disease/
injury that prohibits engagement in physical activ-
ity, and not engaging in supervised physical activity
for more than 20 min/day. Exclusion criteria were as
follows: suffering from an acute or terminal disease,
chronic depression and/or unstable cardiovascular
disease, and having a medical history of head injury
with loss of consciousness or ictus.

Participants were informed about the study pro-
cedures, potential risks, and benefits. If they met
the inclusion criteria and agreed to participate, they
signed the informed and photo/video consent form.
This study was approved by the Human Ethics and
Research Commiittee of the research in Cadiz and the
Andalusian Coordinating Committee on Biomedical
Research Ethics (codes: 0667-M1-17 and 04/2018,

respectively) and conducted in accordance with the
Declaration of Helsinki.

Measurements

There were four different assessment days for the
measurements of the following: (i) physiological and
health indicators in a laboratory setting, (ii) field-
based fitness tests, (iii) sociodemographic and physi-
cal activity questionnaires, and (iv) a neuropsycho-
logical evaluation.

Physiological and health indicators in the laboratory
setting

Participants performed a set of laboratory tests and
were instructed to follow several considerations pre-
vious to the evaluation. These standardized consid-
erations included refraining for the 24 h prior to the
assessment from (i) strenuous physical exercise, (ii)
intake of alcohol, caffeine and energetic drinks, and
(>iii) to control hydration status during the previous
week. In addition, on the evaluation day, partici-
pants were instructed to fast for at least 4 h before the
scheduled session [24-26].

Body composition

Body weight, fat mass, fat-free mass, and estimated
basal metabolic ratio (¢éBMR) were obtained using a
multifrequency bioimpedance (TANITA-MC780MA)
[24, 25, 27]. Height was measured by a stature-meas-
uring instrument (SECA 225, Hamburg, Germany)
[28]. Body mass index (BMI) was calculated (weight
(kg)/height2 (m)). Waist circumference was assessed
with a tape (Lufkin W606PM) following the ISAK
protocol [29].

Pulmonary capacity

A forced spirometry in a standing position was per-
formed using Jaeger MasterScreen CPXg (CareFu-
sion, San Diego, USA). After several cycles of normal
breathing, the participants were instructed to inspire
as much air as possible, with a pause of less than 1 s,
to later expire the air as quickly as possible being pro-
longed until the participants were unable to expire more
air or evaluator indication. Forced expiratory volume in
1 s (FEV)), forced vital capacity (FVC), peak expiratory
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flow, and FEV,/FVC values were registered and calcu-
lated according to the SEPAR normative [30]. The test
was repeated after resting for 2-3 min until at least two
attempts of the test were considered acceptable.

Basal metabolic rate (BMR)

BMR was assessed by indirect calorimetry using a
gas analyzer of open circuit (Jaeger MasterScreen
CPXg; CareFusion, San Diego, USA) according
to the established criteria for measuring BMR for
10 min on a bed [26]. Heart rate (HR) was measured
with Polar Team System 2 Pro (Polar Electro Oy,
Kempele, Finland), and the lowest HR was recorded
as basal HR [31].

Cardiopulmonary exercise test (CPET)

An incremental CPET until exhaustion using the
modified Bruce protocol to determine objectively
CRF was performed on a treadmill (Lode Valiant,
Groningen, Netherlands) [32]. Participants began
walking at 2.7 km/h at 0% inclination grade, and
every 2 min, the speed or/and inclination were
increased according to the protocol. Respiratory
exchange ratio (RER), VO,, and VCO, consump-
tion were measured breath by breath using indi-
rect calorimetry through a gas analyzer of open
circuit, Jaeger MasterScreen CPX® (CareFusion,
San Diego, USA) daily calibrated for each test. In
the middle of each step, a rating of perceived exer-
tion (RPE) was asked using the 10-point Borg [33].
HR was continuously monitored. The CPET was
considered maximal if the test met at least three
of the following criteria: (i) RER >1.05, (ii) a pla-
teau in VO, achieved in the last three intervals of
10 s (<2 ml-kg~!-min~!), (iii) subjective volitional
exhaustion, (iv) HR>85% theoretical maximum
HR (HR,,,,), and (v) RPE>7 [33-36]. VO, was
established as the highest observed value of oxygen
consumption obtained in the last three intervals of
10 s of the CPET; this parameter was used in the
analyses as objectively measured CRF.

Field-based fitness tests

Two tests of the senior fitness test battery [37] and hand-
grip test were applied to assess CRF and muscle strength.

@ Springer

Aerobic endurance

Aerobic endurance was assessed by the 6-min
walking test which consists of walking as fast as
possible (without running) between two cones
30 m apart. The test was performed only once at
the end of the evaluation session, and the total of
walked meters during 6 min was registered and
used for analyses.

Muscle strength

A handgrip test was performed to assess upper
body strength using a digital dynamometer (TKK
5101 Grip-D, Tokyo, Japan) [38]. To adjust a cor-
rect grip, the dynamometer was fixed at 5.5 cm size
for males, and for females, the optimal grip was
calculated according to the hand size [38]. Partici-
pants had to maintain the standard bipedal position
during the entire assessment, with the elbow in a
complete extension. Two attempts were performed
with each hand, and the best value of each hand
was averaged and used for analyses. The scores
were recorded in kilograms. To assess lower-body
strength, we used the chair stand test. Participants
had to stand up and sit down as fast as possible for
30 s with arms folded across the chest. The test was
performed only once, and the total number of rep-
etitions was recorded and used for analyses.

Sociodemographic and physical activity
questionnaires

A modified sociodemographic questionnaire based
on the Spanish national health survey [39] was used
to collect information about several dimensions
such as marital status, educational level, education
years, household income, smoking, medication,
pathologies, and alcohol or tobacco consumption.
Moreover, the Global Physical Activity Question-
naire (GPAQ), which is a valid and self-reported
questionnaire to assess physical activity in three dif-
ferent domains (work, transport, and leisure time),
was applied [40]. Participants were categorized as
reaching at least 150 min a week of physical activ-
ity or not in their leisure and work time.
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Neuropsychological evaluation

A comprehensive neuropsychological test battery meas-
ured cognitive performance including eight internation-
ally well-known and gold-standard and validated instru-
ments for older adults [41-48]. The tests assess cognitive
impairment, learning and verbal episodic memory, visuo-
constructive and visuospatial skills, verbal and semantic
fluency, visual confrontation naming, cognitive flexibil-
ity, attention, and inhibition. All the neuropsychological
assessments were administered in a single session that
lasted no longer than 80 min. Briefly, The neuropsycho-
logical assessment consisted of the following:

The Mini-Mental State Examination (MMSE) is a
valid test widely used to evaluate cognitive status
[49], with a total score ranging from O to 30, where
the highest score is the best performance.

The Boston Naming Test (BNT) is a valid and
widely used test for assessing language dimen-
sion [43]. Particularly, we used the short version of
the BNT 15 items. Participants were shown sim-
ple and rare line drawings of objects and asked to
name them orally. Total punctuation was the sum
of the total correct responses, where the higher the
correct responses the better the cognitive perfor-
mance.

The Clock Drawing Test (CDT) is a valid cogni-
tive test used for dementia screening [42]. This test
consisted of drawing a clock with the numbers on
the circle, showing the clock hands at a specific
time (11:10). The total score is calculated in a
range of 0 to 10, where the highest score reflected
the best performance [50].

The Rey Auditory Verbal Learning Test (RAVLT)
is a valid test to assess learning and verbal episodic
memory [44]. A higher score reflected a greater
number of words learned over 5 verbal presenta-
tions of 15 words.

The Trail Making Test (TMT) is a valid test used
to assess cognitive flexibility and alternating atten-
tion [45] and consists of two parts (A and B). The
completion time of both parts was registered in
seconds, and the interference (time record of part
B-time record of part A) was the continuous vari-
able used for analyses (the lower duration, the bet-
ter the performance).

The Controlled Oral Word Association Test
(COWAT) is a valid instrument for assessing ver-

bal and semantic fluency [46]. This test consisted
of the spontaneous production of words beginning
with a designated letter and a topic determined (P,
M, and R for the Spanish version) within a minute
for each letter. Total punctuation was calculated by
summing all items independently for each letter;
thus, the higher number of words given, the better
the performance.

The Stroop Color and Word Test (Stroop) is a valid
and widely applied test for examining cognitive
flexibility, selective attention, and cognitive inhibi-
tion [47]. This test was divided into three condi-
tions containing 100 words each, and the time was
limited to 45 s per condition. The total number of
correct words for each condition was registered
indicating that the higher number of correct words,
the better the performance.

The Digit Span task is a subtest of the Wechsler
Adult Intelligence Scale (WAIS)-III scale [48].
Firstly, this test consisted of a direct digit-sequenc-
ing (Digit span forward), and secondly, the digits
are presented in reverse order (Digit span back-
ward) to asses attention and working memory,
respectively. Each correct item provides one point,
and the total is computed ranging from O to 16 in
both parts, where the higher scores indicate better
performance.

Raw scores of each test were transformed into
z-scores to generate an overall z-score as the mean of
the nine standardized z-scores for the neuropsycho-
logical tests (standardized value=(mean value)/SD).
To do so, the TMT score was reverted (multiplying
by — 1) in order to present all neuropsychological tests
following the same direction (the higher the result,
the better the performance).

Statistical analyses

The normality of the variables was checked using
both graphical and statistical procedures. To test sex
for differences, a #-test was applied. To analyze the
accuracy of existing equations in predicting CRF in
older adults, we apply each previous equation using
the current population data of older adults of this
study. After this, the delta (A) was calculated by
objectively measured CRF by indirect calorimetry—
eCRF value with each equation, and linear regression
analyses were also applied to obtain the 1 for each
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equation using the data of our study sample. Then, to
develop equations for estimating CRF in older adults,
a statistical approach using stata was applied. Briefly,
the maxvar subcommand was used to select the main
predictor variables, and then, the allset regression
command was applied to propose three new CRF
prediction models. Prediction model 1 included basic
variables such as body composition, meeting physical
activity recommendations (yes or no), field tests, and
basal parameters, which was called “The Basic Equa-
tion.” Then, spirometry parameters were added in
prediction model 2 (named as “The Extended Equa-
tion”). In prediction model 3 (named as “The Maxi-
mal Equation”), the variables registered during CPET
were included. Then, the five best equations of each
prediction model were selected between a total of
65,535 possible regressions, automatically executed
by the software, using as criteria the coefficients of
Mallow’s Cp, %, adjusted r*, Akaike’s information
criterion, and the Bayesian information criterion.
Finally, 1 out of 5 prediction equations from the three
prediction models was suggested to be used in further
analyses. Additionally, Bland-Altman plots to display
systematic and random error of the newly developed
equations were performed.

Then, multiple linear regression analyses were
applied to analyze the association of objectively meas-
ured CRF and eCRF with cognitive performance. The
unadjusted model (model 1) and the adjusted model
(model 2) including sex, age, BMI, and/or education
level as covariates were used for the regression analy-
sis. This model 2 was based on scientific criteria, where
both the individual association of potential confounders
and its modifying effects over the coefficient (>10%)
were analyzed. Moreover, the interaction was also veri-
fied for the included confounders by generating virtual
dummy variables in STATA code (independent X con-
founder) and checking its significance. This process
of building the adjusted model was done for each
independent variable (CRF and eCRF). The full pro-
cess was performed for all neuropsychological tests as
dependent variables and an overall z-score. This z-score
of cognitive performance was calculated as the mean of
the nine standardized scores for the neuropsychologi-
cal tests (standardized value =(mean value)/SD). To do
so, the TMT score was reverted (multiplying by —1) in
order to present all neuropsychological tests following
the same direction (the higher the result, the better the
performance).
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Finally, additional sensitivity analyses were per-
formed only for those participants achieving maxi-
mal criteria in CPET or using relative CRF instead of
absolute CRF. Moreover, the normality of the residu-
als and the collinearity of the regression models were
verified (command.vif, for STATA).

All analyses were performed using the STATA
software for Windows version 13.0. The level of sig-
nificance was set at p <0.05.

Results
Participants

Figure 1 shows the flow chart of participant recruit-
ment. Two hundred and eighty people were called to
informative meetings to describe the characteristics
of the project. Of these, ninety-two participants (41
females) were finally included in the present study

(Fig. 1).
Descriptive characteristics

Descriptive characteristics of the study partici-
pants are shown in Table 1, and additional descrip-
tive information can be found in the supplementary
material (Supplementary Table S1). There was no
difference in age between sexes, but significant differ-
ences were found for the anthropometric variables (all
p <0.050; except for BMI). Moreover, males reported
higher values for BMR (p <0.001), spirometry (all
p<0.001; except for FEV,/FCV), and physical fitness
measures (all p<0.001) than females. Finally, sex
differences for two neuropsychological tests (BNT
and COWAT) were found, with males having higher
scores (p<0.001 and p=0.011, respectively). There
was a significant difference between sexes for the
overall z-score of cognitive performance (p=0.031).

Prediction equations for cardiorespiratory fitness

Examining the accuracy of existing equations
in predicting CRF

eCRF equation characteristics of the previously
published equations can be found in Supplementary
Table S2. No equation obtained a good prediction
ratio after applying to our study sample (Supplemen-
tary Table S2, all r2<0.45). The difference between
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Participants recruited from
Public Health Care Centers
{(n=280)

Participants who did not
accomplish inclusion criteria
(n=5)

Participants who did not attend
the initial meeting
{h=82)

Potentially eligible

participants
{(n=150)
R

Participants who did not want to
participate after initial project
infor mation
(n=43)

Participants who attended
toinitial meeting for
inclusion

(n=193)

Participants included in the
project
(n=99)

Did not meet inclusion criteria:
' Supervised physical activity
(n=24)

' Health problem (h=17)

* Availability (h=6)

* Other criteria (h=4)

Did not complete most of the
tests
(=7)

Participants analysed in the
study
(n=92)

Participants achieving
maximal criteria during
CPET
(n=68)

Fig. 1 Flow chart of participants recruitment. CPET, cardiopulmonary exercise test

@ Springer




GeroScience

6720

100°0>
100°0>
100°0>

100°0>

100°0>

§90°0

100°0>

100°0>

100°0>

100°0>

199'0
100°0>
100°0>

T°so

STIFISL
€L0FL6T
69°0F11'C

LOTFI921

STTFSTYI

L'yF¥'8¢C
99FLEST
66F0°L9
6TFL'8Y

TLFL6

(Te/8€/01)

(Srer/eLion

6’ 1FC01
Y EFTIT

9'19F6°61S

EYFETT

ELTFSLYT

TOIF6'11

(0€/95/¥1)

(8/8/+8/0)

LTF6IT
9'9FG°G¢
£'88FST8S

0SFI'LT

EOPFIVIT

¥ v+6'8C
' LF6'991
SEIFF08
6'TFI69

0 STFL69

60" 1FYT Y

6S°0F0LT

81CTFLOLT

LOEFLTSI

TYIFITL
I 1F99°¢
09°0FSH'C

P8TFIIST

8EEFHII

SYFL8C
96F1°191
8ECIFSYL

6TF6'89

(s1eak)
0'6F6°01 [oAS] UOTIEONPE

(O]
[unIpau/ySIH)
(SP/Ov/ST)  SOWOOUI PIOYaSNOH

(@WM/MN/S)
(9/01/6L/S) SMElS [eILIRIN
sonsLRoRIRYD diydeiSowaporoog
STFTII «(dor) puers ey
6'8F1'6T (8) dusSpuey
1'€8FTHSS (ur) Supyream urw 9
s1521 p1ayf ssauprf [porsky g
(o _Sy-[uu)
ssauyy A1ojend
TSFOST -SAIOIPIEO QANR[IY
(-t
[w) ssawy Krojend
T8YFECYT  -SAIOIPIRd AN[OSqY
1521 2510.42x2 Livuougndoipan)

sanseawx mmvﬂ:@ ~N0_m%£n—
(%) DA/ AT
(D OAd
() 'Agd

wAnowondg

(;—Aep-Teo)
MING payewnse aouepadwiorg

(;_Kep-[eoy)
MINF AndwLiofes 30a1puy

s1ajowered orjoqejow Sunsey

(—ur-3y) xaput ssewr Apog
(wo) WySH
(3Y) wSrom
(s1eak) 93y

SONSIIANOBIRYD [BIISAYJ

anyea-d

TV” u
Srewd

IS=u
SR

w=u
ordures ejog,

a[qeLieA

sjuedronred Apnjs oy Jo sonsudoeIRYd 9ANdLIOSIJ T d[qRL,

prlnger

A's



GeroScience

0] *300S" T UBY) JOMO] SWNIPAW 300 ] PUB J000°E UIIMIAQ (YSIY “YIUOW/3000S UBY) JYSIY SIWOOUT PIOYISNOH

18 ‘SIVM 10§ 1deoxa ‘sased [[e ut syuedonred (g Jo sidwesqng

POMOPIM ‘A4 9[BIS OUSI[[AU] I[NPY II[SYIOM ‘STVM ‘UONBIAIP PIBPUBIS ‘(S
o[3urs ‘g ‘parirewt ‘py ‘Ayoeded [ITA PadIOf ‘)AL ¢S T UT SWIN[OA AIOJRIIdXQ PadIof ‘TAF] (PIOIOAIP ‘(7 1S9} UOTJBIOOSSE PIOM [BIO PI[[OIUO0D ‘IYM O 9Bl dI[oqeIawl [eseq ‘YW g

Pp1oq ut payy3IySIy aIe S9XIS U9AMIA] SIUAIIYIP Juedytudis A[feonsnels “parjdde sem sonsnels arenbs 1s91-7 *@S F ueow se pajuasaid are sonfep

1€0°0 9'0F91°0~ L'OFET0 L'OF10°0 (21098) 91005-2
#(F 10 *01005 T2101)

9¢1°0 CTFYY STFSTS STFO'Y plemdpeqd SIVM
#(91—0 21008

ILY'0 CTFLL 6118 1'CF0'8  [101) premiod SIVM

0¥9°0 0'LF8Y 9LFI'Y €LFYY (21008 [e101) doong
(s 09 ur sprom

110°0 LTIFSTE 0vIFE8E FEIFIGE ‘21008 [£10)) LVMOD

0 S'S6FY 601 0°06FL16 €T6F'101 (s) Sunyew [rexy,
(GT—(0 ‘1008
[©103) Surured|

0900 6'1FI°¢l TEFITI LTFSTIL  [eqroa A1onpne oy
(010 ‘1008

ee0 61FTL 0TF9L 6 1Fp'L  [eI0) SUIMEID YO0
(G0 ‘1008

100°0> 1'C¥8°6 0CTFLTI €TFS0I  [v10)) SUIWEU UoISOg
(0€—0 ‘21098
[©101) UOTJRUIWUEXD

L9Y'0 9TFILT 8 1F6'LT TTFYLT e} [BIUSW IUTIA

soueurtoyrad aanmuso)
(19/6€) (1L/62) (99/¥€) (ou/sak) Sunjowrg
Iy=u Ig=u o=u
onjea-d orewo RN orduues [ejog, J[qeLIBA

(panunuoo) T dqel,

pringer

A's



GeroScience

eCRF by previous equations and the objectively
measured CRF ranged from -16.36 to 16.48 ml/kg/
min (Supplementary Table S2). Indeed, only three
equations present a delta difference of ~ +1 ml/kg/
min. Moreover, using the same predictors as previ-
ous equations, we observed that they did not achieve
a high prediction ratio for CRF (Supplementary
Table S3, all *<0.50).

Developing new equations to predict CRF

Table 2 shows the main predictors of CRF level for
the overall sample. There were significant associa-
tions for most of the predictors with absolute CRF
levels (all p <0.050). No association was observed
for age, physical activity, and RPE. In sensitivity
analysis, a similar trend was observed with those
participants achieving maximal criteria in CPET
and, when the analyses were repeated with relative
CREF, instead of absolute, as a dependent variable
(data not shown).

Table 3 shows the fifteen best prediction equations
from the basic, extended, and maximal models in the
overall sample. Additional information about the lin-
ear regression models predicting absolute CRF can
be found in Supplementary Table S4. Moreover, the
Bland-Altman plots can also be found in Supplemen-
tary Figure S1, which did not show a systematic bias
proportional to the measured value for eCRF basic
(mean bias—72 ml and 95% limits 468—-612 ml) (Fig-
ure S1A), eCRF extended (mean bias—71 ml and 95%
limits 452-595 ml) (Figure S1B), and eCRF full (mean
bias — 12 ml and 95% limits 378-401 ml) (Figure S1C).

In the basic model, the first five equations were
significant (all p<0.001) and provided high pre-
diction levels (r* range from 0.74 to 0.75 and Mal-
low’s Cp range from 2.05 to 3.73). The best equation
obtained (eCRF basic 1) included the 6-min walking
test, e(BMR, and basal HR explaining 74% of the vari-
ability of the absolute CRF level.

In the extended model, when spirometry param-
eters were added to the previous model, the predic-
tion values were slightly increased. Thus, the best five
prediction equations reported significant predictions
of absolute CRF levels ranging from 0.75 to 0.78 (all
p<0.001, Mallow’s Cp from 3.72 to 5.03). The best
equation (eCRF extended 1) included eBMR, 6-min
walking test, basal HR, and FEV, explaining 75% of
the variability of the absolute CRF level.

@ Springer

Finally, when variables from the CPET (Maximum
HR, time to exhaustion, and RPE max) were addi-
tionally added to the maximal model, the prediction
value of the five best equations increased with 12 val-
ues ranging from 0.86 to 0.87 (all p <0.001, Mallow’s
Cp from—2.29 to—0.86). The best equation (eCRF
maximal 1) explained 87% of the variability of the
absolute CRF level.

Sensitivity analyses were performed only for
those participants achieving maximal criteria in
CPET, and the prediction value did not change
(Supplementary Table S5, n=68). Additionally,
when the analyses were repeated using relative CRF
instead of absolute CRF, the 7 values were similar
including more predictors (data not shown).

Additionally, Supplementary Table S6 shows that
delta (A) in the best prediction equation models for
eCRF developed in the present work was similar to
objectively measured CRF by indirect calorimetry
(~+ 1 ml/kg/min).

Associations of CRF and eCRF with cognitive
performance

The multiple linear regression analyses reported in
Table 4 show that both objectively measured CRF
and eCRF levels were associated with better per-
formance in BNT, COWAT, TMT, Digit Span Task
(backward and forward), and the z-score after con-
trolling for all the relevant confounders (sex, age, and
education level) (all p<0.050). When the analyses
were repeated only for those achieving maximal crite-
ria in CPET, the results did not change for either CRF
or eCRF (data not shown).

Discussion

The main findings of this study were as follows: (i)
to provide new equations with good predictive value
for eCRF (74%-87%), specifically developed for older
adults and using different scenarios of complexity
(laboratory-based test and field-based test) and/or
equipment requirements, and (ii) higher eCRF, even
using its simplest equation, was associated with bet-
ter performance on several cognitive dimensions (i.e.,
language, cognitive flexibility, fluency, attention, and
working memory), similar to using objectively meas-
ured CRF.
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Prediction equations for cardiorespiratory fitness

The present study developed new equations specifi-
cally for older adults using both non-maximal exer-
cise information (the basic and extended equations)
and adding several complementary variables from
CPET but without gas exchange (maximal equation).
All the equations achieved high prediction values
(74-87% of variance explained) above the average
of equations previously reported and based on larger
sample sizes and different population age groups [15,
51, 52]. Particularly, our basic equation for eCRF
achieved 74% of explained variance, which has previ-
ously been achieved in only 14.8% of the equations
(4 of the 27) previously published in the literature for
eCRF [51]. Indeed, most of the equations provided
values lower than our non-maximal basic equation
(mean 61%, range 43-70%) [51].

The number and type of variables included in the
calculation of eCRF are also relevant as they could
affect the feasibility of these equations at different
settings (clinical, epidemiology, etc.). Our non-max-
imal basic equation only used 3 variables such as
the 6-min walking test, eBMR by bioimpedance, and
basal HR. However, the 4 previously published equa-
tions reporting similar predictive values included 4
(fat percentage, physical activity, age, and sex) [53], 5
(age, sex, physical activity, height, and weight [54] or
age, sex, BMI, current smoking status, and physical

activity [55]), and 6 variables (age, sex, physical
activity, fat percentage, current smoking status, and
respiratory exchange ratio) [56]. Moreover, these
equations were not specific for older people.

In this line, the equation proposed by Jurcal et al.
[17] with a predictive value of 65% includes 5 vari-
ables (sex, age, BMI, resting HR, and physical activ-
ity) in a population of 20 to 70 years; however, this
equation has some limitations to be applied in our
population such as the characteristics of the original
sample being very heterogeneous as indicated by the
original study in its limitations. At a later stage, Jack-
son et al. [15] reported four equations by sex requir-
ing 6 measurements to calculate eCRF (age, body fat
percentage or BMI, waist circumference, basal HR,
smoking, and physical activity level), and their pre-
dictive values ranged from 56 to 60%. Similarly, Nes
et al. [16] developed two equations with a 56% and
61% of the variance explained and included five pre-
dictors to obtain eCRF (sex, age, waist circumference,
resting HR, and physical activity). In short, the pre-
vious works used a higher number of predictors, and
these were not specific equations for older people.

The observed differences in the predictive values
found across studies could be due to the methodologi-
cal variability identified. The different age ranges and
sample sizes of age groups could be plausible reasons
for the variability observed in the accuracy of non-
maximal exercise prediction equations in previous

Tabl.e 2 Independent . B 5 2 p value
predictors of CRF (ml/min)
Sex (male/female) —667.352 -0.692 0.48 <0.001
Age (years) —29.039 —0.181 0.03 0.084
Basal metabolic rate (kcal~day'1) 0.834 0.588 0.35 <0.001
6-min walking (m) 2.700 0.465 0.22 <0.001
Weight (kg) 21.198 0.606 0.36 <0.001
Waist circumference (cm) 16.259 0.393 0.15 <0.001
HR basal (bpm) 11.050 0.207 0.04 0.048
Handgrip (kg) 20.050 0.711 0.51 <0.001
Statistically significant Chair stand (rep) 107.63 0.492 0.24 <0.001
values are shown in bold Arm curl (rep) 18.391 0.270 0.07 0.010
B, regression coefficient; FEV1 (1) 323.96 0.463 0.21 <0.001
p. standardized coefficient; Smoking (yes, no) ~9373 ~0.185 0.18 <0.001
FEV,, forced expiratory .
volume in 1 s: HR, heart Meeting PAr (yes, no) 235.45 0.222 0.05 0.055
rate; PAr, physical activity Maximum HR (bpm) 12.456 0.503 0.25 <0.001
recommendations; 17, Time to exhaustion (min) 66.334 0.526 0.28 <0.001
adjusted R-squared; RPE, RPE max (1-10) 34.643 0.166 0.03 0.112

rating perceived exertion

@ Springer
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Table 3 Fifteen best prediction equations for CRF"

Equations Cp r

Basic

eCREF basic 1 —1261.99 + 1.97 x 6-min walking test (m) + 1.12 x BMR bioimpedance 2.05 0.74
(kcal-day™) + 5.25 x Basal HR (bpm)

eCREF basic 2 —1335.76 4+ 2.08 x 6-min walking test (m) +0.99 Xx BMR bioimpedance (kcal~day’1) +5.12 x Basal 243 0.75
HR (bpm) +2.92 x weight (kg)

eCRF basic 3 —1405.67 % 1.76 X 6-min walking test (m)+ 1.17 x BMR bioimpedance (kcal~day") +4.67 X Basal 3.62 0.75
HR (bpm) +20.32 X chair stand test (rep)

eCREF basic 4 —1329.77%2.02 X 6-min walking test (m)+ 1.10x BMR bioimpedance (kcal-day')+5.21xBasal ~ 3.65 0.75
HR (bpm) +0.84 X waist circumference (cm)

eCREF basic 5 —1280.63 X 1.94 X 6-min walking test (m)+ 1.05x BMR bioimpedance (kcal-day") +7.45 x Basal 373 0.74
HR (bpm) + 18.26 X PA recommendations (1, yes meeting; 0, non meeting)

Extended

eCRF extended 1

—1291.11 + 1.70 X 6-min walking test (m) + 1.05 x BMR bioimpedance 3.72  0.75

(kcal-day'l) +5.11 x Basal HR (bpm) + 121.85 X forced expiratory volume in 1 s (L)

eCRF extended 2

—1457.44 +1.93 X 6-min walking test (m) +0.769 x BMR bioimpedance 4.16 0.76

(kcal-day!)+5.10 x Basal HR (bpm) + 128.89 x forced expiratory volume in 1 s

(1)+5.46 X weight (kg)

eCRF extended 3 —1418.914 1.92x6-min walking test (m)+0.79 X BMR bioimpedance (kcal-day-1)+5.11 xBasal ~ 4.68 0.77
HR (bpm) + 128.39 X forced expiratory volume in 1 s (I) — 0.66 X waist circumference (cm)

eCRF extended 4 —1466.97 +1.94 X 6-min walking test (m) +6.22 x Basal HR (bpm) + 119.55 X forced expiratory 497 0.76
volume in 1 s (1) + 15.52 x weight (kg)+7.31 X Handgrip test (kg)

eCRF —1832.30+2.62 x 6-min walking test (m)+6.18 X Basal HR (bpm)+ 162.03 X forced expiratory 5.03 0.78

extended 5 volume in 1 s (1) 4+ 19.42 X weight (kg)

Maximal

eCRF maximal I ~—1297.61 + 1.10 x BMR bioimpedance (kcal-day™) + 97.45 x forced expiratory volume in —-2.29 0.87
1s (L) + 5.95 x maximum HR in CPET (bpm) + 37.99 time to exhaustion in CPET (min)

eCRF maximal 2 —1374.95+1.09 x BMR bioimpedance (kcal-day')+2.18 x Basal HR (bpm)+96.71 x forced —-1.76 0.86
expiratory volume in 1 s (L) +5.53 X maximum HR in CPET (bpm) +39.94 X time to exhaustion
in CPET (min)

eCRF maximal 3 —1349.02+0.94 x BMR bioimpedance (kcal-day™) + 103.23 x forced expiratory volume -1.35 0.87
in I s (L)+5.83 x maximum HR in CPET (bpm)+40.31 X time to exhaustion in CPET
(min) +3.70 X weight (kg)

eCRF maximal 4 —1423.14+40.93 x BMR bioimpedance (kcal~day’1) +2.12xBasal HR (bpm) + 102.41 x forced —-1.20 0.87
expiratory volume in 1 s (1) +5.44 X maximum HR in CPET (bpm) +42.15 X time to exhaustion
in CPET (min) + 3.64 X weight (kg)

eCRF maximal 5 —1481.4040.89 x BMR bioimpedance (kcal-day™')+ 3.48 x Basal HR (bpm)+99.38 x forced -0.86  0.87

expiratory volume in 1 s (1) +5.40 x maximum HR in CPET (bpm)+41.47 X time to exhaus-
tion in CPET (min) +4.19 X weight (kg) + 16.40 X PA recommendations (1, yes meeting; 0, non

meeting)

Data in bold shows the best model for each condition (Basic, Extended and Maximal)

*Prediction equations used absolute peak oxygen consumption (ml/min) as indicator of CRF

BMR, basal metabolic rate; Cp, Mallow’s Cp; HR, heart rate; PA, physical activity; 7, adjusted R-squared

studies [51]. However, despite such variability, most
of these equations for eCRF have reported associations
with the risk of hospitalizations [5], the incidence of
strokes [57], or mortality [58, 59]. Therefore, it is note-
worthy that this study obtained a simple (by using 3
variables) and age-specific equation with non-maximal

@ Springer

exercise variables with a high accuracy. The present
non-maximal exercise basic equation may be easily
implemented as part of clinical evaluations at nursing
homes and/or epidemiological studies to avoid physi-
cal and health risks associated with CPET in older
adults [5], including the 6-min walking test, which is a
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non-maximal exercise and easily administered test cur-
rently used in daily clinical practice, and can be widely
performed without the need of sophisticated equip-
ment [60]. Moreover, the present study has shown that
the 6-min test per se explains only 22% of the VO,peax
variability (Table 2). Moreover, we have calculated
previous equations to predict VO, using the 6-min
test [61-64], obtaining predictive values lower than
the predictive values of the new set of eCRF equations
developed in this study (data not shown).

Associations of CRF and eCRF with cognitive
performance

Another main finding from our study was the asso-
ciation of the eCRF with key cognitive domains
such as language, fluency, cognitive flexibility,
attention, and working memory, independently of
confounders. In line with our results, the study of
McAuley et al. [65] reported associations of both
objective CRF and eCRF with processing speed and
memory. Yet, most research has been based only on
objectively measured CRF [66] when analyzing its
role with cognitive performance. Briefly, a recent
systematic review showed a positive association
between objective CRF and memory in older adults
[66], and a prospective cohort study supported the
association between higher CRF and greater fluency
in noninstitutionalized older adults [67]. Moreo-
ver, Verstynen et al. [68] also showed that CRF was
associated with a measure of cognitive flexibility.
Our findings did not show associations of eCRF
levels with cognitive status, inhibition, and process-
ing speed in accordance with previous studies [69,
70]. Although, several other studies reported sig-
nificant associations of CRF with these cognitive
domains [65, 71]. Differences in characteristics and
size of the sample and methodological procedures
could explain the disagreement among findings. For
example, Boots et al. 2015 [23] have shown that
their equation for eCRF was associated with cogni-
tive function; however, this work included people
between 20 and 70 years old; therefore, the equation
was not specific for older people, and the > (~60%)
was lower than either other equations available in
the literature or the equations provided in our study.
Furthermore, although Boots et al. 2015 [23] showed
good accuracy for this equation to be associated with
objectively measured CRF and cognitive function, the

authors indicated as a potential limitation that they
modified the original equation of Jurca et al. 2005
[17], being possible that this modification affected the
results of the study.

Altogether, these findings indicate that eCRF is
a useful approach for monitoring aerobic capac-
ity when other methods are not available. Indeed,
Tari et al. [4] found that a change in eCRF is an
independent risk factor for dementia incidence and
mortality. Hence, improving CRF could poten-
tially be a key preventive strategy to avoid complex
multi-morbidity [4] and specifically, dementia, the
main non-communicable disorder in older adults
[2]. Literature suggests that brain-derived neuro-
trophic factor (BDNF) is a mediator of the relation-
ship between CRF and cognitive performance [72,
73] and that this circulating biomolecule, induced
by exercise, may cross the blood-brain barrier and
be important in protecting against neurodegenera-
tive disorders, such as dementia [74]. Therefore,
CREF is protective for brain function [66, 75] and
might be related to better cognition and reduced
risk of Alzheimer’s disease [4, 66]. For that reason,
it is relevant to keep the aging population fit for
longer because it could have huge positive public
health and economic implications [8]. Therefore,
physical activity recommendations should focus
on activities with intensities that are proven to be
effective in enhancing CRF [8].

This study has some limitations that should
be taken into consideration when interpreting its
results. Firstly, the age range included only older
adults between 65 and 75 years; thus, this homoge-
neity in age limits the generalization to other ages
among older adults; however, the present work has
provided a new specific set of eCRF equations for
older people with high predictive values. Moreo-
ver, the cross-sectional nature of the analyses does
not allow to determine the causality between fit-
ness and cognitive performance. However, we
have proposed a large number of equations with
a good prediction of CRF level, despite the lim-
ited sample size used. Other studies with larger
samples have also generated equations to predict
CRF in adults, the elderly, or both [15, 16, 51, 52];
however, these equations are not specific for older
people, and there is a high variability between the
equations available to estimate CRF, thus reducing
their potential clinical utility.

@ Springer
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Conclusions

A new specific set of eCRF equations for older
people have been developed with predictive values
ranging from 74 to 87% that could be used based
on needs, availability of equipment, resources, or
measurement context (i.e., clinical setting or nursing
home). Moreover, the eCRF is positively associated,
similarly with objectively measured CRF, with per-
formance on language, fluency, cognitive flexibil-
ity, attention, and working memory, independently
of sex, age, and education level. This suggests that
the new eCRF equations are useful as a proxy of
CREF but also relate to cognitive performance. Thus,
increasing CRF could be a protective factor against
the deterioration of cognitive function associated
with aging in older adults.
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