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Interpretation of Eucapnic Voluntary
Hyperventilation in the Diagnosis of
Asthma*
Cpt Kenneth M. Hurwitz, MC, USA; Maj Gregory J. Argyros, MC, USA;
Maj James M. Roach, MC, USA, FCCP;
Ltc Arn H. Eliasson, MC, USA, FCCP; and
Col Yancy Y. Phillips, MC, USA, FCCP

Eucapnic voluntary hyperventilation (EVH) ofdry gas
is a physiologic bronchoprovocation challenge useful
in the diagnosis of asthma. To determine the best pa¬
rameter and threshold for diagnosis and the proper
timing of postchallenge measurements, we reviewed
120 challenges, comparing the decrement from base¬
line in FVC, FEVi, mean forced expiratory flow during
the middle half of the FVC (FEF25-75%), and peak ex¬

piratory flow rate (PEFR) each at 0, 5, 10, and 20 min
postchallenge. After adjustment to a standard minute
ventilation of30 times the baseline FEVi for 6 min, the
mean response by 90 mild asthmatics differed from 30
normal subjects in all four parameters (p<0.0001). In
asthmatics, maximum decline from baseline (meant
SEM) was as follows: FVC, 12.1 ±1.2%; FEVi,
19.7±1.7%; FEF25-75%, 33.5±2.5%; and PEFR,
29.0±1.9%. Normal subjects had a maximum fall as

foDows: FVC, 2.9±0.7%; FEVi, 3.8±0.7%; FEF25-75%,
11.8±2.0%; and PEFR, 11.5±1.0%. Based on compar¬
ison of receiver operator characteristic curves, FEVi
was more accurate than FEF25-75% and equivalent to
FVC and PEFR. A threshold of 10% change or greater

in FEVi had a specificity of 90%, with a sensitivity of
63.3%. A threshold of 15% or greater had a specificity
of 100%, with a sensitivity of 53.3%. The FEVi fell by
10% or more in 55 of 90 asthmatics at 5 or 10 min af¬
ter hyperventilation. Measurements at 0 or 20 min
added two additional positive responses. We conclude
that in the proper clinical setting, subjects whose FEVi
declines by 10% or more at 5 or 10 min after EVH
should be diagnosed as having asthma.

(CHEST 1995; 108:1240-45)

EVH=eucapnic voluntary hyperventilation; FEF25.
75%=mean forced expiratory flow during the middle half
of the FVC; PEFR=peak expiratory flow rate; ROC= re¬

ceiver operating characteristic; Ve=minute ventilation

Key words: asthma; bronchoprovocation; exercise-induced
asthma; hyperventilation

"Dronchoprovocation is a useful clinical tool to con-
-*^ firm airway hyperreactivity in suspected asthmat¬
ics. Because no one method is universally reliable, a

variety of techniques for demonstrating airway hyper¬
reactivity have been employed, including inhalation
challenge with pharmacologic agents, antigen, and
nonisotonic saline solution; exercise; and cold or dry
gas hyperventilation. While methacholine or histamine
inhalation challenges are the most widely used, their
administration is time-consuming, supply of some of
the agents has been erratic, and they may lack speci¬
ficity for asthma vs other conditions.1 General experi-
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ence with the earlier methods of hyperventilation
testing has been limited by the expense of the equip¬
ment needed to cool the inspired gas and maintain
isocapnia. First described in 1985, eucapnic voluntary
hyperventilation (EVH)2 is a simplified method of dry
gas hyperventilation we have found to be economical
and clinically useful. The technique is not widely used,
though, and interpretive strategies may vary.
The purpose of this study was to determine the

proper criteria for judging a normal vs asthmatic
response in subjects undergoing EVH. In particular,
we sought to identify the appropriate demarcation in
the postchallenge spirometry to distinguish between a

group of subjects with mildly symptomatic asthma and
normal controls. To accomplish this, we reviewed the
response to EVH in 90 asthmatics and 30 normal
subjects. We focused on the response in FVC, FEVi,
mean forced expiratory flow during the middle half of
the FVC (FEF25_75%), and peak expiratory flow rate
(PEFR) to establish the most accurate parameter and
threshold of response to help us distinguish between
these groups. In addition, we evaluated the time course
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ofthe response following hyperventilation challenge to
find the optimum time for measurements and perhaps
further simplify the testing procedure.

Methods

Subjects
Challenges for review were recovered from the files of subjects

who participated in one of six research protocols requiring EVH
challenge at our institution between 1987 and 1994.3"8 All asthmatic
subjects were volunteers recruited from the outpatient clinics of
Walter Reed Army Medical Center. Asthmatics were eligible for
participation if they met the American Thoracic Society clinical
criteria,9 including prior demonstration of reversible airway ob¬
struction or an abnormal bronchoprovocation challenge. Most pa¬
tients had been referred to our clinic for exertional dyspnea. Sub¬
jects solicited for study typically had mild symptoms and often
normal results ofbaseline spirometry. Two ofthe studies3'4 excluded
asthmatics who required daily medications. Although four of the
studies3"5,8 enrolled only asthmatic subjects who responded to a

screening EVH challenge, all asthmatics screened for those studies
were included in this review, regardless of their response to EVH.
Exclusionary criteria in all the studies were use of oral corticoster¬
oids, upper respiratory tract infection, or acute exacerbation within
1 month prior to testing, as well as pregnancy or cardiorespiratory
disease other than asthma. Prior to testing, all subjects were asked
to refrain from inhaled bronchodilators for 12 h, and from inhaled
corticosteroids, theophylline, and caffeine for 24 h. Furthermore, to
ensure safety and to identify a group comparable to those who un¬

dergo bronchoprovocation challenge in a clinical setting, only sub¬
jects with a baseline FEVi above 60% predicted were enrolled.
The normal controls were all volunteers without asthmatic

symptoms or any of the exclusionary criteria listed above. All sub¬
jects participated voluntarily and gave written informed consent.
The research was approved by the Walter Reed Army Medical
Center Clinical Investigation and Human Use Committees. Fund¬
ing for the study was provided by the Department of Clinical In¬
vestigation.

Study Design
All available records from EVH trials done under research pro¬

tocols at our institution were reviewed. Data were extracted from
each individual study to include baseline spirometry, challenge
duration and intensity, and postchallenge spirometry at all available
time intervals. Each subject was included only once, even if data
from several EVH challenges from that subject were available.
When subjects had participated in more than one study, the chal¬
lenge using a minute ventilation (Ve) closest to 30 times the base¬
line FEVi was selected.

EVH Challenge Technique
EVH was performed as a single challenge, as described by Phil¬

lips and colleagues.2 A schematic of the apparatus is shown in Fig¬
ure 1. After baseline spirometry (Cybermedic Excel; Louisville,
Colo), subjects hyperventilated a compressed gas mixture of 5%
CO2, balance air in a single challenge. Target Ve was set at 24 to
30 times baseline FEVi per minute for 6 min, depending on the
study protocol. Flow rate was metered by a rotameter (Fischer &
Porter Co; Warminster, Pa) in the inhalational circuit, which
directed the gas through a 3.5-L meteorologic balloon, then to the
mouthpiece. Subjects were coached to maintain their ventilatory
rate so as to keep the balloon half full. Test gas was dry and at room

temperature (22°C). During the posthyperventilation measure¬

ments, the subjects breathed room air. Spirometry was performed
0, 5,10, and 20 min after the end of dry gas administration. At each
time interval, at least two consistent expiratory spirograms were

one-way valves

target balloon

subject
flow meter

needle valve

Figure 1. Schematic of EVH apparatus. Dry gas is metered
through a rotameter, then fills the target balloon. The subject is
coached to maintain a Ve sufficient to keep the balloon half emp¬
tied.

performed and the highest values for FVC and FEVi were

recorded. The values for FEF25-75% and PEFR were selected from
the best test (the test with the largest sum of FVC and FEVi),in
accordance with American Thoracic Society standards.10 Of those
postchallenge values, the one showing the greatest decline from
baseline in each parameter was taken as indicative of the maximal
bronchospastic response. The change was expressed as the percent
decline from baseline to postchallenge level.
To account for slight variations among the protocols in minute

ventilation (24, 25, or 30 times the FEVi ), maximum responses
of each parameter were adjusted assuming a linear relationship
for each individual between the intensity of challenge and the
maximum response, as demonstrated by Argyros et al.11 The results
of each challenge were normalized to a "standard" Ve of 30
times baseline FEVi. For example, the adjusted change in FEVi
was then calculated as follows: dFEVi(adjUsted)=dFEVi(measure(i)
x30/VE/baseline FEVi.

Analysis
Data are expressed as the mean±SEM. The primary response

variable to EVH testing was the percentage decline of each
parameter compared with baseline. Groups were compared using
the two sample t test, and association between respiratory param¬
eters was examined using Pearson's correlation coefficient. All re¬

ported p values are two sided, with p less than 0.05 considered sta¬

tistically significant. Where reported, 95% confidence intervals are

used. Commercially available software was used for statistical anal¬
ysis (Statistix 4.0; Analytical Software; St. Paul, Minn).

Receiver operating characteristic (ROC) curves are presented
comparing spirometric parameters. The ROC curves depict the
true-positive rate (sensitivity) vs the false-positive rate (1 minus the
specificity) at various levels of change in the spirometric measure¬

ments. The area under the curve was estimated using the Wilcoxon
statistic.12 Comparisons between ROC curves were made using the
method of Hanley and McNeil13 and included the correction for
correlation.

Results
Baseline subject demographics are given in Table 1.

The 90 asthmatics ranged in age from 19 to 80 years,
and were 64% male. Of those with data available, 18
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Table 1.Subject Characteristics*

Normal Asthmatic

Table 3.Response to EVH: Maximum Percent Decline
From Baseline (Adjusted for Challenge Intensity)*

Age, yr
Sex, M/F
Tobacco, (pack-yr)
FVC, L
% predicted

FEVi, L
% predicted

34.2±1.2
21/9

7.6±2.0
4.83±0.16
103±1.7
3.81±0.13
98.3±1.9

36.1±1.3
58/32

4.3±1.2
4.39±0.13f
95.2±1.5f
3.29±0.09f
90.9±1.6f

*Values expressed are mean±SEM.

fp<0.05.

of 54 (33%) had a history of tobacco use. Information
was available on medication use in 55 of 90 asthmat¬
ics. Of those with data available, daily or frequent
medications included inhaled P-agonists in 44 of 55
(80%), inhaled corticosteroids in 29 of 55 (53%), oral
theophylline in 3 of 55 (5.5%), and inhaled cromolyn
in 2 of 55 (3.6%). Other asthmatics used only episodic
or seasonal medications. The 30 normal subjects
ranged in age from 25 to 46 years, and were 70% male.
Thirteen of26 (50%) normal subjects reported current
or previous tobacco use. As expected, baseline spirom¬
etry prior to challenge differed between the two

groups. Normal subjects had a baseline FVC ranging
from 88 to 120% of predicted, and an FEVi ranging
from 74 to 121% of predicted. Asthmatics had a base¬
line FVC of 65 to 140% predicted, and an FEVi of 61
to 139% of predicted.
A comparison of challenge intensity is given in Ta¬

ble 2. Target Ve for asthmatics ranged from 36 to 167
L/min, which was 24 to 30 times the baseline FEVi or

15 to 42 times the predicted FEVi. Of the asthmatics,
36 (40%)) were tested at 24 times FEVi, 31 (34%) at 25
times FEVi, and 23 (26%) at 30 times FEVX. The to¬
tal volume of inhaled gas ranged from 213 to 1,001 L.
In normal subjects, target Ve ranged from 77 to 168
L/min, which was 25 to 30 times the baseline FEVi or

22 to 36 times the predicted FEVi. Ofnormal subjects,
7 (23%) tested at 25 times FEVi and 23 (77%) at 30
times FEVi. The total volume of inhaled gas in normal
subjects ranged from 462 to 1,006 L. Ve, Ve per base¬
line FEVi, Ve per predicted FEVi, and total volume
of inhalation were all lower in asthmatics than normal
subjects (p<0.0001). Postchallenge data were available
for 112 subjects at 0 min, 118 subjects at 5 and 10 min,
and 113 subjects at 20 min.

Table 2.Comparison of Challenge Intensities*

Normal Asthmatic

Challenge Ve, L/min
VE/baseline FEVi, min-1
VE/predicted FEVi, min-1
Total volume inhaled, L

110±4.1
28.8±0.4
28.3±0.7
658±25

85.5±2.8f
25.9±0.3f
23.6±0.5f
513±17f

Normal Asthmatic

FVC
FEVi
FEF25-75%
PEFR

2.9±0.7
3.8±0.7
11.8±2.0
11.5±1.0

12.1±1.2f
19.7±1.7f
33.5±2.5f
29.0±1.9f

*Values expressed are mean±SEM.
fp<0.0001.

*VaIues expressed are mean±SEM.
fp<0.0001.

As expected, the mean maximum fall (adjusted for
challenge intensity) was larger in asthmatics than in
normal subjects for all four parameters measured
(p<0.0001), as shown in Table 3. The magnitude of
reactivity was greatest for asthmatics in FEF25-75%,
followed by PEFR, FEVi, and then FVC. A weak as¬

sociation existed between the fall in FEVi after EVH
and the FEVi percent predicted at baseline (r=-0.28,
p=0.008); that is, those asthmatics with a lower percent
predicted prechallenge FEVi had a tendency to be
more responsive to EVH.
ROC curves were used to compare the accuracy of

the four parameters (Fig 2). The accuracy of the test,
expressed as the area under the curve (±SE), was as

follows: 0.84±0.04 for FEVi; 0.84±0.04 for PEFR;
0.82±0.04 for FVC; and 0.77±0.04 for FEF25-75%.
FEVi was more accurate than FEF25_75% (p=0.018),
but equivalent to PEFR and FVC (p>0.4).
ROC curves were also used to determine the

threshold for diagnosis using the maximum response in
each parameter. For a specificity of90% or greater, the
following integral values of thresholds (and their asso¬

ciated sensitivity/specificity in parentheses) were iden¬
tified: 5% fall in FVC (66.7%/90%), 10% fall in FEVi
(63.3%/90%), 20% fall in PEFR (66.7%/93.3%), and
25% fall in FEF25-75% (56.7%/90%). A specificity of
100% was achieved in our group with a threshold of
14% change in FEVi, yielding a sensitivity of 53.3%.
The curve for FEVi with a range ofthresholds is shown
in Figure 3.
The time course to maximum response in asthmat¬

ics is depicted in Figure 4. Peak response occurred at
a median time of5 min for FVC, FEVi, and FEF25_75%,
and at 10 min for PEFR. As measured by FEVb 10
asthmatics had their maximum response at 0 min, 48
at 5 min, 21 at 10 min, and 11 at 20 min. Cumulatively,
79 of 90 (87.8%) asthmatics reached their maximum
FEVi response by 10 min. Using 10% or greater as a

threshold for a diagnostic FEVi response, 33 asthmat¬
ics had their first positive response at 0 min, 20 at 5 min,
2 at 10 min, and 2 at 20 min (Fig 5). The two subjects
who did not have a positive response until 20 min had
a greater than 9% response in FEVi by 10 min. All of
the asthmatics with positive responses at 0 min also had
positive responses at 5 or 10 min.

1242 Clinical Investigations
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Figure 2. ROC curves showing maximum response to EVH in
asthmatics. The area under each curve is shown in parentheses. The
accuracy ofFEVi is greater than FEF25-75% and equivalent to FVC
and PEFR.

10 20 30 40 50 60 70 80 90 100

1 SPECIFICITY (%)
Figure 3. ROC curve showing decline in FEVi after EVH. The
percent decline of FEVi from baseline is shown in parentheses. At
a threshold of 10% fall in FEVi, specificity is 90% and sensitivity
is 63.3%.

Discussion

The diagnosis of asthma in a patient with suggestive
symptoms is, foremost, a clinical one. When the diag¬
nosis is less certain, tests of airway hyperreactivity can
be useful in identifying patients with abnormal bron¬
chomotor responsiveness. The limitations of the tests
must be recognized, though, in that none of the com¬

monly used techniques of bronchoprovocation are

universally accurate. Inhaled pharmacologic provoca¬
tion with methacholine or histamine, though sensitive
and widely applied, is recognized to result in nonspe¬
cific bronchial hyperreactivity.1 Exercise is a more

physiologic challenge, but it is notoriously insensitive.14
Hyperventilation with dry or cold dry air has more

sensitivity than exercise, and perhaps more specificity
than the pharmacologic challenges.15 Physiologically,
hyperventilation tests are appealing in evaluating ex¬

ercise-induced asthma.
Our study sought to refine the interpretation of

EVH in the diagnosis of asthma. Several limitations
warrant discussion. First, the normal subjects and
asthmatics in our study group differed in a number of
ways. Baseline flows and volumes were lower in asth¬
matics than in normal subjects. In part, this is explained
by mild resting obstruction in the asthmatics. How¬
ever, a larger proportion of female subjects and a

slightly higher mean age among the asthmatics also
contributed to lower mean predicted values. Because
of this, the normal subjects on average underwent a

more intense challenge than the asthmatics.
Second, the intensity ofthe challenge varied slightly

in different protocols as we gained more experience
with the test. In this analysis, we attempted to adjust

for variations in the intensity of hyperventilation by
standardizing to a target Ve of 30 times the baseline
FEVi. Ongoing work at our institution has shown that
there is a linear relationship within individual asth¬
matics between bronchospastic response and respira¬
tory heat and/or water exchange expressed as the
challenge duration times Ve/FEVi over a narrow range
of Ve.11 We feel comfortable normalizing for a Ve
within the range of 24 to 30 times FEVi. We do not
have similar evidence for normal subjects who may not

respond any differently to challenges of varying inten¬

sity, but we empirically adjusted their responses in a
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Figure 4. Mean maximum response over time after challenge with
EVH for four spirometric parameters in asthmatics.
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10 15 20 25

TIME AFTER CHALLENGE (minutes)
Figure 5. Time to positive (^10%) response in EVH. At each time
interval, the number of asthmatics reaching their first positive re¬

sponse (lower) and cumulative number of responders (upper) is
shown. Numbers in parentheses show the percentage of asthmat¬
ics who have reached a positive response by that time interval.

similar fashion. The correction factor was small, how¬
ever, altering our interpretation of thresholds by
approximately 1% compared with unadjusted data.
The problematic adjustment of the results based on

challenge technique highlights the need for a standard
challenge.

Third, dosing the challenge by measured FEVi
naturally resulted in a wide range of challenge inten¬
sities. We set the Ve of all EVH challenges as a mul¬
tiple of the measured baseline FEVi in order to give
proportional dosing depending on the ventilatory
capabilities of each individual. It seems reasonable to

adjust the intensity of this physiologic bronchocon¬
strictive stimulus based on physical parameters. Hy¬
perventilation challenges the heat and water exchange
capacities of the airways. That exchange occurs across

the exposed surface of the respiratory mucosa, which
is reasonably proportionate to FEVi (or FVC). A fixed
challenge for persons ofvarying age and size would not
be equivalent in terms of water lost per unit of respi¬
ratory mucosal surface. The concept of dose per unit
area could also be expected to apply to pharmacologic
inhalation challenge. However, the range of dosing is
so great with pharmacologic agents (1,000-fold from
start to maximum dose of methacholine) that the two¬
fold or threefold difference in human dimensions is

inconsequential. A further advantage ofindividualizing
the challenge is the added safety in those with less
respiratory reserve.

Our first goal in this study was to identify the spiro¬
metric parameter most distinctly altered by EVH.

Analysis by ROC curves showed FEVi to be slightly
more accurate overall than FEF25_75% in distinguishing
normal subjects from asthmatics. However, PEFRs,
which are more related to effort than the other
parameters, were just as discriminating as FEVi in this
well-motivated group. Clearly, the four parameters
studied are closely interdependent, and any one of
them could reasonably be used to judge response. The
trend favored FEVi and confirmed the usual clinical
practice.

As to the appropriate threshold value for FEVi re¬

sponse, a requirement for a 20% fall, as commonly
used for the pharmacologic challenges, is inappropri¬
ate when applied to EVH. While this degree of
response is highly specific, it will miss many clear cases

of asthma. The importance of avoiding false-positive
results will vary according to the implications of mak¬
ing such a diagnosis. Certainly one can afford a small
loss in specificity if the result is a trial of bronchodila¬
tors. If the result of a positive test result is denial of
insurance or employment, however, perhaps a higher
threshold would be more appropriate. For general use,
we recommend a threshold of 10% or greater fall in
FEVi. In our study, this gave a sensitivity of 63% with
a specificity of 90%. Convenient alternative thresholds
would be a fall of 5% in FVC, 20% in PEFR, or 25%
in FEF25-75%. In circumstances where avoiding a false
diagnosis is paramount, a threshold of15% fall in FEVi
is remarkably specific for asthma.

After analysis ofthe time course ofresponse to EVH,
we believe that it is possible to reduce the number of
postchallenge measurements to even further simplify
the testing procedure. Our subjects showed a consis¬
tent peak in bronchoconstriction between 5 and 10 min
postchallenge. Blackie and colleagues16 have previ¬
ously shown that the time course of response to

hyperventilation is related to the intensity and duration
of the dose. With a standardized 6-min challenge,
however, we should be able to eliminate the 20-min
posthyperventilation measurement while sacrificing
little sensitivity. Additionally, unless the volume history
of the first postchallenge spirometry result affects
subsequent measurements, we would sacrifice very
little by omitting the immediate postchallenge mea¬

surement. In fact, if deep inspiration after induced
bronchoconstriction causes lessening of the induced
response, as suggested by Lim and colleagues,17 then
there may be a greater sensitivity at 5 or 10 min if the
first measurement is omitted. Advantages to taking
fewer measurements include smaller effects of fatigue,
particularly in less-motivated subjects, as well as a

lesser requirement for technician time.
As performed in our trial, EVH is easy to adminis¬

ter. While a full methacholine challenge in our labo¬
ratory requires 45 min or more of technician time, an

EVH challenge can be completed routinely within 30
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min. As described above, we use a single 6-min chal¬
lenge rather than an escalating dose, as is done with
methacholine, and in some centers with dry gas. De¬
spite possible concerns about overdosing very sensitive
subjects, we have had no adverse results in those with
mild asthma who would typically be subjected to EVH
as a diagnostic test. Additionally, division of the chal¬
lenge into smaller increments of hyperventilation has
been shown to induce a lesser degree of reactive
bronchoconstriction, likely due to the development of
overlapping refractory periods.8
Our experience with EVH confirms its usefulness as

a bronchoprovocation test that can be used when the
diagnosis of asthma is uncertain. The accuracy of the
test compares well to the more commonly used inha¬
lation challenges when the threshold fall in FEVi is set
at 10%. Practicing physicians will certainly adjust this
based on the implications of the result, but must rec¬

ognize that a threshold of 15 or 20% change is too

stringent for many clinical scenarios. Standardization
of the challenge technique is vital to widen applicabil¬
ity. We believe a single intense episode of hyperven¬
tilation followed by spirometry at 5 and 10 min

postchallenge is adequate to accurately differentiate
between asthmatics and nonasthmatics. With careful
attention to technique, EVH can be an economic
alternative to pharmacologic inhalation in clinical
practice.
ACKNOWLEDGMENT: The authors gratefully acknowledgeRobin Howard for her assistance in statistical analysis.
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