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Abstract

Background Although physical exercise is recommended

for asthmatics, evidence on the effects of exercise on

clinical key factors is still missing.

Objectives We performed a systematic review and meta-

analysis to determine the effect of exercise training (EXT)

on quality of life (QoL), bronchial hyperresponsiveness

(BHR), exercise-induced bronchoconstriction (EIB), lung

function and exercise capacity, plus the factors affecting

changes in QoL and exercise capacity in asthmatics after a

period of EXT.

Data Sources A computerized search was conducted in

MEDLINE, EMBASE, and CINAHL (last search on 15

November 2012), without language restriction, and refer-

ences of original studies and reviews were searched for

further relevant studies.

Study Selection Two independent investigators screened

full-text studies with asthmatic subjects undertaking EXT

(defined as training for C7 days, C2 times per week, C5

training sessions in total) that assessed at least one of the

following outcomes: QoL, airway hyperreactivity, forced

expiratory volume in one second (FEV1), peak expiratory

flow (PEF), inflammatory parameters, exercise capacity, or

exercise endurance. Potentially relevant studies were

excluded if only respiratory muscle training, breathing

exercises or yoga was performed, if asthmatic subjects with

co-morbidities were investigated, if only data of mixed

patient groups without separate results for asthmatics were

presented, if training regimens were not sufficiently spec-

ified, if no numerical outcome data were presented, and if

new long-term medication was introduced in addition to

physical training. Of 500 potentially relevant articles,

13.4 % (67 studies including 2,059 subjects) met the eli-

gibility criteria and were included for further analyses.

Study Appraisal and Synthesis Methods Data extraction

and risk of bias assessment was performed according to the

Cochrane Handbook for Systematic Reviews of Interven-

tions. A meta-analysis of all randomized controlled trials

(RCTs) was performed to determine the effect of EXT on

asthma symptoms, BHR, EIB, FEV1, exercise capacity and

exercise endurance compared with control training. In

addition, relative pre/post changes were analysed in all

RCTs and controlled trials. Finally, multiple linear

regression models were used to identify effects of relative

changes in airway hyperreactivity (BHR or EIB), lung

function (FEV1 or PEF) and training hours on QoL and

exercise performance.

Results In a total of 17 studies including 599 subjects,

meta-analyses showed a significant improvement in days

without asthma symptoms, FEV1 and exercise capacity

while BHR only tended to improve. The analysis of rela-

tive within-group changes after EXT showed, however,

significant improvements in QoL (17 %), BHR (53 %),

EIB (9 %), and FEV1 (3 %) compared with control con-

ditions. Multiple linear regression models revealed that
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changes in airway hyperreactivity and lung function sig-

nificantly contributed to the change in QoL, while mainly

the changes in airway hyperreactivity contributed to the

change in exercise capacity.

Conclusion EXT was shown to improve asthma symp-

toms, QoL, exercise capacity, BHR, EIB, and FEV1 in

asthmatics and improvements in BHR explained part of the

improvement in QoL and exercise capacity. Thus, physical

activity should be recommended as a supplementary ther-

apy to medication. However, more well controlled studies

should be performed assessing the relationship of physical

activity, QoL, airway hyperreactivity, lung function and

especially airway inflammation as well as medication

intake.

1 Introduction

Asthma is a chronic inflammatory airway disease associ-

ated with expiratory airflow limitation and bronchial hy-

perresponsiveness (BHR) accompanied by symptoms such

as cough, wheezing, increased sputum production, but also

sleep disturbance, limitation of daily activity and the use of

rescue medication [1]. All of these factors can contribute to

a reduced quality of life (QoL) in people with asthma.

Exercise training (EXT) is known to reduce low-grade

systemic inflammation [2, 3] and therefore has the potential

to reduce the severity of asthma. However, about 90 % of

asthmatic subjects suffer from exercise-induced broncho-

constriction (EIB), i.e. airway narrowing and increased

airway resistance during or after exercise, likely resulting

from the airways drying out, causing a hyperosmolar

environment which leads to mast cell mediator release [4].

These exercise-related adverse events might prevent asth-

matics from performing regular physical exercise, though

results are conflicting as to whether asthmatics, in partic-

ular asthmatic children, are typically less fit and perform

less physical activity compared with non-asthmatic peers

(summarized by Welsh et al. [5]). However, these effects

can often be prevented by pre-exercise medication, e.g.,

use of short acting b2-agonists [4, 6]. Therefore, it is not

surprising that EXT was found to improve maximal as well

as endurance exercise performance similarly in asthmatics

and healthy subjects [7–9].

In a recent meta-analysis, Chandratilleke et al. [10] not

only investigated improvements in variables related to

exercise performance after EXT, but also assessed changes

in asthma-specific variables such as lung function in

response to training. However, they found no significant

change in forced vital capacity, forced expiratory volume

in one second (FEV1) or peak expiratory flow rate (PEF).

The meta-analysis of asthma symptoms was deemed

inappropriate due to heterogeneity of the outcome

variables. However, this meta-analysis [10] and a further

review [11] found that the majority of the included studies

reported improvements in QoL. Since EXT is well known

to improve performance and QoL in healthy subjects [12],

training-associated improvements in performance and QoL

of asthmatics are not unexpected. We asked ourselves

whether evidence exists that BHR and EIB also improve

with EXT, whether these improvements are associated with

improvements in asthma-related symptoms and QoL, and

whether these changes might allow a reduction in the use of

asthma medication. The reduced need for medication might

per se have a positive effect on QoL.

Therefore, we performed a systematic review for all

studies that included EXT interventions in patients with

asthma. With selected studies we conducted meta-analyses

to assess training-induced effects on QoL, airway hyper-

responsiveness, lung function, exercise capacity and

endurance. In addition, we evaluated changes of all EXT

groups relative to changes in control groups. Finally, we

applied a multiple linear regression model to assess

asthma-related factors affecting the improvement in exer-

cise performance and QoL.

2 Methods

2.1 Search

A computerized search for all physical training studies in

asthmatic subjects was performed in MEDLINE, EMBASE

and CINAHL containing the following search terms (last

search performed on 15 November 2012): (asthma* OR

((airway OR respiratory OR bronchial) AND (broncho-

constrict* OR bronchospas* OR hyperreact* OR hyperre-

sponsiv*))) AND (training OR conditioning) AND

(endurance OR strength OR exercise OR sport* OR

‘‘physical activity’’ OR run* OR cycl* OR swim* OR row*

OR gymnastic OR resistive OR (hyperpnoea OR hyper-

pnea) OR ventilatory OR threshold OR inspiratory OR

expiratory OR respiratory). No restrictions were applied

regarding language of publication or age of the subjects.

2.2 Study Selection

All titles and abstracts of the computerized search were

independently screened by two investigators (SND, PE) for

potential relevance. The following studies were excluded:

animal studies, studies without asthmatic subjects, reviews,

guidelines, letters, commentaries, studies not including

EXT (defined as training for C7 days, C2 times per week,

C5 training sessions in total). Studies where subjects per-

formed only respiratory muscle training, breathing exer-

cises or yoga were also excluded. References of reviews
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were searched manually for additional relevant

publications.

Relevant publications were excluded if they were pub-

lished only as an abstract, poster or short communication. In

addition, studies were excluded if investigating asthmatic

subjects with co-morbidities; if investigating mixed groups

(asthmatic subjects and subjects with other diseases) and if

the results of asthmatic subjects were not reported sepa-

rately; if subjects were in a training camp; if training regi-

mens were not sufficiently specified; if no numerical

outcome data were presented; and if new long-term medi-

cation was introduced in addition to physical training.

However, studies including any form of education or

breathing exercises (clearly distinct from respiratory muscle

training) were included, since we assumed that all asthmatic

patients have received some ‘patient education’ and dem-

onstration of ‘breathing exercises’ by their physician at the

time of diagnosis or at some point thereafter.

Studies included in this review had to contain at least one

of the following outcomes: QoL (including asthma symp-

toms), airway hyperreactivity assessed either as BHR in

response to an inhalation challenge or as EIB in response to

an exercise challenge, FEV1, PEF, respiratory resistance or

reactance (measured with forced oscillation technique),

parameters on airway inflammation, maximal oxygen con-

sumption ð _VO2;maxÞ, maximal working capacity (Wmax), or

exercise endurance (measuring change in test duration or

distance).

2.3 Data Collection

Data were collected by two investigators (SND, PE)

independently. In case of inconsistency, results were dis-

cussed with a third investigator (CMS). Publications in a

language not spoken by the investigators (i.e., not pub-

lished in English, German, French, Spanish, Italian or

Dutch) were discussed with native speakers. In studies with

an asthmatic EXT group (with or without a control group)

that also included a non-asthmatic EXT and/or control

group, only data from the asthmatic group(s) were included

in the analyses. Moreira et al. [13], Varray et al. [14] and

Wang and Hung [15] did not give single data on lung

function in their original publication. However, Chan-

dratilleke et al. [10] published their data which we also

included in our analysis.

2.4 Meta-Analysis

Meta-analyses were performed on the main outcomes of

randomized controlled trials (RCTs) using the Review

Manager 5.1 software (Copenhagen, Denmark). Since only a

few studies reported the relative changes and corresponding

standard deviations (SDs), the analysis was performed using

post-intervention values, if baseline values did not signifi-

cantly differ from each other. Missing SDs were calculated if

possible. Heterogeneity was assessed by I2- and Chi-squared

(v2) statistics and considered as such with I2 [ 60 % and

p \ 0.1 in the v2 statistics. In general, a fixed-effects model

and mean differences (MD) with a 95 % confidence interval

(CI) was chosen. However, when large heterogeneity was

expected, we decided to use subgroup analyses (Wmax,

Endurance) and/or to incorporate heterogeneity in the anal-

ysis using a random-effects model (PEF, Endurance) [16]. In

case of different scales for the same outcome measure, the

standardized mean difference (SMD) was chosen instead of

the MD [16]. In case there was more than one test for one

parameter (e.g., exercise performance), the result with (i) the

largest level of significance, (ii) the greatest percent change

(calculated from mean values pre- and post-intervention) or

(iii) the same scale compared with other studies in the same

meta-analysis was chosen.

To assess the risk of bias across studies, the standard

error of each study was plotted against the MD or SMD,

respectively. This funnel plot was only used if there were

ten or more studies for a variable, because of the high risk

of achieving an asymmetry by chance [16].

The risk of bias in individual studies was assessed

according to the Cochrane Handbook [16] by two investi-

gators individually (SND, PE). The categories judged were

the following: random sequence generation, allocation

concealment, blinding of participants, blinding of outcome

assessors, incomplete outcome data, selective reporting and

other bias. If a second or control group was available but was

not relevant or appropriate for our review, a non-controlled

design was assumed and hence random sequence generation,

allocation concealment, blinding of participants and out-

come assessors were considered at high risk of bias, although

this might not be true for the original study design. Fur-

thermore, only potential bias that could have affected our

previously defined outcome variables was considered.

2.5 Additional Analyses

For RCTs and controlled trials (CTs), mean percent

changes of the EXT group were calculated and corrected

for potential placebo effects; i.e., they were corrected by

the mean percent changes of the control group (EXT -

control). Then, they were weighted according to the study

size or, if possible, according to the number of participants

in whom the respective parameter was measured, and

finally, these relative changes of the EXT group were

statistically compared with baseline (zero) using a Wilco-

xon Signed-Rank Test. Statistical analysis was performed

with IBM SPSS Statistics, Version 20 (Armonk, USA) and

presented in graphical form (Fig. 4). Values are given as

mean ± SD. The effects of non-controlled trials (NCTs)
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are only shown graphically but they were not taken into

account for weighted group mean changes or any other

statistical analyses.

The software environment R (R Foundation for Statistical

Computing, Vienna, Austria) was used to apply multiple

linear regression analyses (Generalized Estimating Equa-

tions models), taking into account all included studies irre-

spective of the presence of a control group since control

groups do not contribute to this model. If the same parameter

was evaluated by different tests within one study, the test

with (i) the largest level of significance and (ii) the highest

percentage change (calculated from mean values pre- and

post-intervention) was chosen in order to avoid collinearity.

If both FEV1 and PEF were measured, FEV1 was chosen due

to its superiority in terms of clinical validity to estimate

airway obstruction compared with PEF [17]. Additionally,

the following parameters were taken together to prevent

collinearity: general QoL, asthma-related QoL (AQoL), and

asthma symptoms (ASymp) to assess the overall QoL; EIB

measured with the percentage fall in FEV1 or PEF and BHR

to evaluate airway hyperreactivity; and finally _VO2;max,

Wmax, and exercise endurance to rate an overall change in

exercise capacity. If several variables were assessed in one

study, again the one with (i) the largest level of significance

and (ii) the highest percentage change was chosen.

2.6 Combined Data

If studies presented average results of men and women [18]

or of different age groups separately [19], results were

combined and weighted according to the number of partici-

pants in each subgroup. If data from questionnaires were

given as subcategories, the data were combined to give a total

score as specified for the respective questionnaire.

For data analyses the significance level was set at

p B 0.05.

3 Results

3.1 Study Selection and Characteristics

The search revealed 3,982 citations, of which 500 poten-

tially relevant articles were identified, whereof 138 studies

were retrieved for a more detailed evaluation (see Fig. 1

for details). After the selection process, 67 studies [7–9,

13–15, 18–78] were finally included. Detailed character-

istics of the 67 studies included are given in the Electronic

Supplementary Material, Table S1. Randomization was

present in 23 studies (34 %), 17 studies were CTs (25 %)

and 27 were NCTs (40 %). In total, the studies included

1,363 subjects in the EXT group, while 696 served as

controls. A list of the detailed reasons for exclusion of the

71 potential studies later excluded can be found in the

Electronic Supplementary Material, Table S2.

3.2 Risk of Bias Within Studies

An overview of the risk of bias within studies is given in

the Electronic Supplementary Material, Table S3. The

assessment was difficult mainly due to poor reporting of

methods, protocols and/or data. In RCTs, 20 % of all

evaluated domains were judged to be at low risk, 70 %

unclear and 10 % at high risk of bias. In CTs, these were 7,

51 and 42 % and in NCTs, 8, 32 and 60 %, respectively.

No study addressed all of the domains adequately.

3.3 Meta-Analysis

For meta-analyses of ASymp, lung function and _VO2;max,

the study by Mendes et al. [54] was excluded because we

could not clarify whether groups were different before the

intervention phase in the reduced set of subjects analysed

here. To minimize bias, the two training groups (morning

and afternoon) of Silva et al. [66] were taken together since

only one control group was available. In the study of Ah-

maidi et al. [21], to be consistent with other studies, only

measured _VO2;max was included while the calculated

_VO2;max was not considered for analysis. Cochrane and

Clark [28] did not provide standard deviations for hista-

mine challenge data before training or after training and we

were unable to obtain data from them. Therefore, inclusion

into the meta-analysis was not possible. Results of all

meta-analyses are presented in Fig. 2.

Since FEV1 was the only variable assessed in more than

ten studies, a funnel plot is only presented for this

parameter (Fig. 3). Results of the analysis of risk of bias in

individual studies are given in the Electronic Supplemen-

tary Material, Table S3.

3.3.1 Asthma Symptoms

A meta-analysis of AQoL and ASymp was deemed inap-

propriate due to the use of different questionnaires and

questions with different directions of improvements.

Therefore, an analysis was performed for the most com-

monly used item which was the number of symptom-free

days per month. The EXT group was clearly favoured

compared with controls (MD 8.90 symptom-free days,

95 % CI 8.18–9.61, p \ 0.001).

3.3.2 Bronchial Hyperreactivity

The meta-analysis for BHR in response to an inhaled sub-

stance revealed a tendency in favour of EXT compared with

controls (MD 0.21 mg mL-1, 95 % CI -0.03 to 0.45,
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p = 0.09). The meta-analysis for EIB (% FEV1-reduction

post-exercise) showed no significant difference between

EXT and controls (MD -2.81 %, 95 % CI -7.05 to 1.43,

p = 0.19).

3.3.3 Lung Function

The meta-analysis for FEV1 approached significance in

favour of the EXT group (MD 0.09 L, 95 % CI -0.00 to

0.17, p = 0.05). Bias analysis across studies (Fig. 3)

showed no risk of publication bias in FEV1.

The meta-analysis for PEF showed no significant differ-

ence between EXT and control groups after a period of

training (MD 0.45 L s-1, 95 % CI -0.16 to 1.07, p = 0.15).

Also, heterogeneity was considerable (I2 = 81 %,

p \ 0.001).

3.3.4 Exercise Capacity

The meta-analysis for all performance variables showed a

significant difference in favour of the EXT group compared

with controls; i.e., _VO2;max (MD 4.06 mL min-1 kg-1, 95 %

CI 3.02–5.10, p \ 0.001), Wmax (MD 24.03 W, 95 % CI

20.15–27.91, p \ 0.001) and exercise endurance (SMD

0.81, 95 % CI 0.13–1.48, p \ 0.02). For Wmax there was

considerable heterogeneity (I2 = 87 %, p \ 0.0001),

Fig. 1 Flow chart of studies excluded from and included in the meta-

analysis and/or % change analysis and/or linear regression analysis.

EIB exercise-induced bronchoconstriction, FEV1 forced expiratory

volume in one second, IMT inspiratory muscle training, RCT

randomized controlled trial, RMT respiratory muscle training, SD

standard deviations
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despite selecting only cycling tests in an attempt to minimize

this. However, subgroup analysis of adults [21, 29] and

children [52, 74] demonstrated a substantial reduction of

heterogeneity (I2 = 21 %, p = 0.26 and I2 = 63 %,

p = 0.10, respectively) with significance still present

(p \ 0.001 and p = 0.002, respectively). For endurance

exercise, heterogeneity was also considerable, but could be

reduced by separating constant-load tests from time trials

(data not shown).

3.4 Analysis of Relative Changes

The analysis of percent changes in the EXT group when

corrected for control group effects showed improvements

in AQoL (17 ± 14 %, p = 0.011), BHR (53 ± 19 %,

p = 0.043), EIB (9 ± 7 %, p = 0.036), FEV1 (3 ± 7 %,

p = 0.019), _VO2;max (17 ± 8 %, p = 0.001), Wmax

(11 ± 8 %, p = 0.003) and endurance (32 ± 42 %,

p = 0.005). Results are shown in Fig. 4.

Fig. 2 Effect of exercise training (EXT) on a asthma symptoms

(ASymp); b bronchial hyperresponsiveness (BHR); c exercise-induced

bronchoconstriction (EIB); d forced expiratory volume in one second

(FEV1); e peak expiratory flow (PEF); f maximal oxygen consump-

tion ð _VO2;maxÞ; g maximal working capacity (Wmax) and h exercise

endurance. Only those studies providing the necessary information

are included in this forest plot. CI confidence interval, Con control, IV

inverse variance, Std. standardized
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Subgroup analyses for training with/without education

were not possible because of the small number of studies

using the same type of intervention. Similarly, data pooling

for subgroup analysis on the use of asthma medication was

deemed inappropriate because too many different measures

of use of asthma medication were reported: medication

scores [24, 37, 56, 76]; amount of oral corticosteroids per

day [70]; amount of inhaled corticosteroids per day in one

subgroup [56]; number of days taking oral corticosteroids

[33]; number of subjects having changed, unchanged or

increased daily dose of inhaled corticosteroids [34]; num-

ber of subjects using less frequent oral theophylline tablets

and rescue inhaler or with less frequent prescriptions of

rescue inhaler or oral corticosteroids [50]; number of

exacerbations requiring systemic corticosteroids [39]; and

use of asthma medication per week [45].

3.5 Multiple Linear Regression Analysis

The multiple linear regression models (Table 1) revealed

that (i) reduction in airway hyperreactivity (BHR ? EIB;

p \ 0.001) and number of training hours (p \ 0.001 and

p \ 0.01, respectively) significantly contributed to both

improvements in QoL and exercise capacity; and (ii)

improvements in lung function (p \ 0.001) contributed to

increases in QoL while changes in lung function

(p = 0.054) only tended to contribute to improvements in

exercise capacity. The effect of training hours was signif-

icant but its contribution was minimal.

4 Discussion

The present analysis shows that the QoL of asthmatics

considerably improves with physical training and that

changes in airway hyperreactivity and lung function

significantly contribute to this improvement. Also, these

two factors, in particular the change in airway hyperreac-

tivity (BHR and EIB), contribute to improved physical

fitness. Unfortunately, the influence of asthma severity or

age on the different outcomes could not be analysed due to

the heterogeneity of information assessed and/or provided

in the different publications.

4.1 Quality of Life

Since studies assessing AQoL used different types of

questionnaires with different scales or did not provide SDs,

no meta-analysis could be performed on these data. How-

ever, when considering percent changes of single studies

independent of scale used, AQoL improved by 17 % more

on average in the EXT group compared with the control

group (6 RCTs, 1 CT). Several factors can contribute to

this improvement; some of them are directly related to

asthma symptoms. In fact, meta-analysis of the number of

days per month free of asthma symptoms showed a clear

improvement. Also, the majority of studies analysing the

use of asthma medication reported a reduction in medica-

tion intake [24, 26, 34, 39, 50, 56, 70], two studies [31, 32]

reported no change, and 58 studies did not analyse changes

on the use of medication. Three [24, 34, 39] of the studies

that reported a reduction also assessed QoL, and although

using different types of questionnaires, they all showed an

improvement. This is not surprising since it is known that

QoL is influenced by patients’ dependence on medication

[79]. Taken together, these facts demonstrate that physical

training improves asthma-associated symptoms and QoL as

also suggested by Chandratilleke and colleagues [10].

4.2 Airway Hyperreactivity and its Influence on QoL

The meta-analysis of three studies comparing BHR after

EXT and control phase demonstrated a trend for lower and

thus improved BHR in the EXT compared with the control

group. This result is supported by the analysis of percent

changes in all five controlled EXT groups, showing a sig-

nificant average improvement of 53 %. With respect to

EIB, the meta-analysis of two studies did not show any

difference between EXT and control groups at the end of

the study. In contrast, the weighted, average percent change

of all eight controlled EXT groups was significant and

came up to 9 %. This apparent contradiction regarding

improvements in EIB may result from the larger number of

studies in the latter analysis, or from the fact that the latter

analysis assessed changes from baseline while in the meta-

analysis, only post-training values were included (as sug-

gested by Higgins and Green [16]); i.e., non-significant

differences in baseline values were not accounted for and

may have impacted the result. For example, in the study of

Fig. 3 Funnel plot of forced expiratory volume in one second (FEV1)

of the studies included in the meta-analysis. SE standard error, MD

mean difference
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Matsumoto et al. [52], the mean post-training difference

between the training and control group was 5 %, while the

difference of the percent change of the EXT groups (cor-

rected for control changes) was 21 %.

Interestingly, BHR improved much more (53 %) than

EIB (9 %). One possible explanation could lie in the

standardization of BHR and EIB tests, as performance of

BHR challenges seem much better standardized; i.e., in

particular, investigators can adhere to these protocols more

easily since fewer variables need to be observed [80]. In

fact, although recommendations for standardization of EIB

challenges have existed for a long time [81], studies

included in this review applied many different tests to

assess EIB. Also, with the test used in the current recom-

mendations, EIB has a coefficient of variation (CV) of

about 21 % [82], a variability that might mask ‘true’

changes. Another possible explanation for the discrepancy

between changes in BHR and EIB may result from the

different mechanisms by which bronchoconstriction is

provoked. Bronchoconstriction in BHR tests of the present

analysis was triggered directly, meaning that inhaled sub-

stances such as methacholine and histamine directly act on

Fig. 4 Relative changes comparing after versus before training

(where possible controlled against the control group) for a asthma-

related quality of life (AQoL), bronchial hyperresponsiveness (BHR),

exercise-induced bronchoconstriction (EIB), b forced expiratory

volume in one second (FEV1), peak expiratory flow rate (PEF) and

c maximal oxygen consumption ð _VO2;maxÞ, maximal working capac-

ity (Wmax) and endurance. Open circles non-controlled trials, light

grey circles controlled trials, closed circles randomized controlled

trials. The size of the circles represents the number of subjects

included in the study. % Changes[0 (positive) are improvements; %

changes \0 (negative) are deteriorations; dashed lines represent the

weighted relative mean improvement of the controlled and random-

ized controlled trials. In several instances [7–9, 22, 25, 26, 36, 37, 55,

60, 63, 65, 69], the study design for the selected variables differs from

the original study design. Therefore, if a control group was present

but not relevant or not appropriate for this review, a non-controlled

design was assumed, although this might not be true for the original

study design
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Fig. 4 continued
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Fig. 4 continued
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airway smooth muscles. EIB challenges, however, trigger

bronchoconstriction indirectly by respiratory water loss and

an increase in osmolarity of the airway surface, which in

turn leads to the release of mediators causing airway

smooth muscle contractions [83]. Due to this mechanism,

an EIB challenge depends more on environmental condi-

tions, such as air temperature and humidity [84], than a

BHR challenge, a fact that may also attenuate the test

result.

It is expected that changes in BHR and EIB would be

accompanied by a change in inflammation. Due to the

many different approaches to assess inflammation, we were

unable to perform a meta-analysis. However, several

studies found an improvement in inflammatory variables

after the physical training phase [13, 25, 40, 51, 54]. Some

studies assessed systemic inflammation [13, 51], which is

known to improve with exercise [2, 3], while local airway

inflammation is of special interest in asthmatics, particu-

larly with respect to BHR. Four studies measured bio-

markers of local airway inflammation, namely induced

sputum cell count [54], exhaled breath condensate [25] and

exhaled nitric oxide [13, 25, 40, 54]. While three studies

found no improvement after physical exercise [13, 25, 40],

one study reported reduced airway inflammation in the

EXT group, namely a significant decrease in induced

sputum cell count and exhaled nitric oxide concentration

[54]. From a clinical point of view, reduced airway

inflammation should lead to a reduction in medication

intake, e.g. inhaled corticosteroids [85]. One study indeed

reported that 52 % of all patients in the EXT group

reported a reduction in inhaled corticosteroids use after the

training intervention [34] and three studies reported a

reduction in systemic corticosteroid intake [39, 50, 71], but

none of them assessed parameters related to inflammation.

However, the present results are consistent with data

from animal studies that show a reduction in airway reac-

tivity and inflammatory parameters in a murine asthma

model after an aerobic exercise intervention. Interestingly,

animal studies even showed a reversal of inflammation-

associated airway remodelling [86–89]. Therefore, in

humans, physical training might also be advantageous over

anti-inflammatory medication, which appears to reverse

only some of the processes involved in airway remodelling

by suppressing inflammation, but does not seem able to

inhibit structural airway changes [90] unless high doses of

inhaled corticosteroids are used [91].

The multiple linear regression models revealed that the

observed changes in airway hyperreactivity in the present

study may partly explain the improvement in QoL.

4.3 Lung Function and its Influence on QoL

In contrast to the meta-analysis performed by Chan-

dratilleke et al. [10], we found a significant improvement in

FEV1 in the present meta-analysis. The difference likely

results from the three additional studies that we found with

our search strategy [22, 63, 77]. Further support is given by

the analysis of all 24 studies assessing training compared

with controls (16 RCTs, 8 CTs). The weighted average

percent improvement in the EXT groups was significantly

greater (3 %) than that of the controls. However, despite

significant FEV1 improvements, it can be questioned

whether these are relevant. On the one hand, the biological

variability (without any intervention) ranges around 0.2 L

(or 5 %), on the other hand it is assumed that only differ-

ences around 10 % are perceived [17]. Nevertheless, the

linear regression model showed, although only including

four studies, that the changes in FEV1 could explain part of

the improvement in QoL.

The funnel plot analysis of FEV1 (Fig. 3) gives the

impression that no risk of bias across studies was present.

However, it seems conspicuous that small studies showing

either positive or negative results are completely missing.

A closer look at the data, however, shows that two of the 11

included studies have a relatively small study population

(Weisgerber et al. [76] with five EXT and three controls,

and Varray et al. [14] with seven subjects in each group).

Since the SDs in these studies were rather small, study

populations were very homogenous, which may indicate a

small publication bias.

Given the significant change in FEV1, it may be sur-

prising that neither the meta-analysis nor the analysis of

relative percent changes (data not shown) detected a sig-

nificant change in PEF. However, PEF variability is

reported to be around 30 % or even more in severe asth-

matics [1] (three out of the four studies included in the

meta-analysis), which may explain this difference. In

addition, PEF is reported to be inferior to FEV1 as a clin-

ically measured parameter due to the possibility of under-

estimating airway obstruction in individuals with airway

remodelling [17].

Table 1 Multiple linear regression model

Predictor variables Response variables

Model 1 Model 2

Quality of life

(n = 4)

Exercise capacity

(n = 8)

Intercept ?0.42*** ?0.04**

Airway

hyperreactivity

?0.83*** ?0.16***

Lung function ?0.78*** ?0.50T

Training hours -0.01*** ?0.00**

n = Number of included studies, *** p\0.001, ** p\0.01, T p\0.1
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4.4 Exercise Capacity

Not surprisingly, the meta-analysis showed that exercise

capacity after intervention period differed significantly in

favour of EXT compared with controls with a difference of

4.06 mL min-1 kg-1. This is consistent with the findings

of Chandratilleke et al. [10]. In addition, we analysed Wmax

during cycling where a difference of 24 W was observed in

favour of EXT compared with controls. For Wmax, how-

ever, heterogeneity was considerable but this can partly be

explained by the different age groups included in the

analysis: the mean difference was 30 W for adults and

11 W for children. Analysis of the percent changes of all

maximal exercise tests (8 RCTs and 5 CTs for _VO2;max,

4 RCTs and 5 CTs for Wmax) revealed significant improve-

ments of 17 % for _VO2;max and 11 % for Wmax, compared

with controls. This is in accordance with the findings of the

meta-analysis. In addition to maximal performance, we

also analysed changes in endurance performance (e.g.,

constant-load tests and time trials). Three studies could be

included in the meta-analysis and, again, a significant

effect in favour of the EXT group was found compared

with controls, although heterogeneity was considerable.

Separating the constant-load test [74] from time trials [66,

72] greatly reduced heterogeneity. This may be explained

by the fact that constant-load tests are known to have a

higher CV (over 10 %) compared with time trials (5 %)

[92]. Analysis of changes of all endurance tests (5 RCTs

and 1 CT), showed an average improvement of 32 % in the

EXT group compared with controls.

The multiple linear regression model showed that

improvements in exercise capacity can partly be explained

by the improvement in airway hyperreactivity. Interestingly,

two studies [34, 39] also showed a significant improvement

in dyspnoea or breathlessness, while three others [20, 31, 72]

found no changes. However, in the latter three studies, per-

formance was higher in the test after the training phase which

suggests that breathlessness would have decreased at similar

load levels. Together with the improvement in airway

hyperreactivity, these subjective measures suggest a reduced

impairment of exercise performance by the respiratory sys-

tem after a phase of physical training.

The number of training hours correlates positively with

the improvement in exercise capacity, although the esti-

mate was quite small. However, considering that this

improvement is partially at the expense of QoL (very small

decrease in QoL with increasing training load), an increase

in frequency or duration of training might not always be

good advice. This may also be due to a loss of enjoyment

or a reduced amount of remaining leisure time. The optimal

amount of training for the greatest benefit still remains to

be determined.

5 Conclusion

In conclusion, this is the first systematic review showing a

positive effect of regular physical activity on QoL in

asthmatics, with improvements in BHR and FEV1 shown to

positively influence this change. Improvements in exercise

capacity were also shown to be affected by changes in

airway hyperreactivity. Thus, physical activity should be

recommended as a supplementary therapy to medication.

The optimum training volume, however, needs further

investigation, since it should be noted that a higher training

volume or frequency also has a negative impact on QoL

despite improving exercise capacity. More well controlled

studies should be performed assessing the relationships

between physical activity, QoL, airway hyperreactivity,

lung function and especially airway inflammation as well

as medication intake.
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