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Abstract

Introduction Exercise-induced bronchoconstriction (EIB) is very common in athletes. Cardiopulmonary exercise tests
(CPET) have traditionally been used for the diagnosis of EIB. However, alternative indirect bronchoprovocation tests have
recently been used as surrogate tests. One of these is the eucapnic voluntary hyperventilation (EVH). This meta-analysis
studied the agreement between the two tests.

Methods An extensive search in PubMed and Medline was conducted for studies where participants underwent both CPET
and EVH with measurement of forced expiratory volume in 1-second (FEV ). After extracting data using two-by-two con-
tingency tables, pooled positive and negative agreements were first calculated between the two tests, with EVH benchmarked
against CPET, and then, pooled positive and negative agreements were calculated with CPET benchmarked against EVH.
Results The pooled positive and negative agreements between EVH and CPET (with CPET as the reference) were 0.62
[(95% confidence interval 0.54-0.70), I> 77%] and 0.61 [(0.56-0.65)), I> 81%]. The pooled positive and negative agreements
between CPET and EVH (with EVH as the reference) were 0.36 [(0.30-0.42), I> 93%] and 0.82 [(0.77-0.86), I? 78%]. The
average of positive test results with EVH across all studies was greater than that of CPETSs (58.84% vs. 39.51%).
Conclusions Results of this meta-analysis show poor positive agreement between the two tests but high negative agreement
(specifically using EVH as reference), suggesting that either test can be used for correctly identifying those without EIB.
Results also suggest that the chances of a test resulting positive are higher with EVH than with CPET.

Keywords Exercise-induced bronchoconstriction - Cardiopulmonary exercise test - Eucapnic voluntary hyperventilation

Introduction

Exercise-induced bronchoconstriction (EIB) is the phenom-
enon of transient reversible narrowing of the airways that
can occur during exercise [1]. This condition is highly preva-
lent in athletes [2]. The prevalence of EIB is estimated to be
6-20% in the general pediatric population and 50-90% in
children and adolescents with asthma in whom this condition
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can be associated with decreased physical activity, impaired
psychomotor development and quality of life [3, 4]. Respira-
tory complaints, such as dyspnea, tightness of the chest, and
coughing and wheezing, are frequently reported by people
with asthma after vigorous exercise but are neither sensitive
nor specific for the diagnosis of EIB [3, 4]. It is generally
known that there is a poor relationship between the presence
of ‘asthma-type’ symptoms and objective evidence of EIB in
athletes [5—7] as resting spirometric values are poorly pre-
dictive of EIB in athletes [8]. Therefore, for the diagnosis of
EIB, it is important to perform objective testing to confirm
any reversible change in airway function.
Cardiopulmonary exercise tests (CPET) that involve
running on treadmills or pedaling on a stationary bike are
exercise challenges that have been used for EIB diagnosis.
Although these tests are well standardized and widely
used for EIB diagnosis in adults and children older than
8 years, other challenge methods have been suggested as
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surrogates [9]. One of these alternatives to CPETs that
has gained attention recently is the eucapnic voluntary
hyperventilation test (EVH). The EVH methodology was
established in 1984 to test army recruits for EIB [10] and
since then has been used in the clinical setting for the
diagnosis of EIB in athletes. This test requires an athlete
to complete a period of voluntary hyperpnea breathing in
a dry gas mixture (usually 21% oxygen, 5% carbon diox-
ide, and balance nitrogen), that results in desiccation of
the airways, mimicking the osmotic priming stimulus to
EIB [11]. Despite the long history and widespread use of
the EVH test in clinical practice, not enough data exists
in the literature to support its position as the ‘gold stand-
ard’ in the diagnosis of EIB. This meta-analysis sought
to determine the agreement between CPET and EVH in
diagnosing EIB.

Methods
Search Strategy and Study Eligibility Criteria

A systematic search of studies in PubMed and Medline
was performed in April 2018 and updated in March 2019.
Inclusion criteria were: (a) studies reporting information
on the sensitivity and specificity of EVH and CPET where
every study participant had both EVH and CPET tests (b)
and studies including participants aged 8 years and above.
Excluded from selection were review articles, non-peer-
reviewed papers, and conference proceedings. The search
strategy is displayed in Fig. 1. After the initial screening of
the titles from the search database, full text articles of short-
listed abstracts were independently assessed by all authors
(I.H.I, M.G, and A.J) for inclusion in this meta-analysis.
Disagreement on any study selection was resolved by con-
sensus. Quality of included studies was assessed with the

Fig. 1 Study search and selec-
tion process. EVH indicates
eucapnic voluntary hyperven-
tilation test; MCCT indicates

PubMed and Medline searched in
April 2018: 33 citations identified

methacholine challenge test;
MCT indicates mannitol chal-

lenge test
Relevant studies: 12

Studies excluded: 4 EVH only; 1
comparing EVH and MCCT; 1

A

v

comparing EVH with MCT

Short-listed studies: 6

Studies added by reviewing reference
lists of short-listed studies: 3

Search Update in March 2019:

1 additional study (reference 24)

v

1 study removed from quantitative
data synthesis

Studies included in meta-analysis: 9
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Quality Assessment of Diagnostic Accuracy Studies tool
[12] consisting of four key domains: patient selection, index
test, reference standard, and the flow and timing (see data
supplement). The authors adhered to the PRISMA (preferred
reporting items for systematic reviews and meta-analyses)
guidelines [13] for all stages of the design, implementation,
and reporting of this meta-analysis.

Data Extraction and Synthesis

At least 10% decline in FEV | as (with either EVH or CPET)
was considered as a ‘positive’ test result for bronchial hyper-
reactivity. Test results for EVH and CPET were extracted
for each study into two-by-two contingency tables following
the format in Table 1. As neither test was considered as the
‘reference standard’ (to compare one with the other), pooled
positive agreement (a/a+c), and pooled negative agreement
(d/b+d) between the two tests, were calculated, with EVH
benchmarked against CPET, and then, pooled positive and
negative agreements were calculated, with CPET bench-
marked against EVH, using methods outlined in the Statis-
tical Guidance on Reporting Results from Studies Evaluat-
ing Diagnostic Tests by the food and drug administration
(FDA) [14]. The total number of study participants in each
cell (a, b, ¢, d) was converted into percentages of the total
population in each study. This is equivalent to measuring
the sensitivity and specificity of EVH using CPET as the
reference standard [15]. Positive and negative agreements
were meta-analyzed using random effects meta-analysis of
proportions in Meta-DiSc version 1.4, and the results were
presented in a tabular format. Heterogeneity was assessed
with 2 index.

Results

The search identified 33 records, of which 12 were taken
forward to full text assessment. After short-listing studies
and hand-searching their reference lists, which contributed 3
additional studies, and updating the search (updated March,
2019), a total of 9 studies [10, 16-23] were included in this
meta-analysis. These studies contributed enough data to
calculate positive and negative agreement and be included

Table 1 Contingency table of test agreement

CPET positive CPET negative
EVH positive a+/+ b—/+
EVH negative c+ d—/—

EVH indicates eucapnic voluntary hyperventilation test; CPET indi-
cates cardiopulmonary exercise test; a, b, c, d are cell values; + refers
to test positive or test negative

in the meta-analysis. Table 2 outlines the baseline demo-
graphics of the study population as well as the details of the
EVH and CPET tests. Most of the study participants were
males, aged 8 years and above. One study [18] did not report
any positive results with CPET, and two others [10, 22] did
not report any negative results with CPET. Hence, in the
overall pooled analyses, only six studies [16, 17, 19-21,
23] contributed to the pooled estimates. The pooled posi-
tive agreement between EVH and CPET (EVH benchmarked
against CPET, latter as reference) was 0.62 [(95% confidence
interval 0.54-0.70), I 77%], as shown in Fig. 2. The pooled
negative agreement between the tests (EVH benchmarked
against CPET, latter as reference) was 0.61 [(0.56-0.65)),
I? 81%], as shown in Fig. 3. The pooled positive agreement
between CPET and EVH (CPET benchmarked against EVH,
latter as reference) was 0.36 [(0.30-0.42), I? 93%]), as shown
in Fig. 4. The pooled negative agreement between the tests
(CPET benchmarked against EVH, latter as reference) was
0.82 [(0.77-0.86), I 78%], as shown in Fig. 5. Based on
Table 3, the average of positive test results across all stud-
ies with EVH was greater than that of CPETSs (58.84% vs.
39.51%). Heterogeneity was assessed by sub-group and sen-
sitivity analyses. Sub-group analyses based on age (adults or
children), performance level (athletes or non-athletes), and
type of exercise protocol used (treadmill running or bicycle
ergometry) are reported in Table 4a, b and c. Based on these
analyses, the source of heterogeneity observed in the main
analyses could be from the difference in performance level
and type of exercise protocols used, as the 2 studies [17, 23]
on children were mostly homogenous. However, I* index
(showing level of heterogeneity) did not fall below 25% in all
of the sub-group analyses, suggesting that additional sources
of heterogeneity were present which could not be explored
further.

Discussion

This meta-analysis shows that positive agreement between
EVH and CPET (with either model—EVH or CPET as refer-
ence) is poor. While there is some discrepancy between the
two models on negative agreement, the negative agreement
with the first model (CPET as reference) needs to be inter-
preted with caution due to the known false negative rate of
EIB with CPETs. Overall, the results show that because of
poor positive agreement between the two tests, they cannot
be used inter-changeably for ‘ruling out’ EIB (“SnOut”),
but given the high negative agreement (trusting the second
model—using EVH as reference), the two tests would gener-
ate few false positive results for EIB and either test could be
used to ‘rule in’ EIB (“SpIn”). Though not compared statisti-
cally, Table 3 shows that EVH diagnosed more cases of EIB
as compared to CPET. While this may be a safe conclusion
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Table 3 Comparison of test positivity between EVH and CPET

Studies % Positive with EVH % Positive
with CPET
Schmidt (1983) 71 100
Rosenthal (1984) 90 100
Eliasson (1992) 55 10
Rundell (2004) 44.6 29
Dickinson (2006) 71 0
Castricum (2008) 53 11
Pedersen (2008) 31 25
Chateaubriand (2015) 50 55.6
Filho (2018) 28 25
Average 54.84 39.51

from these analyses, in the clinical setting, indications of
each test would differ based on different clinical situations.
Nevertheless, this is the first meta-analysis that has summa-
rized the agreements between EVH and CPET.

Currently, EVH is the recommended bronchoprovoca-
tion test endorsed by the International Olympic Committee
Medical Commission (IOC-MC) to diagnose EIB in Olym-
pic athletes [24]. However, the American Thoracic Society
(ATS) clinical practice guidelines [9] do not state any prefer-
ence of EVH or CPET. Instead the guidelines, recommend
an ‘exercise’—based challenge and terms EVH as a surro-
gate test to diagnose EIB [9]. Although, both IOC-MC and
ATS guidelines use FEV1 as the marker for the diagnosis
of EIB, other measurements such as forced vital capacity
(FVC) and peak expiratory flow rate (PEFR) can be comple-
mentary in the diagnosis of EIB as using only one criterion
could result in an underestimation in the prevalence of EIB
in a certain subset of population. Parsons et al. in a study
using EVH to document EIB in college athletes, showed that
when [25] in a study using EVH to document EIB in col-
lege athletes, showed that when FEV1 was used as the only
criterion for a positive test, the prevalence of EIB was 19%,
but when additional criteria were examined- i.e., decline if
FEV1 by 5%, and decline in PEFR by 20%, the prevalence
increased to 38%.

While it seems intuitive to measure the change in FEV|,
before and after a field- exercise challenge, to diagnose EIB,
difficulties with ‘field’ exercise settings, specifically, inabil-
ity to control alterations in exercise load and intensity and
other ambient conditions, inherently limit the application
of this approach [26]. Therefore, while field-testing may be
specific, it has poor diagnostic sensitivity [21]. Standard-
ized laboratory-based exercise challenges, despite the efforts
to standardize these and their interpretation, may also fail
to properly reproduce the broncho-provocative stimulus
experienced by athletes when practicing in their own sports
environment [27]. It could also be debated whether EVH

represents an appropriate diagnostic test for both athletes
and non-athletes, who might not easily maintain high ven-
tilation rates for a prolonged time. While one of the major
hallmarks of EVH testing in athletes is the ability to achieve
a minute ventilation rate that is somewhat identical to the
demands of high-intensity exercise, the increased ventila-
tion may not reflect real life, i.e., EVH may cause a greater
degree of airway wall desiccation than typical exercise in
normal subjects would. This is particularly important in the
evaluation of EIB in swimmers, in whom the prevalence of
EIB is known to be high [28]. Given the obvious differences
between the dry and cold air during EVH and the humid
and warm environment in the pool setting, even though it
seems that pool-side challenge test would diagnose more
EIB cases, evidence from the studies suggests to the contrary
[16]. Another aspect of EVH that contrasts with CPET is
that in general, in most healthy subjects after a CPET, an
increase in FEV, (of ~10%, physiological bronchodilation)
would normally be expected, therefore, a decrease in FEV,
of at least 10% in any subject would clearly be a signifi-
cant finding. However, it is not entirely clear if a decline of
similar magnitude of FEV after EVH would have the same
physiological significance. This may partly explain why
EVH would diagnose more EIB cases.

Whether or not a cold air or dry air challenge in EVH
should be used, is unclear. At least theoretically, inhalation
of cold and dry air, as compared to warm and humidified air,
would place a greater burden on the airways to warm and
humidify the air quickly. Therefore, inspiration of cold and
dry air during EVH would theoretically increase the likeli-
hood of dehydration in airways. McFadden et al. showed that
8 min of EVH with warm air decreased FEV, to the same
extent as 4 min of EVH with cold air in eight study partici-
pants [29]. In a study by Eliasson et al., EVH maneuvers
while inhaling air either at room temperature or cooled to
— 18 to — 26 °C, showed no difference in FEV, responses
[19].

This meta-analysis has strengths as well as limitations.
In the absence of more robust methods of assessing test
accuracy for EIB, this meta-analysis presents positive and
negative agreements with both EVH and CPET in different
models as the references, as recommended by FDA guidance
[14]. The pooled results from our meta-analysis should be
viewed as ‘exploratory’ in nature. It is also important to note
that test agreement is not a measure of test accuracy as it
neither considers any given test as the ‘true’ test (gold stand-
ard), nor does it consider if both tests, even if they agree, are
‘false’. Instead, by using both tests as references in different
models, different views about the level of agreement between
the tests can be explored and discussed in results. The results
of this meta-analysis show high heterogeneity. We attempted
to explore this high heterogeneity by several sub-group anal-
yses. However, some of the sub-group analyses still showed

@ Springer



490

Lung (2019) 197:483-492

Table 4 Sub-group analyses to explore heterogeneity

(a) Sub-group analysis based on age (adults)

Pooled positive agreement between EVH and CPET (CPET as reference)

Eliasson (1992)

Rundell (2004)

Pedersen (2008)
Castricum (2008)

Pooled positive agreement

0.50 (0.18-0.81)
0.81 (0.63-0.93)
0.25 (0.10-0.46)
0.72 (0.38-0.93)
0.57 (0.45-0.68), I* 85%

Pooled negative agreement between EVH and CPET (CPET as reference)

Eliasson (1992)
Rundell (2004)
Pedersen (2008)
Castricum (2008)
Pooled negative agreement

0.47 (0.37-0.57)
0.70 (0.58-0.80)
0.66 (0.54-0.77)
0.48 (0.37-0.59)
0.57 (0.51-0.62), I> 79%

Pooled positive agreement between CPET and EVH (EVH as

reference)

Eliasson (1992)

Rundell (2004)

Pedersen (2008)
Castricum (2008)

Pooled positive agreement

0.09 (0.03-0.20)

0.52 (0.37-0.68)
0.20 (0.07-0.38)
0.14 (0.06-0.27)
0.23 (0.17-0.30), I* 89%

Pooled negative agreement between CPET and EVH (EVH as

reference)

Eliasson (1992)

Rundell (2004)

Pedersen (2008)
Castricum (2008)

Pooled negative agreement

0.90 (0.78-0.96)
0.90 (0.79-0.96)
0.72 (0.60-0.82)
0.93 (0.81-0.98)
0.85 (0.80-0.89), I 75%

(b) Sub-group analysis based on age (children)

Pooled positive agreement between EVH and CPET (CPET as reference)

Chateaubriand (2015)
Filho (2018)
Pooled positive agreement

0.68 (54-0.80)
0.66 (0.29-0.92)
0.68 (0.55-0.79), I* 0%

Pooled negative agreement between EVH and CPET (CPET as reference)

Chateaubriand (2015)
Filho (2018)
Pooled negative agreement

0.73 (0.57-0.85)
0.84 (0.65-0.95)
0.77 (0.65-0.86), I* 21%

Pooled positive agreement between CPET and EVH (EVH as

reference)

Chateaubriand (2015)
Filho (2018)

Pooled positive agreement

0.76 (0.62-0.87)
0.60 (0.26-0.87)
0.73 (0.60-0.84), I* 8%

Pooled negative agreement between CPET and EVH (EVH as

reference)
Chateaubriand (2015)
Filho (2018)
Pooled negative agreement

0.64 (0.49-0.77)
0.88 (0.68-0.97)
0.72 (0.60-0.82), I 80%

(c) Sub-group analysis based on performance (athletes)

Pooled positive agreement between EVH and CPET (CPET as reference)

Rundell (2004)
Castricum (2008)
Pedersen (2008)

Pooled positive agreement

0.81 (0.63-0.93)
0.72 (0.38-0.93)
0.25 (0.10-0.46)
0.58 (0.45-0.70), I> 89%

Pooled negative agreement between EVH and CPET (CPET as reference)

Rundell (2004

Castricum (2008)
Pedersen (2008)

Pooled negative agreement

0.70 (0.58-0.80)
0.48 (0.37-0.59)
0.66 (0.54-0.77)
0.60 (0.54-0.67), I 79%

Pooled positive agreement between CPET and EVH (EVH as

reference)
Rundell (2004)
Castricum (2008)
Pedersen (2008)

Pooled positive agreement

0.52 (0.37-0.68)
0.14 (0.06-0.27)
0.20 (0.07-0.38)
0.29 (0.21-0.37), I* 89%

Pooled negative agreement between CPET and EVH (EVH as

reference)

Rundell (2004)

Castricum (2008)
Pedersen (2008)

Pooled negative agreement

0.90 (0.79-0.96)
0.93 (0.81-0.98)
0.72 (0.60-0.82)
0.84 (0.77-0.89), I* 82%

(d) Sub-group analysis based on performance (non-athletes)

Pooled positive agreement between EVH and CPET (CPET as reference)

Eliasson (1992)

Chateaubriand (2015)
Filho (2018)
Pooled positive agreement

0.50 (0.18-0.81)
0.68 (0.54-0.80)
0.66 (0.29-0.92)
0.65 (0.53-0.76), I* 0%

Pooled negative agreement between EVH and CPET (CPET as reference)

Eliasson (1992)
Chateaubriand (2015)

0.47 (0.37-0.57)
0.73 (0.57-0.85)

Pooled positive agreement between CPET and EVH (EVH as

reference)
Eliasson (1992)

Chateaubriand (2015)
Filho (2018)
Pooled positive agreement

0.09 (0.03-0.20)
0.76 (0.62-0.87)
0.60 (0.26-0.87)
0.42 (0.33-0.52), I* 96%

Pooled negative agreement between CPET and EVH (EVH as

reference)
Eliasson (1992)
Chateaubriand (2015)

0.90 (0.78-0.96)
0.64 (0.49-0.77)
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Table 4 (continued)

(d) Sub-group analysis based on performance (non-athletes)

Filho (2018)
Pooled negative agreement

0.84 (0.65-0.95)
0.60 (0.52-0.67), I* 88%

Filho (2018)
Pooled negative agreement

0.88 (0.68-0.97)
0.79 (0.71-0.86), I* 82%

(e) Sub-group analysis based on type of exercise test (bicycle ergometer)

Pooled positive agreement between EVH and CPET (CPET as reference)

Eliasson (1992) 0.50 (0.18-0.81)
Rundell (2004) 0.81 (0.63-0.93)
Castricum (2008) 0.72 (0.38-0.93)

0.73 (0.58-0.84), I* 44%
Pooled negative agreement between EVH and CPET (CPET as reference)

Pooled positive agreement

Eliasson (1992) 0.47 (0.37-0.57)
Rundell (2004) 0.70 (0.58-0.80)
Castricum (2008) 0.48 (0.37-0.59)

Pooled negative agreement 0.54 (0.47-0.60), I* 81%

Pooled positive agreement between CPET and EVH (EVH as

reference)

Eliasson (1992) 0.09 (0.03-0.20)
Rundell (2004) 0.52 (0.37-0.68)
Castricum (2008) 0.14 (0.06-0.27)

0.23 (0.17-0.31), I* 92%
Pooled negative agreement between CPET and EVH (EVH as

Pooled positive agreement

reference)

Eliasson (1992) 0.90 (0.78-0.96)
Rundell (2004) 0.90 (0.79-0.96)
Castricum (2008) 0.93 (0.81-0.98)

Pooled negative agreement 0.91 (0.85-0.95), I> 0%

(f) Sub-group analysis based on type of exercise test (treadmill running)

Pooled positive agreement between EVH and CPET (CPET as reference)

Pedersen (2008) 0.25 (0.10-0.46)
Chateaubriand (2015) 0.68 (0.54-0.80)
Filho (2018) 0.66 (0.29-0.92)

0.56 (0.45-0.66), I* 85%
Pooled negative agreement between EVH and CPET (CPET as reference)

Pooled positive agreement

Pedersen (2008) 0.66 (0.54-0.77)
Chateaubriand (2015) 0.73 (0.57-0.85)
Filho (2018) 0.84 (0.65-0.95)

Pooled negative agreement 0.71 (0.63-0.79), I* 40%

Pooled positive agreement between CPET and EVH (EVH as

reference)

Pedersen (2008) 0.20 (0.07-0.38)
Chateaubriand (2015) 0.76 (0.62-0.87)
Filho (2018) 0.60 (0.26-0.87)

Pooled positive agreement 0.55 (0.44-0.65), I 92%
Pooled negative agreement between CPET and EVH (EVH as

reference)

Pedersen (2008) 0.72 (0.60-0.82)
Chateaubriand (2015) 0.64 (0.49-0.77)
Filho (2018) 0.88 (0.68-0.97)

Pooled negative agreement 0.72 (0.64-0.79), I* 60%

EVH indicates eucapnic voluntary hyperventilation test; CPET indicates cardiopulmonary exercise test; I indicates heterogeneity; I* <25% indi-
cates low heterogeneity, 25-70% indicates moderate heterogeneity, and >70% indicates high heterogeneity

high heterogeneity, suggesting that other sources of hetero-
geneity were present that could not be adequately explored,
which is a limitation of this meta-analysis. Aside from what
has been reported, some heterogeneity could also be due
to spectrum bias (studies conducted in different sub-sets
of population with varying levels of prevalence). Accept-
ing these limitations, we believe findings of this first-ever
meta-analysis on test-agreement between EVH and CPET
are qualitatively (if not quantitatively) informative.

In conclusion, the results of this meta-analysis show
poor positive agreement between EVH and CPET but the
negative agreement (using EVH as reference) is high which
means either test can be relied upon for correctly identifying
those without EIB. Future studies should evaluate not only
test-retest repeatability of EVH (especially in those with
mild bronchial hyper-responsiveness), but also determine
the role of EVH in predicting treatment outcome in patients
with EIB.
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