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Abstract

Although physical activity is an established protective factor for cardiovascular diseases such as ischemic heart disease and
stroke, less is known with regard to the association between specific domains of physical activity and heart failure, as well
as the association between cardiorespiratory fitness and heart failure. We conducted a systematic review and meta-analysis
of prospective observational studies to clarify the relations of total physical activity, domains of physical activity and cardi-
orespiratory fitness to risk of heart failure. PubMed and Embase databases were searched up to January 14th, 2020. Summary
relative risks (RRs) were calculated using random effects models. Twenty-nine prospective studies (36 publications) were
included in the review. The summary RRs for high versus low levels were 0.77 (95% CI 0.70-0.85, ?=49%,n= 7) for total
physical activity, 0.74 (95% CI 0.68-0.81, ’=88.1%,n= 16) for leisure-time activity, 0.66 (95% CI 0.59-0.74, ’=0%,
n=2) for vigorous activity, 0.81 (95% CI 0.69-0.94, I>=86%, n=3) for walking and bicycling combined, 0.90 (95% CI
0.86-0.95, I’=0%, n=3) for occupational activity, and 0.31 (95% CI 0.19-0.49, I>=96%, n=6) for cardiorespiratory fitness.
In dose-response analyses, the summary RRs were 0.89 (95% CI 0.83-0.95, I>=67%, n=4) per 20 MET-hours per day of
total activity and 0.71 (95% CI 0.65-0.78, I*=85%, n=11) per 20 MET-hours per week of leisure-time activity. Nonlinear
associations were observed in both analyses with a flattening of the dose-response curve at 15-20 MET-hours/week for
leisure-time activity. These findings suggest that high levels of total physical activity, leisure-time activity, vigorous activ-
ity, occupational activity, walking and bicycling combined and cardiorespiratory fitness are associated with reduced risk of
developing heart failure.

Keywords Physical activity - Walking - Cardiorespiratory fitness - Heart failure - Meta-analysis

Introduction

Cardiovascular disease is the leading cause of death globally,
accounting for 17.9 million deaths in 2015 [1]. In the U.S.,
heart failure affected approximately 5 million persons in
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dollars [2]. Mortality in patients with heart failure remains
high, ranging from 20 to 40% despite advances in the man-
agement of the disease [3, 4]. Established or suspected risk
factors for heart failure include age, histories of coronary
heart disease, valvular heart disease, left ventricular hyper-
trophy, atrial fibrillation, hypertension, family history of
cardiovascular disease, diabetes mellitus, high heart rate,
smoking, general and abdominal adiposity, and low physical
activity [5-10].

Although a substantial amount of data has consistently
shown that physical activity reduces the risks of coronary
heart disease [11] and stroke [11], fewer studies have been
published on the association between physical activity and
the risk of heart failure [12-38]. Although most studies have
shown reduced risk of heart failure with higher physical
activity [12-19, 21-25, 27, 28, 30, 31, 34, 35], other studies
have found either no association [29, 32], an inverse asso-
ciation among women but not men [20, 33], or a U-shaped
association [26]. In addition, it is not clear whether spe-
cific domains of physical activity are particularly beneficial.
Some studies [14, 16, 18, 19, 22, 35, 39] found a reduced
risk of heart failure with high total activity, while other stud-
ies found no significant association [21, 26, 29, 32]. All [12,
15, 17, 20-23, 26-28, 33] but one [24] study on leisure-
time activity reported inverse associations, two studies found
inverse associations for vigorous activity [13, 31], three [22,
26, 40] of four [20, 22, 26, 40] studies on walking reported
inverse associations, and one [15] of three [15, 22, 26] stud-
ies on occupational activity reported inverse associations
with heart failure. Some studies on leisure-time activity and
heart failure reported results stratified by ethnicity [16, 19,
28, 39], and three [16, 19, 39] of four [16, 19, 28, 39] stud-
ies found inverse associations in Caucasians, two [16, 39]
of four [16, 19, 28, 39] studies found inverse associations in
African Americans, two [19, 28] of three [19, 28, 39] studies
found inverse associations among Hispanics, and one [19]
of two [19, 28] studies found inverse associations in Asians.
All available studies on cardiorespiratory fitness reported
inverse associations with heart failure, but the magnitude
of the risk reductions varied considerably from 45 to 84%
decreases in risk [35, 41-47].

Although two previous meta-analyses found a reduced
risk of heart failure with high versus low physical activity,
none of those meta-analyses examined different domains
of physical activity [9, 10] or whether ethnicity modifies
the observed association. In addition, at least 18 additional
studies (19 publications) [23-35, 37-39, 42-45, 47] on
physical activity or cardiorespiratory fitness and risk of
heart failure with more than 82,000 cases among > 3.6 mil-
lion participants have since been published. A more up-to-
date summary of the evidence regarding physical activity
and domains of physical activity and cardiorespiratory fit-
ness and risk of heart failure could also be useful for risk

@ Springer

assessments, such as the Global Burden of Disease, which
have not included data regarding physical activity and heart
failure in their previous assessments [48].

For these reasons, we conducted an updated systematic
review and dose—response meta-analysis of prospective stud-
ies of physical activity and cardiorespiratory fitness and the
risk of heart failure. We aimed to clarify the strength of
the association, the shape of the dose—response relation-
ship, potential sources of heterogeneity between studies,
differences by domains of activity and effect modification
by ethnicity.

Methods
Search strategy and inclusion criteria

PubMed and Embase databases were searched up to January
14th 2020 for eligible studies. A list of search terms used
is provided in the Supplementary Text. We followed stand-
ard criteria for reporting meta-analyses [49]. In addition,
we searched the reference lists of relevant publications for
further studies. Study quality was assessed using the New-
castle—Ottawa scale [50].

Study selection

To be included, a study had to be a prospective cohort, case-
cohort, or nested case—control study and to investigate the
association between physical activity or cardiorespiratory
fitness and risk of heart failure in adults from the general
population. Studies in specific patient groups were excluded.
Estimates of the relative risk (RR; hazard ratio, risk ratio,
odds ratio) with 95% confidence intervals (CIs) adjusted
for at least one confounding factor had to be available. For
the dose—response meta-analysis, a quantitative measure of
activity level and the total number of cases and person-years
had to be reported. When multiple publications were avail-
able from the same study we used the study with the largest
number of heart failure cases. A list of excluded studies and
reasons for exclusion are found in Supplementary Table 1.
Of the studies included in the review [12-47], two studies
were not included in the meta-analyses because there was
only one study on each exposure; changes in physical activ-
ity [37] and changes in cardiorespiratory fitness [47]. Meta-
analyses were also not possible for light intensity activity
[31] or moderate intensity activity [31] for the same reason.
Three studies on different measures of physical activity
(total leisure-time activity, walking, walking pace, and total
physical activity) and heart failure mortality [36, 38, 40]
were excluded from the primary analyses because some evi-
dence suggests that physical activity may improve survival
in heart failure patients [51], however, sensitivity analyses



Physical activity and the risk of heart failure: a systematic review and dose-response... 369

were conducted including these studies in the respective
analyses. Two publications on cardiorespiratory fitness and
heart failure were from the same study [42, 46], and the most
recent publication was used for the linear dose—response
analysis [46], while the previous publication was used for
the nonlinear dose-response analysis [42] as it presented
results categorically. Three publications on physical activ-
ity were also from the same study [23, 31, 39], and the most
recent publication was included in the main analysis [31],
however, the previous publications were included in sub-
group analyses by ethnicity [39] and in analyses of physical
activity recommendations [23]. Other publications that were
from the same studies reported on different aspects of physi-
cal activity and were therefore included in the respective
analyses [14, 15, 17, 25].

Data extraction

We extracted the following data from each study: first
author’s last name, publication year, country where the
study was conducted, study period, sample size, number of
cases, type of exposure, exposure level, RRs and 95% ClIs
for each category of physical activity and cardiorespiratory
fitness, and variables adjusted for in the analysis. Data were
extracted by one reviewer (DA) and checked for accuracy by
a second reviewer (SS).

Statistical analysis

Random effects models were used to calculate summary RRs
and 95% CIs for the highest versus lowest level of physi-
cal activity and for the dose—response analysis [52]. The
average of the natural logarithm of the RRs was estimated
and the RR from each study was weighted using random
effects weights. A two-tailed p <0.05 was considered sta-
tistically significant. When studies reported separate but not
combined results for men and women or other subgroups,
the subgroup-specific results were combined using a fixed-
effects model to obtain an overall estimate which was used
for the main analysis. For studies using the highest category
of physical activity or cardiorespiratory fitness as the refer-
ence category, we recalculated the RRs such that the lowest
category became the reference category using the method
by Hamling [53].

For the dose-response meta-analysis, we computed study-
specific slopes (linear trends) and 95% Cls from the natural
logs of the RRs and CIs across categories of physical activ-
ity or fitness using the method of Greenland and Longnecker
[54]. That method requires that the distribution of cases and
person-years or non-cases and the RRs with the variance
estimates for at least three quantitative exposure categories
are known. When the distribution of cases or person-years
was not reported, we estimated an approximate distribution

using the total number of cases/person-years using a method
previously described [55]. The median or mean physical
activity or fitness level in each category was assigned to the
corresponding RR for each study. For studies that reported
ranges of activity or fitness, we estimated the midpoint for
each category by calculating the average of the lower and
upper bounds. When the highest or lowest category was
open-ended, we assumed the open-ended interval length
to be the same as the adjacent interval. For studies that
reported physical activity by frequency per week or month,
we converted the frequencies to hours per week or month
by assigning a dose of 45 min per session [56] and for one
study on vigorous activity, we further converted the results
to MET-hours/week by multiplying number of hours/week
by a factor of 8 [11]. A potential nonlinear dose-response
relationship between physical activity and heart failure was
examined using restricted cubic splines with 3 knots at 10%,
50% and 90% percentiles of the distribution, which were
combined using multivariate meta-analysis [57, 58]. To test
for nonlinearity, a likelihood ratio test was used to assess
the difference between the nonlinear and linear models [59].

The Q test and I? [60] were used to assess heterogene-
ity. I? is the amount of total variation across studies that is
explained by between study variation. I? values of approxi-
mately 25%, 50% and 75% are considered to indicate low,
moderate and high heterogeneity, respectively. Stratified
analyses by study characteristics such as ethnicity, sex,
duration of follow-up, geographic location, number of cases,
study quality and adjustment for potential confounding and
intermediate factors were conducted to investigate potential
sources of heterogeneity. Publication bias was assessed with
Egger’s test [61] and Begg’s test [62] and by inspection of
funnel plots and the results were considered to indicate pub-
lication bias when p <0.10 or if there was asymmetry in the
funnel plots. We conducted sensitivity analyses excluding
one study at a time to ensure that results were not simply due
to one large study or a study with an extreme result. We also
conducted an analysis stratified by whether conversions were
made to obtain MET-hours/week or whether MET-hours/
week was reported directly in the analysis of leisure-time
physical activity. The statistical analyses were conducted
using Stata, version 13.1 software (StataCorp, College Sta-
tion, TX, USA).

Results

Out of a total of 20,408 records identified by the search we
included 29 prospective studies (36 publications) [12—47]
in the systematic review of physical activity and cardi-
orespiratory fitness and risk of heart failure (Supplemen-
tary Tables 2, 3) and 27 of these studies (34 publications)
[12-36, 38—46] were included in the meta-analyses. The
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meta-analysed studies included 21 prospective studies
(25 publications) on physical activity including differ-
ent domains of activity (Supplementary Table 2, Fig. 1)
[12-35, 39, 40] and 6 prospective studies (7 publications)
on cardiorespiratory fitness [35, 41-46] and risk of heart
failure. Eleven studies on physical activity and heart fail-
ure were from the US, one from Canada, eight were from
Europe, and one was an international study (Supplemen-
tary Table 2) while three studies on cardiorespiratory fit-
ness and heart failure were from the U.S. and three were
from Europe (Supplementary Table 2). Information on
how cardiorespiratory fitness was assessed across studies
is shown in Supplementary Table 4 and the definition of
heart failure across studies is provided in Supplementary
Table 5.

20408 records identified in total:
7417 records identified in PubMed
12989 records identified in Embase
2 records from other searches

20274 excluded based on title or
abstract

134 potentially relevant articles

98 articles excluded:

43 abstracts

14 reviews

14 duplicates

5 non-specific outcome
4 meta-analyses

4 not relevant outcome
3 cross-sectional studies
2 no risk estimates

2 not relevant exposure
2 editorials

1 pooled analysis

1 patient population

1 letter

1 case-control study

1 disability due to heart failure

36 publications (29 cohort
studies) included

Fig. 1 Flow-chart of study selection
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Total physical activity

Seven prospective studies [14, 18, 21, 22, 26, 29, 32] were
included in the high versus low analysis of total physi-
cal activity and heart failure risk, which included 12,496
cases and 329,768 participants. The summary RR for high
versus low physical activity was 0.77 (95% CI 0.70-0.85,
1’=48.7%, Pheterogencity = 0-07) (Fig. 2a). There was no indi-
cation of publication bias with Egger’s test (p =0.25) or
with Begg’s test (p=0.71) and there was no evidence of
asymmetry by inspection of the funnel plot (Supplemen-
tary Figure 1). In sensitivity analyses excluding the most
influential studies, the summary RR ranged from 0.74 (95%
CI 0.68-0.80) when excluding the Sweden National March
Study [21] to 0.80 (95% CI 0.73-0.88) when excluding the
Finnish MONICA Study [14] (Supplementary Figure 2).
Four prospective studies [21, 22, 26, 29] (7942 cases,
231,645 participants) were included in the dose-response
analysis. The summary RR was 0.89 (95% CI 0.83-0.95,
I=66.8%, Pheterogencity = 0-03, n=4) per 20 MET-hours per
day of total activity (Fig. 3a). Although the test for nonlin-
earity was significant (p,opiincarity = 0-03) the association was
approximately linear up to 25-30 MET-hours per day, and
modest further reductions in risk were observed above that
level of activity (Fig. 3b, Supplementary Table 6). In a sensi-
tivity analysis we repeated the high versus low analysis with
the same studies that were included in the dose—response
meta-analysis and the summary RR was 0.81 (95% CI
0.72-0.91, I’=36.8%, Pheterogeneity = 0-19).

Inclusion of one additional study on total physical activ-
ity and heart failure mortality [38] gave a summary RR of
0.76 (95% CI 0.68-0.85, 1*=55.6%, Pheterogencity = 0-03) for
high versus low activity (Supplementary Figure 3) (8125
cases, 290,767 participants) and 0.87 (95% CI 0.81-0.94,
I°=71.5%, Pheterogencity =0-007) per 20 MET-hours/day
(Supplementary Figure 6), and the results from the non-
linear meta-analysis also remained similar (Supplementary
Table 6).

Leisure-time physical activity

Sixteen prospective studies [12, 15-17, 19-22, 24, 26-28,
31, 33-35] were included in the analysis of leisure-time
physical activity and risk of heart failure (> 73,391 cases
and 1,895,300 participants). The summary RR for high ver-
sus low leisure-time activity was 0.74 (95% CI 0.68-0.81,
I>=88.0%, Pheterogencity < 0-0001) (Fig. 2b). There was evi-
dence of publication bias with Egger’s test (p =0.001)
and by inspection of the funnel plot (Supplementary Fig-
ure 5), but not with Begg’s test (p =0.75). However, this
appeared to be driven by a large study [34] that only had
a dichotomous categorization of physical activity (active
vs. sedentary) and showed a weaker association than the



Physical activity and the risk of heart failure: a systematic review and dose-response... 371

A Total physical activity and heart failure, high vs. low analysis

Relative Risk
Study (95% Cl)
Uijl, 2019 — 0.85(0.66, 1.09)
Lear, 2017 0.81(0.61,1.08)

Rahman, 2015 — 0.87(0.68, 1.11)

Andersen, 2014 0.90(0.76, 1.06)
Rahman, 2014 0.73(0.65,0.82)
Kraigher-Krainer, 2013 0.65 (0.46,0.91)
Hu, 2010 0.68 (0.62, 0.76)

Overall <> 0.77 (0.70, 0.85)

.25 5 .75 1.5 2
Relative Risk

B | Leisure-time physical activity and heart failure, high vs. low analysis

Relative Risk
Study (95% Cl)
Sillars, 2020 —— 0.67 (057,078)
Ng, 2019 —— 0.75 ( 0.59, 0.96)
Uijl, 2019 . 0.92 (0.90, 0.95)
LaMonte, 2018 - 0.65 (0.57,0.74)
Koo, 2017 ™~ 0.41(0.22,0.74)
Ogunmoroti, 2017 —— 0.72 (0.54,0.98)
Chen, 2015 — ., 0.78 (0.58, 1.07)
Rahman, 2015 = 3 0.86 (0.79,0.94)
Andersen, 2014 — 0.65 (0.53,0.81)
Rahman, 2014 - - 0.83 (0.75,0.92)
Saevereid, 2014 —.— 0.80 (0.69,0.93)
Young, 2014 R 3 0.66 (0.60, 0.72)
Bell, 2013 - 0.62 (0.54,0.71)
Patel, 2013 —-.— 0.79 (0.64,0.97)
Wang, 2010 —— 0.75(0.60,0.94)
He, 2001 -~ 0.82(0.70,0.96)
Overall T 0.74 (0.68,0.81)
T T T T T
25 5 75 1 15 2

Relative Risk

C Vigorous physical activity, occupational physical activity,
cardiorespiratory fitness and heart failure, high vs. low analysis

Relative Risk

Study (95% Cl)
Vigoreus physical activity

LaMonte, 2018 E B 085 (057,0.74)

Kenchaiah, 2009 0.59 ( 0.56, 0.85)
Subtotal <= 0.56 (059, 0.74)
Occupational physical activty

Rahman, 2015 0.93(0385,1.01)

Rahman, 2014 I 0.93(0383,1.03)

Wang, 2010 . 0.87(0.80,0.94)
Subtotal < 0.90 (0.86, 0.95)
Cardiorespiratory fitness

Sillars, 2020 — 0.25(0.13,045)

Crump, 2017 | ] 0.55 (0.51,059)

Khan, 2017 — . 049 (030, 0.80)

Kupsky, 2017 —— 0.16 (012, 0.21)

Myers, 2017 - 0.25(0.21,0.31)

Berry, 2013 + 032(025,041)
Subtotal — 0.31(0.19,049)

T T T T
1 25 5 %1 15 2

Relative Risk

D | Walking, walking speed, and walking and bicycling and heart failure,
high vs. low analysis

Relative Risk
Study (95% CI)
Walking
LaMonte, 2020 g 0.58 ( 0.50, 0.66)
Saevereid, 2014 + 0.95(0.72,1.26)
Subtotal —_— 0.73(0.45,1.18)
Walking speed
Georgiopoulou, 2017 ! 0.51(0.20,1.31)
Del Gobbo, 2015 E 3 0.80 (0.71,0.90)
Saevereid, 2014 —— 0.31(0.21,0.45)
Subtotal —_— - 0.51(0.24,1.07)
Walking and bicycling
Rahman, 2015 | | 0.79(0.72,087)
Rahman, 2014 B 0.71(0.64,0.80)
Wang, 2010 B 0.93(0.85,1.02)
Subtotal = 0.81(0.69,0.94)
T T T T T
A .25 5 51 15 2
Relative Risk

Fig.2 Total activity, leisure-time activity, vigorous activity, walking, walking speed, walking and bicycling combined, occupational activity, and

cardiorespiratory fitness and heart failure, high versus low analysis

remaining studies. When that study was excluded, there
was no indication of publication bias with Egger’s test
(p=0.33) (Supplementary Figure 6), the summary estimate
remained similar and there was less heterogeneity in the
analysis (summary RR: 0.73, 95% CI 0.68-0.79, ’=65.5%,
Pheterogeneity < 0-0001). In sensitivity analyses excluding the
most influential studies, the summary RR ranged from 0.73
(95% CI 0.68-0.79) when excluding the Caliber study [34]
to 0.75 (95% CI 0.69-0.82) when excluding the Athero-
sclerosis Risk in Communities Study [16] (Supplementary
Figure 7). Eleven prospective studies [15-17, 19-21, 23,
27, 28, 31, 35] were included in the dose—response meta-
analysis of leisure-time physical activity and risk of heart
failure (19,582 cases and 919,498 participants) and the
summary RR per 20 MET-hours per week was 0.71 (95%
CI 0.65-0.78, I’ =84.7%, Pheterogencity < 0-0001) (Fig. 3c¢).
There was indication of publication bias with Egger’s test

(p=0.04) and by inspection of the funnel plot (Supplemen-
tary Figure 8), and Begg’s test (p =0.09), but this was driven
by two outlying studies [27, 35], and when excluded, Egger’s
test showed p=0.17, and Begg’s test showed p=0.25, and
the results were similar, showing a summary RR of 0.74
(95% C10.68-0.81, 1> =84.0%, Pheterogeneity < 0-0001). There
was evidence of a nonlinear association, poyjinearity < 0-0001,
with a reduction in risk observed up to between 15 and 20
MET-hours per week, but no further reductions in risk with
higher levels of physical activity (Fig. 3d, Supplementary
Table 6). In a sensitivity analysis we repeated the high versus
low meta-analysis with the same studies included as in the
dose-response meta-analysis and the summary RR was 0.68
(95% C1 0.65-0.72, I = 23%, Ppererogencity = 0-22)-

Inclusion of one additional study on heart failure mortal-
ity [40] did not alter the results (73,444 cases, 1,937,322 par-
ticipants) and the summary RR was 0.74 (95% CI1 0.68-0.81,
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A | Total physical activity and heart failure, linear dose-response
analysis per 20 MET-hours/day

Relative Risk
Study (95% Cl)
Lear, 2017 0.73(0.43,1.22)

Rahman, 2015 0.83(0.77,0.90)

Andersen, 2014 0.95(0.90, 1.01)
Rahman, 2014 0.89 (0.85,0.93)

Overall 0.89 (0.83, 0.95)

.25
Relative Risk

B | Total physical activity and heart failure, nonlinear dose-response
analysis, MET-hours/day

Nonlinear analysis of total physical activity and heart failure

Best fitting cubic spline

N = 95% confidence interval

RR

0 5 10 15 20 25 30 35 40 45 50 55 60
Total physical activity (MET-hrs/d)

C Leisure-time physical activity and heart failure, linear dose-
response analysis per 20 MET-hours/week

Relative Risk
Study (95% Cl)
Sillars, 2020 —m— 0.46 (0.34, 0.63)
LaMonte, 2018 . 0.73(0.67, 0.80)
Koo, 2017 : 0.34(0.16,0.73)
Ogunmoroti, 2017 B R 0.60 (0.43,0.84)
Agha, 2014 - 0.64 (0.54,0.75)
Andersen, 2014 e 3 0.76 ( 0.68, 0.86)
Saevereid, 2014 l 0.93(0.84,1.04)
Young, 2014 . 0.79 (075, 0.83)
Bell, 2013 E 0 7(050 0.65)
Patel, 2013 —— 0.69 ( 0.55, 0.88)
Wang, 2010 | 0.83(0.78, 0.89)
Overal i 0.71(0.65, 0.78)
T T T T T
25 5 5 2

5 1
Relative Risk

D Leisure-time physical activity and heart failure, nonlinear dose-
response analysis, MET-hours/week

Nonlinear analysis of leisure-time physical activity and heart failure

Best fitting cubic spline

————— 95% confidence interval

RR

T T T T T T T T T
0 5 10 15 20 25 30 35 40
Leisure-time physical activity (MET-hrs/wk)

Fig. 3 Total activity and leisure-time activity and heart failure, linear and nonlinear dose—response analyses

>=87.2%, Pheterogencity < 0-0001) for high versus low leisure-
time physical activity (Supplementary Figure 9) and 0.72
(95% C10.65-0.79, I*=83.3%, Pheterogeneity < 0-0001) per 20
MET-hours/week (Supplementary Figure 10). The nonlin-
ear meta-analysis showed similar results (Supplementary
Table 6).

Four studies (4004 cases, 108,834 participants) reported
on leisure-time physical activity according to the physical
activity recommendations [16, 23, 27, 28] in relation to
heart failure and categorized physical activity as inactive
(no activity), somewhat active or intermediate (< 150 min/
week of moderate activity or <75 min/week of vigorous
activity), and active or ideal (> 150 min/week of moder-
ate activity or>75 min/week of vigorous activity). The
summary RRs were 0.74 (95% CI 0.68-0.81, ’=1.2%,
Pheterogeneity = 0-39) for the intermediate category and 0.65
(0.58-0.73, 1>=24.0%, =0.27) for the ideal

Phetero geneity

@ Springer

category compared to the inactive group, respectively
(Fig. 4).

Vigorous physical activity

Two prospective studies were included in the analysis of
vigorous physical activity and risk of heart failure (3632
cases, 158,397 participants). The summary RR for high
versus low vigorous physical activity was 0.66 (95% CI
0.59-0.74, I* = 0%, Pheterogencity =0-63) (Fig. 2¢) and per 20
MET-hours/week was 0.64 (95% CI 0.52-0.79, ’=14.9%,
Pheterogencity = 0-28) (Fig. 5a). There was some indication of
a nonlinear association between vigorous activity and heart
failure risk (ppoplincarity <0-0001), and the association was
steeper up to 5—10 MET-hours/week of vigorous activity
than at higher levels (Fig. 5b, Supplementary Table 6).
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Fig.4 Leisure-time physical
activity and heart failure, physi-
cal activity recommendations

Study

Intermediate

Relative Risk
(95% ClI)

Koo, 2017 m 0.74 (0.52, 1.07)
Ogunmoroti, 2017 i 0.96 ( 0.66, 1.39)
Agha, 2014 1 0.77 ( 0.67, 0.87)
Bell, 2013 - 0.70 (0.62, 0.79)

Subtotal — 0.74 (0.68, 0.81)

Ideal
Koo, 2017 = 0.41(0.22, 0.74)
Ogunmoroti, 2017 —— 0.72 ( 0.54, 0.96)
Agha, 2014 - 0.69 ( 0.61, 0.79)
Bell, 2013 - 0.62(0.54, 0.71)

Subtotal - 0.65 ( 0.58, 0.73)

.25

Walking, walking speed and walking and bicycling
combined

Two prospective studies [20, 40] were included in the
analysis of walking and risk of heart failure (4103 cases
and 155,512 participants). The summary RR for high ver-
sus low walking was 0.73 (95% CI 0.45-1.18, ?=89.6%,
Pheterogeneity = 0-002) (Fig. 2d). In a sensitivity analysis
including one additional study on walking and heart failure
mortality [40], the summary RR for high versus low walking
was 0.69 (95% CI 0.49-0.98, I*=79.4%, Pheterogeneity = 0-008)
(4156 cases, 197,534 participants) (Supplementary Fig. 11).

Three prospective studies [20, 25, 30] were included in
the meta-analysis of walking speed and risk of heart fail-
ure (3213 cases, 24,944 participants). The summary RR for
high versus low walking speed was 0.51 (95% CI 0.24-1.07,
1>=91.0%, Pheterogeneity < 0-0001) (Fig. 2d).

Three prospective studies [15, 22, 26] were included in
the meta-analysis of walking and bicycling combined and
risk of heart failure (9519 cases, 119,205 participants). The
summary RR for high versus low walking and bicycling
was 0.81 (95% CI 0.69-0.94, I>=86%, =0.001)
(Fig. 2d).

pheterogeneity

Occupational physical activity

Three prospective studies [15, 22, 26] were included in the
meta-analysis of occupational activity and risk of heart fail-
ure (9519 cases and 119,205 participants) and the summary
RR for high versus low occupational activity was 0.90 (95%
CI 0.86-0.95, I>=0%, Pheterogeneity = 0-46) (Fig. 2¢).

T T T T

5 75 1 15 2
Relative Risk

Cardiorespiratory fitness

Six studies [35, 41-45, 63] were included in the analysis of
cardiorespiratory fitness and heart failure risk and included
19,693 cases and 1,505,114 participants. The summary RR
for high versus low fitness was 0.31 (95% CI 0.19-0.49,
I°=96.1%, Pheterogencity < 0-0001) (Fig. 2¢). There was no
evidence of publication bias with Egger’s test (p=0.11) or
with Begg’s test (p =0.85) and little indication of asymmetry
in the funnel plot (Supplementary Figure 12). The summary
RR ranged from 0.27 (95% CI 0.19-0.37) when the Swedish
Military Conscription Database [43] was excluded to 0.36
(95% CI1 0.23-0.55) when the Henry Ford Exercise Test-
ing Project [44] was excluded (Supplementary Figure 13).
Four studies (9059 cases, 173,678 participants) [35, 41,
44-46] were included in the linear dose-response meta-
analysis of cardiorespiratory fitness and heart failure risk.
The summary RR per 5 METs increase at exhaustion on
the exercise test was 0.39 (95% CI 0.33-0.47, 1>=70.0%,
Pheterogeneity = 0-02) (Fig. 5¢). There was evidence of a non-
linear association between cardiorespiratory fitness and
heart failure (pyopiineariey <0-0001), with a threshold effect at
around 12 METSs and a reduced risk from that level of fitness
and above (Fig. 5d, Supplementary Table 6).

Subgroup and sensitivity analyses and study quality

The inverse associations between total physical activity,
leisure-time physical activity, and cardiorespiratory fitness
and risk of heart failure persisted in nearly all subgroup
analyses defined by sex, duration of follow-up, geographic
location, number of cases, study quality and adjustment for
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A Vigorous physical activity and heart failure, linear dose-response
analysis per 20 MET-hours/week

Relative Risk
Study (95% Cl)
LaMonte, 2018 . 0.67(0.58,0.77)
Kenchaiah, 2009 . { 0.48(0.27,0.86)
/‘/ﬁ\\'\'\

Overall T 0.64(0.52,0.79)

T T T T T

25 5 75 15 2

Relative Risk

B Vigorous physical activity and heart failure, nonlinear dose-
response analysis, MET-hours/week

Nonlinear analysis of vigorous physical activity and heart failure

Best fitting cubic spline

-~  mm=—- 95% confidence interval

RR

T T T T T T T

10 15 20 2
Vigorous physical activity (MET-hrs/week)

C Cardiorespiratory fitness and heart failure, linear dose-response
analysis per 5 METs

Relative Risk
Study (95% Cl)
Sillars, 2020 — 0.21(0.11,0.38)
Kokkinos, 2019 . 0.42(0.39, 0.47)
Khan, 2017 { 0.42(0.29,0.62)
Kupsky, 2017 . 0.39(0.35,0.44)
Berry, 2013 I 0.28(0.21,0.37)
Overall <:>' 0.37(0.31,0.43)
: ' ; e o
03 Ry 25 5 751 152

Relative Risk

D Cardiorespiratory fitness and heart failure, nonlinear dose-
response analysis, METs

Nonlinear analysis of cardiorespiratory fitness and heart failure

Best fitting cubic spline

————— 95% confidence interval

134 T
12+ - =

RR

5 10
Cardiorespiratory fitness (METs)

Fig.5 Vigorous physical activity and cardiorespiratory fitness and heart failure, linear and nonlinear dose—response analyses

confounding factors including age, education, family his-
tory of cardiovascular disease, BMI, abdominal fatness,
smoking, alcohol and potential intermediate factors such as
hypertension, diabetes mellitus, triglycerides, cholesterol,
history of coronary heart disease, interim coronary heart
disease, valvular heart disease, left ventricular hypertrophy
and medication use (ACE inhibitors, beta-blockers, diuretic
drugs, antihypertensive medications, lipid-lowering medi-
cations, cardiovascular disease drugs), although there were
few studies in some subgroups (Table 1). For total physi-
cal activity the association was stronger among studies that
adjusted for alcohol consumption compared to those that
did not (p=0.04) (Table 1). For leisure-time activity there
was indication of heterogeneity between subgroups when
stratified by geographic location (p =0.05) with a slightly
stronger association observed in the American than in the
European studies (Table 1). In analyses stratified by ethnic-
ity, inverse associations were observed between high versus

@ Springer

low leisure-time physical activity and risk of heart failure in
Caucasians (summary RR=0.66, 95% CI1 0.61-0.72, P=0%,
Pheterogeneity = 0-50, n=4), African Americans (summary
RR =0.67, 95% CI 0.57-0.78, 1> =4%, Pheterogeneity = 0-37,
n=4), Hispanics (summary RR=0.64, 95% CI 0.39-1.04,
*=58%, Pheterogencity = 0-50, n=3), and Asians (summary
RR=0.73, 95% CI 0.51-1.05, I°=5%, Pheterogeneity = 0-30,
n=2), although the associations were not statistically signifi-
cant in the two latter subgroups (Supplementary Figure 14).
However, there was no heterogeneity between these sub-
groups with meta-regression analyses (p =0.99). In a sensi-
tivity analysis, the summary RR per 20 MET-hours/week of
leisure-time physical activity was 0.69 (95% CI 0.57-0.83,
*=90%, Pheterogencity < 0-0001, n=06) for studies where con-
versions were made in estimating MET-hours/week and 0.72
(95% CI 0.66-0.80, I>=71%, Pheterogeneity = 0-009, n=5) for
studies reporting on MET-hours/week directly (Supplemen-
tary Figure 15).
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The mean (median) study quality scores were 7.4 (8.0) in
studies of total physical activity (Supplementary Table 5),
7.4 (7.0) in studies of leisure-time physical activity (Supple-
mentary Table 6), and 7.7 (7.5) in studies of cardiorespira-
tory fitness (Supplementary Table 7).

Discussion

In this comprehensive meta-analysis, high versus low lev-
els of total physical activity, leisure-time activity, vigorous
activity, walking and bicycling combined, occupational
activity and cardiorespiratory fitness were each associated
with a statistically significant decrease in the risk of heart
failure. Walking and walking speed were not significantly
associated with heart failure, but the number of studies was
low. For total physical activity, leisure-time activity, and vig-
orous activity the inverse associations were most pronounced
at lower levels of activity, while for cardiorespiratory fitness
a threshold effect was observed from around 12 METs at
the exercise test. Increasing compliance with the recom-
mendations for leisure-time activity was also associated
with a reduced risk of heart failure. The inverse association
between leisure-time activity and heart failure was consist-
ent across ethnic groups. Our findings are largely consistent
with those of two previous meta-analyses [9, 10], however,
one of these did not conduct dose-response meta-analyses
[10] and neither of them investigated specific domains of
physical activity or potential effect modification by ethnicity.

Although much is unknown regarding the biologic mech-
anisms that could explain the observed inverse association
between physical activity and heart failure, both indirect
and direct effects may contribute. Physical activity could
reduce the risk of heart failure indirectly by improving body
weight control and lowering risk of overweight and obesity
and weight gain [64—66], improving insulin sensitivity [67]
and lowering the risk of type 2 diabetes [56], reducing blood
pressure and the risk of hypertension [66, 68—70], and low-
ering resting heart rate [66] and reducing the risk of coro-
nary heart disease [71], as all these risk factors are associ-
ated with increased risk of heart failure [5, 6, 72]. However,
in the current meta-analysis, there was little difference in the
results between subgroups of studies that adjusted for BMI,
diabetes and hypertension and those that did not. Also, two
previous studies that made adjustments for BMI in a separate
step within the same datasets found little difference in the
results [13, 18]. This suggests that most of the association
is independent of adiposity.

In addition to indirect effects, physical activity may also
reduce the risk of heart failure directly by increasing myo-
cardial oxygen supply, improving cardiac function, reducing
interstitial fibrosis, and increasing capillary density [73, 74].
One study found that physical activity was associated with

@ Springer

reduced risk of developing elevated levels of biomarkers
of cardiac injury and hemodynamic stress including NT-
proBNP and cTnT [75]. Physical activity has also been asso-
ciated with reduced left ventricular mass and reduced risk
of left ventricular hypertrophy in hypertensive and obese
subjects [76, 77]. Although some studies found that healthy
adults and highly trained athletes who were physically active
also had greater left ventricular mass and hypertrophy [78,
79], it has been suggested that cardiac remodeling resulting
from exercise is not pathologic because it lacks the fibrosis
component seen in hypertension [80].

Our meta-analysis has some limitations that need to be
mentioned. Confounding by other risk factors may have
influenced the results. However, the association between
physical activity or cardiorespiratory fitness and heart failure
persisted in subgroup analyses defined by adjustments for
confounding factors such as age, education, family history of
cardiovascular disease, BMI, waist circumference, smoking,
alcohol, as well as adjustments for potential intermediate
factors such as hypertension, diabetes mellitus, triglycerides,
serum cholesterol, and history of coronary heart disease,
interim coronary heart disease, valvular heart disease, left
ventricular hypertrophy. Although few studies adjusted for
use of various medications, those that did were in general
consistent with the overall findings. In meta-regression anal-
yses, there was in general little evidence of heterogeneity
between subgroups and in the few cases where heterogene-
ity was present, chance cannot be ruled out as a potential
explanation. In the meta-analysis of leisure-time physi-
cal activity, there was some evidence of publication bias,
however, this appeared to be driven largely by one outlying
study and exclusion of that study did not materially alter
the results. There was no evidence of publication bias in
the meta-analysis of total physical activity or cardiorespira-
tory fitness. Accurate measurement of physical activity is
a challenge and none of the included studies corrected for
measurement errors. However, given the prospective design
of the included studies, such measurement errors would most
likely have led to an attenuation of the observed associations
and an underestimation of the magnitude of the true RR. In
addition, changes in physical activity levels over time could
have influenced the results, but few of the included studies
had repeated measures of physical activity during follow-
up. Relatively few studies investigated specific types and
intensities of physical activity and therefore further stud-
ies are needed on these exposures. Because not all stud-
ies reported the results in MET-hours/week we converted
the quantities to MET-hours/week where this was possible.
This could have impacted the summary estimates, however,
in stratified analyses there was very little difference in the
observed associations by whether conversions were made
or whether studies reported on MET-hours/week directly.
Lastly, as in our previous meta-analyses on physical activity
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and various health outcomes [56, 81, 82], we were not able
to include all relevant studies in the dose—response meta-
analyses because of a lack of information on the amount of
physical activity or fitness in several studies. In sensitivity
analyses restricting the high versus low analysis to the stud-
ies included in the dose—response analysis we found that this
may have slightly exaggerated the results for leisure-time
physical activity and slightly underestimated the association
for total physical activity, however, these differences were
relatively modest. It is important that future studies quantify
the amount of physical activity either in minutes or hours per
week or MET-minutes or MET-hours per week so that the
results can be combined with the existing studies.

Strengths of our meta-analysis include the prospective
design of the included studies, which avoided recall bias
and reduced the possibility of selection bias. Also, the large
sample size with up to 73,000 cases and ~ 1.9 million par-
ticipants provided sufficient statistical power to detect even
modest associations. Moreover, the nonlinear dose—response
meta-analyses clarified the shape of the dose-response rela-
tionships. Additional merits include the robustness of the
findings in multiple subgroup and sensitivity analyses, the
high study quality scores of the included studies and the
detailed analyses of specific domains of physical activity.
The current findings have important public health implica-
tions as the incidence of heart failure is expected to increase
with an ageing population [83]. Promotion of physical activ-
ity could therefore contribute towards primary prevention
of heart failure in the general population, and our findings
suggests a range of activities may have benefit including less
intense activities, such as walking and bicycling, which may
be easier to adhere to for elderly people that may be at risk
of heart failure.

In conclusion, these findings suggest that higher levels of
total physical activity, leisure-time activity, vigorous activ-
ity, walking and bicycling combined, occupational activity
and cardiorespiratory fitness reduce the risk of develop-
ing heart failure. Our results support recommendations to
increase the level of physical activity in the general popu-
lation. Future studies should investigate the associations
between specific domains of physical activity and subtypes
of heart failure and report the results in a manner that can
be included in dose-response meta-analyses. Further inves-
tigations of the underlying mechanisms are also warranted.
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