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Abstract The beneficial effects of regular physi-
cal activity in promoting health and preventing
chronic diseases are well documented. The relation-
ship between regular physical activity and the risk
of pneumonia is uncertain. We aimed to evaluate the
magnitude and specificity of the prospective asso-
ciation between regular physical activity and the risk
of pneumonia using a systematic review and meta-
analysis of published observational cohort studies in
general populations. Relevant studies with at least
1 year of follow-up were sought from inception until
15 September 2021 in MEDLINE, Embase, Web
of Science, and manual search of relevant articles.
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Relative risks (RRs) with 95% confidence intervals
(CIs) for the maximum versus the minimal amount
of physical activity groups were pooled using fixed
effects meta-analysis. The quality of the evidence
was evaluated using the GRADE tool. A total of 10
prospective cohort studies comprising 1,044,492 par-
ticipants and 7681 events were eligible. The pooled
multivariable-adjusted RR (95% CI) of pneumonia
comparing the most versus the least physically active
groups was 0.69 (0.64-0.74). This association was
significantly modified by type of outcome (p-value
for meta-regression=.002): 0.82 (0.72-0.93) for
incident pneumonia and 0.64 (0.59-0.70) for pneu-
monia-related mortality. There was no evidence of
heterogeneity and publication bias. The GRADE
quality of the evidence ranged from moderate to low.
Aggregate analysis of 10 cohort studies shows that
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regular physical activity is associated with lowered
risk of incident pneumonia and pneumonia-related
mortality in the general population. Physical activity
types that are attractive to and feasible for high-risk
populations need to be identified and encouraged.
Systematic review registration: PROSPERO 2021:
CRD42021277514.

Keywords Physical activity - Pneumonia - Cohort
study - Risk factor - Systematic review - Meta-
analysis

Introduction

Pneumonia is an inflammatory condition of the lung
tissue commonly caused by bacteria or viruses [1].
It can be acquired in the community (community-
acquired pneumonia, CAP) or in the hospital envi-
ronment (hospital acquired pneumonia, HAP) [2].
Pneumonia is a leading cause of mortality among
older people, the young, and people with comorbidi-
ties [1]; in 2016, pneumonia was the fourth leading
cause of death globally, accounting for 3 million deaths
[3]. Pneumonia is also associated with considerable
morbidity, reduced quality of life, and high health-
care costs [2]. The annual global economic cost of
CAP has been estimated to be $17 billion [4]. Major
risk factors for pneumonia constitute smoking, exces-
sive alcohol consumption, respiratory conditions such
as asthma and chronic obstructive pulmonary disease
(COPD), and other chronic conditions such as diabetes,
kidney and liver disease [4]. Pneumonia constitutes a
substantial public health burden globally and is a pre-
ventable cause of death and disability. The beneficial
effects of regular physical activity in promoting health
and preventing vascular and non-vascular diseases are
well documented [5—7]. Regular physical activity also
reduces the risk, duration or severity of infectious dis-
eases [8] and has been shown to improve acute and
long-term prognosis of pneumonia in older patients
[9]. Data on the prospective association between physi-
cal activity and risk of pneumonia has been sparse and
divergent. Whereas, some studies have reported associ-
ations between physical activity and risk of pneumonia
[10-12], others have reported no evidence of an asso-
ciation [13-15]. The reasons for the null associations
in some of these studies are uncertain but could be
related to inadequate power (low event rates), effects
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of confounding, or could just be a true association. In
a systematic review that quantified the association of
habitual physical with the risk of community-acquired
infectious disease, laboratory-assessed immune param-
eters, and immune response to vaccination, pooled
analysis of 6 studies showed that habitual physical
activity was associated with a 31% risk reduction in
community-acquired infectious disease, with a 37%
risk reduction in infectious disease mortality in pooled
analysis of 4 studies [16]. This review, however,
focused on a broad range of clinically diagnosed infec-
tions and their complications and included a combi-
nation of outcomes such as pneumonia, blood stream
infections and sepsis. Though habitual physical activity
reduced the risk of these infectious disease outcomes,
it is uncertain which specific outcome was driving the
association. Additionally, no subgroup analysis was
conducted for the specific outcome of pneumonia.
There is uncertainty as to whether physical activity is
associated with the risk of pneumonia. It would be use-
ful to conduct a pooled analysis of available published
prospective evidence on the associations which would
provide the opportunity to re-evaluate the relationship
in a larger representative sample of participants, but
this has not yet been undertaken. In this context, we
sought to evaluate the magnitude and specificity of the
association between physical activity and future risk
of pneumonia in the general population (non-athletes)
using a systematic review and meta-analysis of all pub-
lished observational cohort studies to date.

Materials and methods
Data sources and searches

The protocol for this this systematic review and meta-
analysis was registered in the PROSPERO prospective
register of systematic reviews (CRD42021277514).
The review was conducted according to PRISMA
and MOOSE guidelines [17, 18] (Electronic
Supplementary Materials 1-2) (Fig. 1). We searched
MEDLINE and Embase (using OvidSP interface)
from inception to 15 September 2021 with no
restrictions on language. We planned to translate
all non-English language studies using translators
or the “Google Translate” service. The computer-
based searches used a combination of keywords or
terms relating to the exposure (“physical activity”,
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392 excluded on the basis of title and/ or abstract

»  (Detailed list of citations in supplementary material)

9 Articles excluded due to:

5 Assessed effect of vitamins and/or antioxidants
on pneumonia

1 Physical activity exposure was not relevant

1 Duplicate of another study included in review

1 Was a systematic review

1 Population comprised elite athletes

Fig.1 PRISMA flow diagram

“exercise”, ‘“‘aerobic  training”) and outcome
(“pneumonia”, “lower respiratory tract infection™).
The full search strategy is presented in Electronic
Supplementary Material 3. One author (SKK) initially
screened the titles and abstracts of the retrieved
references to assess the potential for inclusion in the
review. Screening was conducted using Rayyan, a
free online bibliographic tool that helps expedite the
initial screening of abstracts and titles using a process
of semi-automation while incorporating a high level
of usability.[19] This was then followed by full-text
evaluation of the selected titles and abstracts. This

)
c
:.% 411 Potentially relevant citations identified
:..g From MEDLINE, Embase, Web of Science
qc,) citation search and reference lists
k]
AN
'S
)]
£
C
[}
o
|5}
[7p]
AN y
19 Full-text articles retrieved for more
detailed evaluation
2
3
2
w
—
AN
'S
y
o] 10 Articles included, based on 10
8 observational prospective cohort
> studies
3}
£
-/

was independently conducted by two authors (SKK
and SS), with disagreements resolved in consultation
with a third author (JAL). To identify potential articles
missed by the search strategy, the reference lists of
relevant studies and review articles were manually
scanned and citing references were also checked in
Web of Science.

Study selection

We included all observational population-based
observational cohort (retrospective or prospective)
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studies that had evaluated the relationship of physical
activity with the risk of pneumonia in adult general
populations and had at least 1 year of follow-up. We
excluded the following studies: (i) case—control study
designs because of lack of temporality, (ii) those
involving elite athletes and/or evaluated competitive
or endurance sports, and (iii) those evaluating the
associations between measures of fitness (e.g., cardi-
orespiratory fitness, physical fitness, exercise capac-
ity) and risk of pneumonia.

Data extraction and risk of bias assessment

Using a standardised data collection form, the lead
author (SKK) initially extracted relevant data from
eligible studies and a second author (SS) indepen-
dently checked the data using the original articles. A
third author (JAL) was involved to help resolve any
disagreements. Data on the following study character-
istics were extracted: first author surname and year of
publication, geographical location, year of enrolment/
data collection, study design, demographic charac-
teristics (age and percentage of males), sample size,
duration of follow-up, assessment of physical activ-
ity, risk comparisons, number of outcome events, the
most fully adjusted risk ratios of outcomes (and cor-
responding 95% confidence interval [Cls]), and list
of covariates adjusted for. The level of adjustment
was defined as ‘+’ minimally adjusted analysis, i.e.
age and/or sex; ‘+ 4+ as adjustment for established
risk factors without inflammation, i.e. age and/or sex
plus body mass index (BMI), socioeconomic status,
alcohol consumption, smoking, and comorbidities;
and ‘+ + +7 as adjustment for established risk fac-
tors including inflammation. We also extracted data
on minimally adjusted estimates (unadjusted, age, or
age and sex) to be used for sensitivity analysis. When
there were multiple publications of studies using data
of the same cohorts, the study selection was based on
a single set of most comprehensive results to avoid
double counting of a cohort in the pooled analysis.
The most up-to-date comprehensive study was used
(i.e. the one with the most extended follow-up or
analysis covering the largest number of participants
and events). The Cochrane Risk of Bias in Non-ran-
domised Studies—of Interventions (ROBINS-I) tool
was used to assess the risk of bias within individual
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observational studies [20]. This tool assesses risk of
bias for the following domains: confounding, partici-
pant selection, classification of interventions, devia-
tions from intended interventions, missing data, out-
come measurements, and selective reporting. The
risk is quantified in each domain as low risk, moder-
ate risk, serious risk, or critical risk; then, an over-
all judgement of the risk of bias is provided for each
study. Finally, to grade the quality of evidence across
outcomes, we used the Grading of Recommendations
Assessment, Development and Evaluation (GRADE)
tool, a widely adopted reproducible and transparent
framework for grading certainty in evidence and used
in clinical decision making [21]. GRADE considers
the following criteria: study limitations, inconsistency
of effect, imprecision, indirectness, and publication
bias, and has four levels of evidence: very low, low,
moderate, and high.

Data synthesis and analysis

Summary measures of association were reported as
relative risks (RRs) with 95% ClIs. All studies cate-
gorised physical activity exposure (e.g., leisure-time
physical activity, total or any physical activity) into
two or more groups. There was varied reporting of
risk comparisons; hence, the need to provide some
consistency to enhance interpretation of the findings.
Since the risk estimates could not be transformed
into consistent comparisons, the extreme groups (i.e.,
top versus bottom or maximum versus the minimal
amount of physical activity) reported for each study
were used for the analyses. This approach, which
we have utilised in previous similar meta-analyses
[22-25], is considered reliable as it has been shown
that pooled estimates from transformed and untrans-
formed data are qualitatively similar [26]. When a
study assessed specific types of physical activity in
addition to total or any physical activity, we only used
risk estimates for total or any physical activity in the
pooled analysis. Standard chi-square tests and the I
statistic were used to quantify the extent of statisti-
cal heterogeneity across studies [27, 28]. Given the
absence of substantial heterogeneity among contrib-
uting studies, RRs were pooled using a fixed effects
model. We explored for the effect of interactions on
the association using study-level characteristics such
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as geographical location (Europe vs. North America
vs. Asia), sex (men vs. women), the average age at
baseline (>55 vs. <55 years), the average duration of
follow-up (< 10 vs.>10 years) based on the distribu-
tion of the data, type of pneumonia outcome (incident
pneumonia vs. pneumonia-related mortality), number
of events (=350 vs.<350), and degree of adjustment
(+vs.++), which was conducted using stratified
analysis and random effects meta-regression [29]. To
test the robustness of the observed association, we
conducted a sensitivity analysis by investigating the
influence of omitting each study in turn on the over-
all result (stata module metaninf). As a sensitivity
analysis, we also pooled studies that reported mini-
mally adjusted estimates (age and/or sex adjusted). To
explore for small study effects, we visually inspected
constructed Begg’s funnel plots [30] and performed
Egger’s regression symmetry test [31]. We employed
Stata version MP 17 (Stata Corp, College Station,
Texas) for all statistical analyses.

Results
Study identification and selection

The search of databases, manual screening of rel-
evant articles and Web of Science citation search
identified 411 potentially relevant citations. Fol-
lowing initial screening of titles and abstracts, 392
citations were excluded (Supplementary Mate-
rial), which left 19 articles for full-text evaluation.
After full-text evaluation, 9 articles were excluded
because (1) exposure was not relevant (n=06), (2)
study was a review (n=1), (3) study was based
on a cohort already included in the review (n=1),
and (4) population was based on elite runners and
walkers (n=1). Full details of reasons for exclu-
sions during full-text evaluation are provided in
Electronic Supplementary Material 4. Overall, 10
articles based on 10 studies were included in the
review [10, 11, 13-15, 32-36]. The included stud-
ies comprised 1,044,492 participants and 7681
events. All relevant studies identified during the
review were reported in the English language;
hence, no translations were required.

Study characteristics

Table 1 summarises the study design and population
characteristics of the eligible studies evaluating the
associations between physical activity and the risk
of pneumonia. All the studies were based on pro-
spective cohort study designs. Though there was no
restriction on publication date, publication years of
eligible studies ranged from 2000 to 2021. Six studies
reported on incident pneumonia and four on pneumo-
nia-related deaths. For studies that reported data on
average age of participants at baseline, these ranged
from approximately 36 to 69 years, with a weighted
mean of 55.8 years. Seven studies enrolled both men
and women, 2 studies only men, and 1 study only
women. Four studies were based in Europe (Finland,
Norway and the UK), 4 in North America (USA), and
2 in Asia (Japan). The average duration of follow-up
ranged from 2.0 to 14.8 years, with a weighted mean
of 9.7 years. All 10 studies assessed physical activity
through self-reported questionnaires, but the categori-
sation of physical activity varied across studies. Most
studies reported physical activity as a combination of
aerobic and resistance activities. A detailed descrip-
tion of ascertainment of physical activity exposures
by individual studies is reported in Electronic Supple-
mentary Material 5. The degree of confounder adjust-
ment varied across studies, but all studies except for
one, adjusted for established risk factors such as age,
sex, BMI, socioeconomic status, alcohol consump-
tion, smoking, and comorbidities. None of the studies
adjusted for inflammation.

Risk of bias of included studies using ROBINS-I tool

One study was at moderate risk of bias (i.e. at low or
moderate risk of bias for all domains) and 9 studies
were at serious risk of bias (i.e. were judged to be at
serious risk of bias in at least one domain, but not at
critical risk of bias in any domain) (Electronic Sup-
plementary Material 6).

Physical activity and risk of pneumonia
The pooled multivariable-adjusted RR (95% CI) of

pneumonia comparing the most physically active versus
the least physically active groups was 0.69 (0.64-0.74)

@ Springer
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(Fig. 2). There was no evidence of substantial hetero-
geneity between the contributing studies (P=39%, 0
to 71%; p=0.09). In subgroup analysis, the strength of
the associations did not appear to differ according to
several study-level characteristics, except for evidence
of effect modification by location (p-value for meta-
regression=0.008) and type of outcome (p-value for
meta-regression=0.002); the associations seemed to
be stronger for studies conducted in Europe and those
that evaluated pneumonia-related mortality (Fig. 3).
Exclusion of any single study at a time from the meta-
analysis did not change the direction of the association,
yielding pooled RRs (95% Cls) which ranged from 0.66
(0.62-0.72) to 0.79 (0.71-0.88) (Electronic Supplemen-
tary Material 7). Five studies reported age and/or sex
adjusted estimates; the RR (95% CI) for pneumonia in
their pooled analysis was 0.68 (0.63-0.74) (Electronic

Supplementary Material 8). Due to the possibility of
some participants overlapping in 2 studies conducted in
the UK (one based on the Health Survey for England/
Scottish Health Survey (HSE/SHS) [13] and the other
on UK Biobank [32]), we conducted specific sensitivity
analyses. On exclusion of the HSE/SHS, the RR (95%
CI) for pneumonia was 0.68 (0.64-0.73). When the UK
Biobank study (which was also the biggest study) was
excluded, the RR (95% CI) was 0.79 (0.71-0.88).

Publication bias

A funnel plot of the 10 studies reporting on the associa-
tions between physical activity and risk of pneumonia
showed no evidence of asymmetry (Electronic Supple-
mentary Material 9), which was consistent with Egg-
er’s regression symmetry test (p=0.09). There was no

Author, year of No. of No. of RR (95% ClI) Level of adjustment
publication cases participants
1
1
Baik, 2000 290 26429 ‘I—‘— 0.96 (0.67, 1.38) ++
1
1
Jackson, 2016 401 2250 —:—0-— 0.87 (0.53, 1.43) ++
1
Neuman, 2010 1265 83165 :+ 0.84 (0.70, 1.01) ++
1
1
Paulsen, 2017 186 64027 —:—0—— 0.81 (0.45, 1.43) +
1
1
Inoue, 2007 1246 110792 —:—0—— 0.80 (0.60, 1.20) +
1
1
Hamer, 2019 579 97844 —:—0—— 0.76 (0.52, 1.11) ++
1
Ogunmoroti, 2016 334 6506 —— 0.71 (0.55, 0.91) ++
1
1
Hemila, 2006 65 7835 ¢: 0.66 (0.15, 2.84) ++
1
Ahmadi, 2021 3170 468569 - 0.63 (0.58, 0.69) ++
1
1
Ikeda, 2020 145 177075 —0—:— 0.58 (0.39, 0.86) ++
Overall @ 0.69 (0.64, 0.74)
1
1
1
|
1
T T T T T LI T T

Fig. 2 Observational cohort studies of physical activity and
risk of pneumonia included in the meta-analysis. The summary
estimate presented was calculated using fixed effects models
and was based on fully adjusted estimates; sizes of data mark-
ers are proportional to the inverse of the variance of the rela-
tive ratio; CI, confidence interval (bars); PA, physical activ-

3 5 751 152 3 45
RR (95% Cl) High vs Low PA

ity; RR, relative risk. The level of adjustment was defined as
‘+’ minimally adjusted analysis, i.e. age and/or sex; ‘4 4’ as
adjustment for established risk factors without inflammation,
i.e. age and/or sex plus body mass index, socioeconomic sta-
tus, alcohol consumption, smoking, and comorbidities
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Group No. of No. of RR (95% CI) p-value*  Studies***
cases participants
Location
Europe 4,000 638,275 —— 0.64 (0.59, 0.70) .008 Hamer; Paulsen; Hemila; Ahmadi
North America 2,290 118,350 — 0.82(0.72, 0.93) Neuman; Baik; Ogunmoroti; Jackson
Asia 1,391 287,867 —_— 0.70 (0.54, 0.90) Inoue; lkeda
Sex**
Men 1,146 80,729 —_— 0.83 (0.64, 1.07) .78 Hamer; Baik; Paulsen
Women 1,720 147,492 — 0.86 (0.72, 1.03) Inoue; Neuman
Age at baseline, yrs
255 5,185 789,371 —— 0.66 (0.61, 0.71) .09 Inoue; Baik; Hemila; Ogunmoroti; Ahmadi
<55 2,030 245,036 e — 0.82 (0.70, 0.97) Hamer; Neuman; Paulsen
Average follow up, yrs
210 6,201 733,059 —— 0.68 (0.63, 0.73) .62 Inoue; Neuman; Paulsen; Ogunmoroti; Ahmadi
<10 1,480 311,433 e — 0.78 (0.64, 0.95) Hamer; Baik; Hemila; Ikeda; Jackson
Type of outcome
Pneumonia deaths 5,140 854,280 —— 0.64 (0.59, 0.70) .002 Hamer; Inoue; Ahmadi; lkeda
Incident pneumonia 2,541 190,212 — 0.82 (0.72, 0.93) Neuman; Baik; Paulsen; Hemila; Ogunmoroti; Jackson
No. of events, n
2350 6,661 762,620 —— 0.68 (0.63, 0.73) .98 Hamer; Inoue; Neuman; Ahmadi; Jackson
<350 1,020 281,872 — 0.74 (0.62, 0.88) Baik; Paulsen; Hemila; Ogunmoroti; lkeda
Degree of adjustment
+ 1,432 174,819 = 0.80 (0.60, 1.08) .61 Inoue; Paulsen
++ 6,249 869,673 —— 0.68 (0.64, 0.73) Hamer; Neuman; Baik; Hemila; Ogunmoroti; Ahmadi; Ikeda; Jackson
T T T 1
5 .65 .85 1 1.25

RR (95% Cl) High vs Low PA

Fig. 3 Relative risks for pneumonia comparing maximal ver-
sus minimal amount of physical activity, grouped according
to several study-level characteristics The summary estimates
presented were calculated using fixed effects models; CI, con-
fidence interval (bars); PA, physical activity; RR, relative risk;

evidence of such selective reporting when studies were
grouped by size in meta-regression analysis (Fig. 3).

GRADE summary of findings

GRADE ratings for the overall population and for pneu-
monia incidence and pneumonia-related mortality were
assessed and are reported in Electronic Supplementary
Material 10. GRADE quality of the evidence ranged
from moderate to low.

Discussion

Summary of main findings

In a pooled analysis of 10 population-based pro-
spective cohort studies comprising over one million

@ Springer

a single asterisk (¥), p-value for meta-regression; double aster-
isks (**), analysis is based on 3 studies in men and 2 studies
in women; triple asterisks (***), studies included in each sub-

group

participants, we found strong and convincing evi-
dence of an association between regular physical
activity and lowered risk of pneumonia. The asso-
ciation was robust and consistent in several sensitiv-
ity analyses including exclusion of the single larg-
est study [32] and across several relevant subgroups
including incident pneumonia and pneumonia-
related mortality, though the association appeared to
be stronger for the latter. The quality of the evidence
ranged from moderate to low.

Comparison with previous work

A detailed literature search did not identify any pre-
vious meta-analysis that had aggregated the existing
data on the relationship between physical activity and
the specific outcome of pneumonia. Hence, it is dif-
ficult to make any head-to-head comparisons in the
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context of a previous review. However, in a meta-
analysis that was just published this year, Chastin and
colleagues evaluated the association of habitual phys-
ical with the risk of community-acquired infectious
disease, laboratory-assessed immune parameters, and
immune response to vaccination [16]. In addition to
not evaluating the specific outcome of pneumonia,
only 6 studies were included in their pooled analy-
sis. Our findings represent new data on the relation-
ship between physical activity and pneumonia and are
based on the most up-to-date evidence in general pop-
ulation participants and limited to prospective cohort
study designs.

Possible explanations for findings

Regular physical activity has been well documented
to reduce the risk of several chronic diseases as well
as mortality [5, 6]. The pathophysiological mecha-
nisms underlying these associations may relate to
the ability of physical activity to (i) improve levels
of potential risk factors such as body weight, hyper-
tension, lipids, haemostatic factors, adipokines, and
sex hormones [37, 38] and (ii) decrease systemic
inflammation [39, 40]. There is also mounting epi-
demiological evidence on the relationship between
regular physical activity and a reduction in the
incidence, duration, or severity of infections [8].
The potential mechanisms of action underlying the
protective effect of physical activity on infections
include stimulation of the antipathogen activity of
immune system macrophages and key immune sys-
tem cells in the blood as well as suppressing inflam-
mation in the lungs [8]. Even free-living daily physi-
cal activities such as walking have been shown to
enhance immune function in older populations [41,
42]. Pneumonia is a respiratory tract infection and
characterized by inflammation [43]; hence, all these
mechanisms may underpin the observed relation-
ships between regular physical activity and reduced
risk of incident pneumonia and pneumonia-related
mortality. Physical activity also has direct effects
on target organs and tissues [44]; the increasing
demand of ventilation during progressive physical
exercise may mechanically improve and increase the
amount of ventilation in pulmonary airways, bron-
chioles and alveoli, which subsequently improves
pulmonary function.

Implications of findings

These findings have important clinical implications.
They add to the overwhelming evidence on the ben-
efits of regular physical activity on chronic diseases,
infectious diseases, and mortality due to these dis-
eases; physical activity has substantial benefits on
overall health with the ability to subsequently reduce
healthcare expenditures [45]. Though physical activ-
ity guidelines recommend 150-300 min/week of
moderate-intensity or 75-150 min/week of vigor-
ous-intensity aerobic physical activity/ exercise for
adults, as these levels are associated with substantial
benefits in the majority of people [46], most popula-
tions do not achieve these levels. It has been reported
that in the USA, only 46% of adults meet the general
physical activity recommendations [47]. A system-
atic review which evaluated the sedentary behavior
of older people found out that approximately 60% of
older adult’s reported sitting for more than 4 h per day
[48]. Pneumonia is a leading cause for hospitalisation
and subsequent mortality among older people [49];
older people with sedentary behavior are more at risk
for pneumonia and its related outcomes. Hence, there
is a need to identify physical activity types or sports
that are attractive to and feasible for these population
groups to ensure regular physical activity. Physical
activity in any form has health benefits; even the least
active behavior which is standing has been suggested
to alleviate the health risks associated with prolonged
sitting [50]. Walking is a physical activity which is
common among older people and has been shown to
have several health benefits, including reducing the
risk of pneumonia-related mortality [34]. This activ-
ity should be promoted extensively in clinical practice
and via population wide approaches.

Strengths and limitations

Several strengths of this systematic review include the
(1) novelty; (ii) adoption of a comprehensive search
of all the major databases and manual screening of
relevant articles without restrictions on the language
or year of study, which minimised the likelihood of
missing any relevant study conducted on the topic;
(iii) inclusion of observational prospective cohort
studies, which are characterised by temporality; (iv)
exploration for evidence of effect modification using
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clinically relevant characteristics, evaluation for
small study effects, and several sensitivity analyses;
(v) no evidence of substantial heterogeneity and
publication bias among contributing studies; and (vi)
assessment of the risk of bias and the quality of the
evidence using well-established tools. Some important
limitations deserve consideration, even though most
were inherent to the included studies. First, though
systematic review guidelines suggest the use of at least
two investigators in initial screening of abstracts and
titles as this may reduce the possibility of rejecting
relevant reports,[51], we adopted a pragmatic approach
of using one experienced reviewer for the initial
screening due to manpower constraints. To ensure
relevant records were not missed, an experienced
reviewer was involved in the initial screening and a
broad inclusion approach was used; only citations
that did not clearly satisfy the inclusion criteria were
excluded. We also employed a well-recognised online
tool that helps expedite the screening of abstracts and
titles using a process of semi-automation. Second, there
was variation in the assessment and categorisation of
physical activity exposures by the original studies,
which did not enable transformation into consistent
comparisons; hence, comparisons could only be made
between the most and least active. Nevertheless, we
have shown in a previous study that pooled results
from untransformed data of extreme categories are
not very different from results based on transformed
data [26]. Third, whether the association varied by
the type of physical activity (aerobic vs. resistance)
could not be evaluated because most studies reported
physical activity as a combination of the two types.
Fourth, the actual dose-response relationship of the
association could not be evaluated because of the
heterogeneous nature of the physical activity data.
Hence, it is uncertain which amount and intensity
of physical activity is essential for the prevention of
pneumonia. Nevertheless, given that studies involving
elite athletes, competitive or endurance sports were not
included, these findings can be generalised to general
population participants for whom the physical activity
recommendations of 150-300 min/week of moderate-
intensity or 75-150 min/week of vigorous-intensity
aerobic PA/ exercise for adults, apply [46]. It has
also been shown that the protective effect of physical
activity on mortality related to infectious diseases such
as pneumonia, is apparent at low levels of activity
(moderate-intensity walking for 30 min/week) far

@ Springer

below guideline recommendations [13]. Fifth, physical
activity was self-reported and hence the potential for
misclassification bias, which could be avoided using
an objective assessment of physical activity such as
accelerometer-based data in future studies. Sixth, we
could not evaluate the impact of a uniform approach to
statistical adjustment, because the degree of adjustment
varied across studies. However, except for one study, all
other studies adjusted for some established risk factors.
Furthermore, there was no significant evidence of
effect modification by the degree of adjustment on the
association. Seventh, most of the studies were judged to
be at serious risk of bias in at least one domain of the
Cochrane risk of bias tool, but not at critical risk of bias
in any domain. Finally, all physical activity exposures
in each study were based on baseline assessments;
hence, the potential for regression dilution bias, which
could have potentially underestimated the associations.
We propose large-scale studies with objective measures
of physical activity and their repeat measures to better
quantify the nature and magnitude of the prospective
relationship between physical activity and pneumonia.

Conclusion

Moderate-to-low quality evidence based on aggre-
gate analysis of 10 prospective cohort studies dem-
onstrates a lowered risk of incident pneumonia and
mortality due pneumonia in general population par-
ticipants who engage in regular physical activity.
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