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ARTICLE INFO ABSTRACT

Keywords: To provide a scientific basis for improved exercise-based immunity, a meta-analysis was used to explore the

Physical activity dose-response relationship between physical activity (PA) and the risk of severe illness and mortality related to

;OVI?_'D COVID-19 (coronavirus disease 2019). To this end, we searched PubMed, Web of Science databases from January
ortality

2020 through April 2022. 14 observational studies met the criteria for inclusion in the meta-analysis, including
2840 cases of severe illness and death from COVID-19. Categorical dose-relationship analysis showed that the
risks of severe illness and mortality from COVID-19 were, respectively, 46% (risk ratio (RR): 0.54; confidence
intervals (CIs): 0.41-0.68) and 59% (RR = 0.41; 95%CI: 0.23-0.58) lower for the highest dose of PA compared
with the lowest dose of PA. The results of the continuous dose-response analysis show an inverse nonlinear
relationship (Pnonlinearity < 0.05) between PA and both the risk of severe illness and mortality from COVID-19.
For PA below 10 MET-h/week (MET-h/week: metabolic equivalent of task-hours/week), an increase of 4 MET-h/
week (1 h of moderate-intensity or 0.5 h of high-intensity PA) was associated with 8% and 11% reductions in the
risk of severe illness and mortality from COVID-19. PA above 10 MET-h/week lowered the risk of severe illness
and mortality from COVID-19 by 7% and 9%, respectively, for each 4 MET-h/week increase. Doses of WHO-
recommended PA levels (10 MET-h/week) may be required for more substantial reductions in the risk of se-

Severe illness
Meta-analysis
Dose-response

vere illness and mortality from COVID-19.

1. Introduction

The coronavirus disease 2019 (COVID-19) continues to spread
worldwide. As of July 15, 2022, COVID-19 had caused 6,356,812 deaths
worldwide (WHO, 2022a,b). Governments and medical institutions
worldwide are committed to controlling, limiting, and ending this
pandemic, via, for example, vaccination and antiviral treatments based
on blood products and antibodies. However, the emergence of >5000
mutations of COVID-19 and the second and subsequent waves of the
infection in various countries make the current situation extremely
complex (HAAs et al., 2021). Baseline characteristics of patients with
COVID-19, such as old age, obesity, heavy smoking status, and potential
comorbidities (such as hypertension, respiratory disease, cardiovascular
disease, and cancer), are associated with a higher risk of COVID-19-
related mortality (Lee et al., 2022). Moreover, whether baseline phys-
ical activity (PA) is an essential factor that can change the symptoms of
COVID-19 illness is a question that has attracted extensive attention

from scholars.

Physical activity (PA) had been proved as one of the main factors in
promoting health (Ekelund et al., 2019; Piercy et al., 2018; Chastin
et al., 2020). The lack of adequate PA is associated with 6% to 10% of
the major chronic diseases and a 9% higher risk of premature mortality
worldwide (Lee et al., 2012). As we all know, adequate PA can signifi-
cantly reduce all-cause and disease-specific mortality (such as death
from pneumonia) (Kyu et al., 2016; Lu et al., 2022). Studies have shown
that PA significantly improves human immunity and protects against
severe and infectious respiratory tract infections. (Piercy et al., 2018;
Chastin et al., 2020). In addition, PA may positively impact inflamma-
tion and is a potential causal factor for chronic diseases such as car-
diovascular disease and cancer. Higher PA doses have a more positive
link with disease inflammation impact (Zbinden-Foncea et al., 2020).
Bizuti et al., 2022 assume the regular practice of moderate-intensity
physical activity is responsible for promoting a reduction in the con-
centrations of pro-inflammatory cytokines (IL-6, TNF-a and IL-1p), as
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well as triggering the increase in the production of anti-inflammatory
cytokines (IL-4 and IL-10) (Bizuti et al., 2022).

However, previous studies have investigated the potential link be-
tween PA and COVID-19, with inconsistent results. Recent studies have
found that physical activity is not associated with SARS-CoV-2 infec-
tivity and COVID-19 infection but is significantly associated with
COVID-19 severity and mortality (Rowlands et al., 2021). Pinto et al.
(2021) found that baseline PA of hospitalized COVID-19 patients was
not independently associated with the length of stay or any other clin-
ically relevant outcome (severe illness and mortality). The authors
concluded that the underlying diseases and ages of COVID-19 patients
had attenuated the protective effect of PA against the risk of COVID-19
symptoms (Pinto et al., 2021). Research on this topic is just emerging,
and the impact of PA on the risk of COVID-19 is still unclear, requiring
systematic reviews and meta-analyses of relevant research data.

Rahmati et al. (2022) conducted a meta-analysis of studies on this
topic. Although the effect of PA was calculated on the basis of the
original data in this study, the actual cause of the impact of PA on severe
COVID-19 and mortality was difficult to analyze from the results
because confounding factors such as age, body weight, and related un-
derlying diseases were not included in the analysis (Rahmati et al.,
2022). In addition, this study took cardiopulmonary function as one
measure of physical activity level, which made the results inconclusive.
Finally, this study did not address the controversy regarding the pro-
tective effects of different levels of physical activity (Rahmati et al.,
2022). Furthermore, A recent systematic review assumed the regular
practice of adequate intensity is suggested as an auxiliary tool in
strengthening and preparing the immune system for COVID-19 (da Sil-
veira et al., 2021). However, no systematic review of the above empir-
ical studies has been known to quantify the preventive effects of various
doses of physical activity against severe illness and mortality from
COVID-19. Therefore, to take into account the current international
guidelines for physical activity that specifically aim to reduce the risk of
COVID-19 illness burden, in our study, we conducted a dose-response
meta-analysis to quantify the relationship between different physical
exercise doses and the risk of severe illness and mortality from COVID-
19.

For this study, baseline physical activity refers to the physical ac-
tivity status of COVID-19 patients prior to infection. Metabolic equiva-
lent of task (MET) used as dose in this study is a physiological indicator
describing the body’s metabolic equivalent of PA energy, defined as
energy consumption per kilogram of body weight per hour: 1 MET =1
kcal/kg * h.

2. Methods

This study was conducted following the structured reporting pro-
cedures prescribed by PRISMA (International Prospective Register of
Systematic Reviews Database Management Organization) (Page et al.,
2021) and registered with PROSPERO; the number is
CRD42022344701.

2.1. Eligibility criteria

The criteria for inclusion and each article determined for inclusion
were discussed by the three authors. The inclusion criteria were as fol-
lows: (1) The studies were published as epidemiological observational
cohort studies, case controls, and cross-sectional design investigation
studies. (2) The studies provide the odds ratio, the relative risk (RR or
HR), and the 95% confidence interval (95%CI) of physical activity levels
related to the risk of severe illness and mortality from COVID-19 ( or
provide raw data to calculate these indicators). Duplicates were
excluded. Only the latest studies were selected if they were studied at
different time points in the same cohort. In addition, if multiple articles
were published in the same group, we chose papers that were conducted
for a longer period of time or with a larger sample size. First, two authors
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decided to include the literature independently. Then, the three authors
discussed the inconsistencies to determine whether to include the
literature.

2.2. Search strategy

We searched PubMed and the Web of Science database (from
January 2020 through April 2022) for any literature on the relationship
between physical activity and COVID-19. The terms “exercise or phys-
ical activity or sport or walking or motor activity” and “COVID-19 or
SARS-CoV-2" and “severe or ICU or mortality or die or death survival®
were used to search for the relevant literature. The last of the search was
conducted in April 2022, and there was no language limit. The reference
lists of selected and related review articles were screened step by step to
identify potentially relevant studies. All searches were conducted
independently by two authors, and differences were resolved by a group
discussion. When the same population or cohort data were included in
several works of literature, only the most recent literature or literature
using the largest population was used in the meta-analysis.

2.3. Quality of evidence

The Newcastle-Ottawa Scale (NOS) was used to evaluate literature
quality, and scores of 0 ~ 3, 4 ~ 6, and 7 ~ 9 were determined as low,
medium, and high quality, respectively (Wells et al., 2009). Each article
was evaluated independently by two authors and cross checked. In the
group meeting, the results were publicized and the reasons for the score
of each item were specified. If the evaluation of literature quality was
inconsistent, the group focused on solving the issue and identifying a
final score in terms of its quality.

2.4. Data synthesis and analysis

Statal6.0 software was used for the meta-analysis. P values<0.05
were considered statistically significant, and all tests were double-sided.
The effect sizes (adjusted or not adjusted), the risk ratios (RRs), and the
95% confidence intervals (CIs) of the group with the highest dose of PA
compared with the group with the lowest dose of PA were combined and
the combined effect values were calculated using a random effect model.
Heterogeneity was assessed and described by I? statistics as the per-
centage of variation in the study; 12 values of 25%, 50%, and 75%
indicate low, moderate, and high levels of heterogeneity, respectively
(Higgins and Green, 2011). Egger and Begg tests were used to determine
any publication bias. During sensitivity analysis, each study was deleted
one by one to check whether the combined effect of the remaining
studies had changed (Higgins and Green, 2011). Subgroup meta-analysis
was conducted by PA dose categories, gender, age, study area, study
quality, and adjustment for confounding factors, and meta-regression
was used to examine the heterogeneity among studies.

The categorical dose-response relationships were divided into
dichotomous and multi-categorical doses, shown in the study. The
combined effect value RR was generated by comparing the highest and
lowest doses. For the analysis of the continuous dose-response rela-
tionship, we calculated the total weekly dose of PA for each effect value
RR based on the PA intensity, duration, and weekly frequency of the
baseline survey provided in the literature. We assumed that their dose of
PA remained at this level in the follow-up survey. As for determining the
exposure value of the included dose, we set the median as its determined
dose. If the development interval was < 0.5, we set it as 0.25. If the
upper open interval was greater than or equal to 1, the difference be-
tween the intermediate dose interval was 0.25, so the exposure value
was set as 1.25 (Zhang et al., 2015). These are combined absolute indices
of intensity, duration, and frequency and are also used to calculate ex-
posures to MET units that are not directly reported in the literature. To
address the differences in PA units in different studies, we adopted the
classification method by Ainsworth et al.(2011), classifying PA into light
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PA (3 of MET-h, such as walking exercise), moderate PA (4 MET-h), and
vigorous PA (8 MET-h). We then converted the duration of a particular
PA intensity (h/week) to MET-h/week in combination with the fre-
quency of the week (Ainsworth et al., 2011).

We used robust error meta-regression (REMR) (Xu and Doi, 2018) for
model fitting. The REMR approach is based on a “one-stage” framework,
treating each study as a cluster and fitting the revised regression to the
average PA dose across the entire dataset. In addition, the method uses
the inverse variance method to weight each dose-specific effect in the
data and balances heteroscedasticity in the REMR model to ensure the
unbiased estimation of parameters. Finally, we used restricted cubic
splines as connection functions to fit linear and nonlinear dose-response
models. On the basis of dose-centralization treatment, the independent
variable PA dose of the model was set as three nodes (0, 6.75, and 21),
including two regression splines. The y2 test was used to test the hy-
pothesis that the regression coefficient of the second regression spline is
significant (p < 0.05), indicated by a linear or nonlinear dose-response
relationship. A dose-response relationship curve was drawn using the
Stata software XBLC command (Zhang et al., 2015).

3. Results
3.1. Description of included studies

Preliminarily, 270 items from the literature were detected. Accord-
ing to the literature inclusion and exclusion criteria formulated in this
study, 8 cohort studies, 4 case-control studies, and 2 cross-sectional
studies were finally included, involving a total of 560,078 subjects
and about 2864 cases of severe illness and mortality related to COVID-19
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(there were studies but no reported cases). Fig. 1 displays the steps for
retrieval and inclusion. Table 1 shows literature features. Of the 14
works of literature, 2 are from North America (Brandenburg et al., 2021;
Sallis et al., 2021), 6 are from Asia (Baynouna AlKetbi et al., 2021; Cho
et al., 2021; Halabchi et al., 2021; Lee et al., 2022; Tavakol et al., 2021;
Yuan et al., 2021), 5 are from Europe (Ahmadi et al., 2021; Ekblom-bak
et al., 2021; Hamrouni et al., 2021; Katsoulis et al., 2021; Salgado-
aranda et al., 2021), and 1 is from Oceania (Steenkamp et al., 2022).
The NOS scale was used to score the included literature. The most
problematic domains of study quality were selection for ascertainment
of exposure, Comparability for outcome assessment, and follow-up rate.
4 studies did not report ascertainment of exposure, 3 did not report
Confounding factors, and 3 cohort studies did not report follow-up rates,
respectively. In all, 9 works of literature were of high quality, or equal to
7 points, and the others were of medium quality (see Supplementary A
Table 1).

3.2. Categorical dose-response relationship between PA and the risk of
severe COVID-19 illness

Compared with the lowest dose of PA, the highest dose of PA can
reduce the risk of severe COVID-19 by 46% (RR = 0.54; 95%CI:
0.41-0.68), and the heterogeneity test result is 1? = 69.03% (p < 0.01),
showing that there is significant heterogeneity in the research results (as
shown in Fig. 2). On excluding each study-one by one, no significant
change was found in the results of the combined effect. Published bias
analysis with the Begg test (p = 0.54 > 0.05), the Egger test (p = 0.70 >
0.05), and the funnel diagram also showed no significant published bias
(see Supplementary B Fig. 1).

Records identified through database
searching (n = 270)

Additional identified through other

sources (n=7)

removed
(n=1225)

Records after duplicates

(n=65)

Records screened

l

Full-text article assessed
for eligibility (n = 22)

Records excluded after
’ reviewing titles and abstracts

(n=160)

—— | Reports not retrieved (n = 43)
Records excluded  after
reviewing full text (n = 8)

.| 1. Non-observational studies

2. Effect values are not odds
ratios and risk ratios

3 There were no exposure and

non-exposure contrasts

Articles included into
analysis (n = 14)

4. The PA dose was not

reported

Fig. 1. Flow chart of study selection.
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Table 1
Summary of Included Studies.
Study Country  Research Case\total Age Gender Dose of PA Adjusted Outcome Research
(year) type (Female factor* Quality
%)
Ahmadi(2021) UK Cohort 387\468569 56.5 + 8.1 54.6% 3 doses:High, medium, and 1-15 Mortality 8
low
Baynouna(2021) AUH Cohort 135, 16\641 average 44 36% 5 doses:exercise times NP* Mortality, 6
Severe
Brandenburg CA Case- NP\263 86%<65 57% 4 dose:High, medium, low, 256891215 Severe 7
(2021) control and no
Cho(2021) KR Case- 75\ 125,780 50.7 £ 14.3 60.9% 5 doses:MET-min/week 1-391416 Mortality 9
control 17
Ekblom-Bak SWE Case- 172, 138/ average 30% 3 doses:exercise times 12516 Mortality, 7
(2021) control 407131 49.9 Severe
Hamrouni(2021) UK cohort 397\ 259 397 37-73 55.1% 3 doses:High, medium, and 12451617 Mortality 8
low
Halabchi(2021) Iran. Cross- 60\79\4694 36.45 + 55% 2 dose:sedentary and NP Mortality, 6
section 9.77 physically active Severe
Katsoulis(2021) UK cohort NP\ 85,308 18-69 NP 3 doses:High, medium, and 1279 Severe 7
low
Lee (2021) KR cohort 277\118 768 NP 51.2% 4 dose:High, medium, low, 12591416 Mortality, 9
and no Severe
Salgado(2021) ESP cohort 45\552 18-70 NP 2 dose:sedentary and NP Mortality 7
physically
Sallis(2021) USA cohort 1199, 771 47 +16.97 61.9% 3 doses:High, medium, and 1-15 Mortality, 9
\2970 low Severe
Steenkamp ZA cohort NP\65361 41 +£12.1 48.2% 3 doses:High, medium, and 126891415 Mortality, 8
(2021) low Severe
Tavakol(2021) Iran Cross- 64\188 18-75 52.7% 2 dose:sedentary and NP Severe 6
section physically
Yuan(2021) CN Case- 29\164 61.8 +13.6 48.8% 2 dose:sedentary and NP Mortality, 6
control physically Severe

*Case\total: number of cases and total sample size; Age characteristics: A single value indicates the average age, and the others are age ranges. * Correction for
confounding factors: 1 age, 2 gender, 3 socioeconomic status, 4 race, 5BMI, 6 cardiovascular disease, 7 cancer, 8 diabetes, 9 hypertension, 10 use of antihypertensive
drugs, 11 use of corticosteroids, 12 chronic lung/respiratory disease, 13 liver disease, 14 HIV, 15 end-stage kidney and immune diseases, 16 smoking, 17 alcohol
consumption. NP*: Not reported. ZA: South Africa, UK: United Kingdom, AUH: United Arab Emirates, CA: Canada, SWE: Switzerland, Iran, KR: South Korea, ESP:

Spain, USA, ZA: New Zealand, CN: China, .

As for the source of heterogeneity, between-groups heterogeneity
appeared in dose categories, adjusted confounding BMI factors indi-
cating that these factors affected the overall effect value and that
different levels of PA had significantly different effects on the risk of
severe COVID-19 illness (as shown in Table 2). The results of hetero-
geneity within subgroups showed that there was significant heteroge-
neity within the subgroups of overall effect value, high vS low dose
comparison, moderate vS low dose comparison, PA Questionnaire for
measurement, case—control group, high-quality research papers, Euro-
pean population, adjusted confounding factors (age, sex, and BMI), and
unadjusted comorbidities hypertension(NO), diabetes, Cancer indi-
cating that the research results of these subgroups may be affected by
other factors.

3.3. Categorical dose-response relationship between PA and the risk of
COVID-19 mortality

Compared with the lowest-dose PA, the highest-dose PA can reduce
the risk of COVID-19 mortality by 59% (RR = 0.41; 95%CI: 0.23-0.58)
and the heterogeneity test result is I? = 82.43% (p < 0.01), showing that
the research results have significant heterogeneity (as shown in Fig. 3).
In the sensitivity analysis, on excluding each study-one by one, no sig-
nificant change was found in the results of the combined effect quantity.
Published bias analysis with the Begg test (p = 0.65 > 0.05) and the
Egger test (p = 1.1420 > 0.05) indicated no significant release bias (see
Supplementary B Fig. 2).

As for the source of heterogeneity, between-groups heterogeneity
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Effect Size Veight

Study with 95% ClI (%)
Case-control
EBrandenburg et al. 2021 —— 0e5[ 005 125 379
Ekblom-Bak et al.,2021 - 114 034 1.44] 541
Yuan et al 2021 - 019 -0.09, 0.47] &858
Heterogeneity: 7 =0.20, I = 85.52%,. H = 6.91 - oes[ 011, 1.21]
Test of G =6, Q(2) = 20.59, p=0.00
Cohort
Baynouna AlKetbi et al. 2021 - 056 -1.76, 2.88] 034
Katsoulis et al. 2021 —— 074 013, 1.35] 366
Katsoulis et al. 2021 - 0s0[ 023 077] 912
Katsoulis et al. 2021 - 049 023 074] 945
Lee et al_ 2021 - oes[ 041, 092] 943
Salgado-Aranda et al. 2021 —— 072 024 1201 515
Sallis et al 2021 -l 057[ 0.34 0.79] 1023
Steenkamp et al. 2022 B 0.39[ 018, 0.59] 10.74
Steenkamp et al., 2022 . 044 039 0.49] 1391
Heterogeneity: T =000 1 =2820% H =1.39 ] 050 0.41, 0.59]
Test of 8. =6, Q(8) = 6.39, p = 0.60
Cross-sectional
Halabchi et al. 2021 - . 0Be2[ -0.56, 1.80] 1.22
Tavakol et al.,.2020 —— 026[ -0.19, 0.71] 558
Heferogeneity: T = 0.01, I = 4.04%, H = 1.04 e 0.31[ -0.14, 0.75]
Testof G =8 Q1) =031, p =053
Owerall L 054 0.41, 0.63)
Heterogeneity: 7 =0.03, 1 =69.03%.H =323
Test of 6. = 8- Q(13) = 3090, p=0.00
Test of group differences: Q.(2) = 0.93, p = 0.61

40 1

Random-effecis Sidik-Jonkman model

Fig. 2. The relationships of PA and Covid-19 illness severe.

appeared in Multiple dose comparison, Research quality, Different
continent, adjusted confounding factors (age, sex, and BMI), which
means that these factors may affect the overall effect value and that
different levels of PA had significantly different effects on the risk of
COVID-19 mortality (as shown in Table 2). The results of heterogeneity
within subgroups showed that there was significant heterogeneity in
total effect values, high vS low dose comparison, Questionnaire, Europe
cohort studies, high-quality research papers, European population sub-
groups, adjusted confounding factor (age, gender, and BMI(no)), and
unadjusted comorbidities (hypertension, diabetes,and cardiovascular
disease), indicating that the research results of these subgroups may be
affected by other factors.

3.4. Continuous dose-response relationship between PA and severe
COVID-19 and the risk of mortality

Fig. 4 shows a negative nonlinear response relationship between PA
and the risk of severe COVID-19 (Ppon-linearity < 0.05). When PA was
lower than 10 MET-h/week (the lowest physical activity dose recom-
mended by the WHO), the effect size RR of severe COVID-19 lowered by

8% for each increase of 4 MET-h/week (medium intensity for 1 h or high
intensity for 0.5 h) (p < 0.01; RR = 0.92; 95%CI: 0.88-0.97). When PA
was higher than 10 MET-h/week, the RR of severe COVID-19 lowered by
7% for each increase of 4 MET-h/week (p < 0.01; RR = 0.93; 95%CIL:
0.90-0.96).

Fig. 5 shows a negative nonlinear response relationship between PA
and the risk of COVID-19 mortality (Pron linearity < 0.05). When PA was
lower than 10 MET-h/week, the risk of COVID-19 mortality lowered by
11% for each increase of 4 MET-h/week (medium intensity for 1 h or
high intensity for 0.5 h) (p < 0.01; RR = 0.89; 95%CIL: 0.88-0.90). When
PA was higher than 10 MET-h/week, the risk of COVID-19 mortality
lowered by 9% for each increase of 4 MET-h/week (p < 0.01; RR = 0.91;
95%CI: 0.90-0.92).

4. Discussion

This study is the first dose-response meta-analysis on the relationship
between PA and the risk of severe illness and mortality from COVID-19.
Included are the cohort, case—control, and cross-sectional studies on the
relationship between PA and the risk of severe illness and mortality from
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Table 2
Results of the subgroup analysis.
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subgroup Severe risk Mortality risk
N RR(95% CI) 12 (%) p* P> N RR(95% CI) 12 (%) p* p>

total(highest vs lowest) 14 0.54(0.41,0.68) 69 0.01> 10 0.41(0.23,0.58) 83 0.01>

Dose Categories binary * 4 0.36(0.07,0.66) 35 0.28 0.01> 3 0.13(-0.02,0.28) 0 1 0.01
HvSL* 10 0.59(0.44,0.73) 70 0.01> 7 0.47(0.27,0.67) 84 0.01>
MvVSL* 15 0.75(0.63.0.87) 29 0.01 7 0.73(0.63,0.83) 16 0.14

Research type Cohort 9 0.50(0.41,0.59) 28 0.6 0.61 6 0.38(0.14,0.62) 920 0.01> 0.60
Case-control 3 0.66(0.11,1.21) 85 0.01> 3 0.52(0.23,0.82) 44 0.23
Crosss-section 2 0.31(-0.14,0.76) 4 0.58 1 0.11(-0.79,1.00)

Research quality 7 9 0.59(0.43,0.74) 75 0.01> 0.14 7 0.47(0.28,0.67) 85 0.01> 0.01
7< 5 0.36(0.09,0.63) 25 0.43 3 0.09(-0.10,0.28) 0 1

Measurement of PA Questionnaire 12 0.58(0.42,0.74) 54 0.01 0.09 9 0.40(0.20,0.60) 75 0.01> 0.80
Objective 2 0.44(0.38,0.49) 2 0.64 1 0.43(0.36,0.49)

Different continent Europe 5 0.71(0.45,0.96) 62 0.01 0.17 4 0.56(0.24,0.88) 86 0.01> 0.01>
Asia 5 0.41(0.17,0.65) 31 0.16 4 0.12(-0.06,0.29) 0 0.9
Others 4 0.46(0.35,0.56) 30 0.58 2 0.43(0.36,0.49) 0 0.83

Confounding factor

Age Yes 8 0.59(0.42,0.76) 80 0.00 0.21 6 0.54(0.36,0.73) 74 0.01> 0.01>
No 6 0.40(0.15,0.64) 21 0.43 4 0.12(-0.01,0.24) 0 0.9

Sex Yes 9 0.59(0.43,0.74) 75 0.01> 0.14 6 0.54(0.36,0.73) 74 0.01> 0.01>
No 5 0.36(0.09,0.63) 22 0.43 4 0.12(-0.01,0.24) 0 0.9

BMI Yes 4 0.76(0.49,1.02) 66 0.02 0.03 4 0.64(0.44,0.85) 57 0.07 0.01>
No 10 0.43(0.31,0.55) 40 0.68 6 0.25(0.11,0.38) 51 0.01>

comorbidities

hypertension Yes 8 0.49(0.40,0.58) 29 0.58 0.60 4 0.50(0.24,0.76) 82 0.01 0.34
No 6 0.58(0.25,0.92) 63 0.01> 6 0.33(0.09,0.56) 71 0.01>

Diabetes Yes 9 0.57(0.35,0.79) 59 0.01> 0.54 3 0.56(0.27,0.85) 85 0.01> 0.17
No 5 0.49(0.38,0.60) 40 0.33 7 0.31(0.11,0.52) 65 0.01>

angiocardiopathy Yes 5 0.49(0.38,0.60) 40 0.33 0.54 5 0.51(0.31,0.72) 76 0.01 0.15
No 9 0.57(0.35,0.60) 59 0.01> 5 0.26(0.00,0.53) 70 0.01

Cancer Yes 5 0.57(0.43,0.70) 0 0.84 0.93 2 0.64(0.20,1.08) 84 0.01> 0.21
No 9 0.53(0.31,0.74) 75 0.01> 8 0.34(0.16,0.51) 76 0.01>

* Note: binary is generally expressed as exercise and non-exercise, or physical activity and inactivity; * H vS L represent high vs low amounts of PA when multiple
categories include the high, moderate, low or more categorical doses; M vS L represent the various subcategories of multiple categories: moderate vs low. P, and Py,

represent heterogeneity within and between subgroups, respectively.

COVID-19. Through the categorical dose meta-analysis, our main
conclusion is that with the highest dose of PA, the risk of severe illness
and mortality from COVID-19 is reduced by 46% and 59%, respectively,
compared with the lowest dose of PA. The significant heterogeneity in
the different dose groups (dichotomous and multiclass) indicates that
the protective effects of different levels of PA against the risk of severe
illness and mortality from COVID-19 are significantly different.
Furthermore, we assume that the dose-response relationship between
PA and the risk of severe illness and mortality from COVID-19 is
nonlinear and negative for continuous dose-response analysis.

The dose of PA involves complex factors, such as intensity, time, and
frequency, so we analyze the dose-response relationship according to
classification and continuous dose. The two-classification dose-response
relationship explains the difference between exercise and nonexercise,
and the multi-classification dose-response relationship explains the dose
effect of increasing PA relative to low-dose PA. This result is the same as
that by Lu et al. (2022), by Kunutsor et al. (2022) on the mortality risk of
general pneumonia, and by Rahmati et al. (2022) on the severity and
mortality analysis of COVID-19 (Lu et al., 2022; Kunutsor et al., 2022;
Rahmati et al., 2022). However, this study confirmed that the protective
effect of different doses of PA against the risk of severe illness and
mortality in patients with COVID-19 is significantly different. The result
of this study is different from the conclusion of Rahmati et al. (2022)
related to meta-analysis (Rahmati et al., 2022). In addition, this study
included more literature, and the conclusion is more robust. The fitting
of the continuous dose also makes the classified dose further confirm the
results of categorical dose analysis. The higher level of PA, the stronger
the protective effect against the risk of severe mortality in patients with
COVID-19. There is a negative nonlinear relationship between PA and
the risk of severe mortality in patients with COVID-19. The continuous
dose-response analysis adds the intermediate dose to the multi-category
dose for comparative analysis, which ensures that the conclusion of this

research topic is more specific and systematic. A cohort study found a
curvilinear association between healthy and CVRF (cardiovascular risk
factors) individuals with a steep risk reduction at low to moderate MVPA
volumes (Bakker et al., 2021). Moreover, a recent meta-analysis also
confirmed a non-linear association with mortality risk reductions even
for low levels of activity and a flattening of the curve at higher levels of
post-diagnosis PA in adults with noncommunicable diseases (Geidl et al.,
2020). Our study has the same result: low levels of PA have higher
benefits for the risk of severe illness and mortality in patients with
COVID-19. As shown in Fig. 5, 10 MET-h/week is almost nearby the
inflection point. Furthermore, a previous dose-response meta-analysis of
reduction in all-cause mortality from walking and cycling found the
inflection point is about 11.25 MET-h/week.

The WHO global recommendation on the health benefits of PA points
out that adults should perform at least 150 min of moderate-intensity
aerobic PA per week, at least 75 min of high-intensity aerobic PA per
week, or a combination of moderate- and high-intensity activities. These
doses are equivalent to 10 MET-h/week (WHO, 2022a,b). Analysis of the
continuous dose-response relationship in this study shows that PA and
exercise of about 10 MET-h/week are the most obvious in reducing the
risk of severe illness and mortality from COVID-19. The practical sig-
nificance is that the minimum dose of 10 MET-h/week to prevent severe
illness and mortality from COVID-19 is equivalent to the dose of physical
activity recommended by the WHO (WHO, 2022a,b). At the same time,
when the PA level exceeds 10 MET-h/week, the degree of increase in the
protective effect against the risk of severe illness and mortality from
COVID-19 is significantly reduced.

However, additional protective effects are still obtained, which is
also consistent with the recommendations of the WHO physical activity
guidelines (WHO, 2022a,b). A dose-response meta-analysis by Geidl
et al. (2020) revealed that each 10 MET-h/week increase in PA was
associated with a 22% lower mortality rate in adults with
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noncommunicable diseases (Geidl et al., 2020). However, 10 MET-h/
week increase in PA is not practical. Our study confirmed that the
practical significance of increasing the dose of PA by 4 MET-h/week per
week is that exercising more than once a week (1 h of moderate PA or
0.5 h of vigorous PA) will reduce the risk of severe illness and mortality
from COVID-19 by 7%-11%. Research by Williams et al. (2014) assumed
that the mechanism of PA reducing mortality from general pneumonia
might not only involve the root cause of the impact on pneumonia but
also affect whether pneumonia leads to fatal consequences from other
underlying diseases (Williams et al., 2014). For example, because
pneumonia itself causes heart problems (Benson et al., 1970), such as
left ventricular dysfunction (Corrales-Medina et al., 2011), or increases
arrhythmias (Corrales-Medina et al., 2012), people with pneumonia and
cardiac complications are more likely to die (Nieman et al., 1990).
Therefore, PA may have more significant health benefits for patients
with heart disease. It can enhance the mucosal immune function of
patients and reduce the risk of mortality in patients with pneumonia and
cardiac complications (Kimura et al., 2006). At the same time, the het-
erogeneity between diabetes subgroups in this study is close to signifi-
cant, showing that PA may have a greater effect on the remission of
diabetes in patients. PA can effectively regulate insulin and glucose
metabolism, which is the protective mechanism of its health-promoting
effect (Kunutsor et al., 2022). In addition, moderate PA, such as walking,
enhances immune function by increasing the activity of macrophages,
natural killer cells (Shephard et al., 1995), and neutrophils and regu-
lating cytokines. These effects on systemic health may be the mechanism
by which PA protects against severe illness and mortality from COVID-
19 (Shephard and Shek, 1995).

The COVID-19 epidemic has led to a continuous increase in the
number of severe cases and mortality, posing a threat to personal health
and a heavy disease burden on all aspects of regions and countries. We
found that increasing physical activity can significantly reduce the dis-
ease risk of COVID-19 and physical activity should be a positive factor in
reducing the disease burden of COVID-19. However, the global burden
of disease (GBD) 2019 ranked low physical activity 19th among the 20
most risky lifestyles leading to chronic diseases, lower than 10th place in
the same report published in 2010 (Collaborators, 2020; Stamatakis
et al., 2021). In addition, according to a recent meta-analysis (Wunsch
et al., 2022), due to the COVID-19 pandemic, PA in all age groups of the
general population has lowered. Facing the global spread of COVID-19,
we must accept the vital role of physical activity in reducing the burden
of the disease.

Finally, our study is the first meta-analysis study on the dos-
e-response relationship between PA and severe illness and mortality
from COVID-19. The results of this study are based on a large-sample
cohort study and a case-control group study, as well as the advan-
tages of years of follow-up investigation, so the results are relatively
robust. However, this study may have the following limitations: (1) The
literature we included may be insufficient. The possible reason is that we
set strict inclusion criteria. In addition, cohort studies require long-term
follow-up surveys and the requirements of extensive sample data, so
there are relatively few cohort studies on related topics. Therefore, we
can only set three nodes in the restrictive cubic bar to produce two
regression splines to judge whether the overall study is linear or
nonlinear according to the second regression spline. Such treatment may
not verify the specific linear or nonlinear conclusion of PA dose after 10
MET-h/week, and we need to explain this conclusion carefully. There-
fore, more in-depth studies on the protective factors of high-intensity PA
against mortality from COVID-19 are required for the future. (2) The
methods of PA evaluation included in the literature of this study are
subjective measurements, and the dose may be inaccurate. In addition,
the habit of exercise or sport is based on the assumption that there is no
change in the long-term follow-up. The dose of PA is assumed to remain
unchanged in the long-term observational study. This will make the
results inaccurate, but some cohort studies have not been corrected or
classified, which should be paid attention to in future related research.

Preventive Medicine Reports 32 (2023) 102130

5. Conclusion

There was a significant nonlinear negative dose-response relation-
ship between the level of PA and the risk of severe illness and mortality
from COVID-19. Various doses of PA were protective factors against
severe illness and mortality from COVID-19. The higher physical activity
dose significantly reduces the risk of severe illness and mortality from
COVID-19. The degree of risk reduction is more significant when the
total physical activity dose is lower than 10 MET-h/week, and the de-
gree of enhancement is weakened when PA is higher than 10 MET-h/
week. Doses of WHO-recommended PA levels may be required for
more substantial reductions in severe illness and mortality from COVID-
19.
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