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Abstract

We hypothesized that hyperresponsiveness in asthma is
caused by an impairment in the ability of inspiration to
stretch airway smooth muscle. If the hypothesis was correct,
we reasoned that the sensitivity to inhaled methacholine in
normal and asthmatic subjects should be the same if the
challenge was carried out under conditions where deep in-
spirations were prohibited. 10 asthmatic and 10 normal sub-
jects received increasing concentrations of inhaled metha-
choline under conditions where forced expirations from a'
normal end-tidal inspiration were performed. Whenno deep
inspirations were allowed, the response to methacholine was

similar in the normal and asthmatic subjects, compatible
with the hypothesis we propose. Completely contrary to our

expectations, however, was the marked responsivity to
methacholine that remained in the normal subjects after
deep breaths were initiated. 6 of the 10 normal subjects had
> 20% reduction in forced expiratory volume in one second
(FEV 1) at doses of methacholine < 8 mg/ml, whereas there
was < 15% reduction with 75 mg/ml during routine chal-
lenge. The ability of normal subjects to develop asthmatic
responses when the modulating effects of increases in lung
volume was voluntarily suppressed suggests that an intrinsic
impairment of the ability of inspiration to stretch airway
smooth muscle is a major feature of asthma. (J. Clin. Invest.
1995. 96:2393-2403.) Key words: asthma * airway hyperre-
sponsiveness * airway smooth muscle * pulmonary mechanics

Introduction

In 1961, Nadel and Tierney showed that while a deep inspiration
did not alter airway resistance measured at functional residual
capacity in the control state, it always reduced it for 1-2 min
when bronchoconstriction was present (1). In 1981, Fish et al.
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1. Abbreviations used in this paper: r, time constant; DI, deep inspira-
tion; FEV,, forced expiratory volume in one second; FVC, forced vital
capacity; IVC, inspiratory vital capacity; Mch, methacholine; MMEF,
mid maximal expiratory flow; PC, provocative concentration; RV, resid-
ual volume; TLC, total lung capacity.

confirmed the findings of Nadel and Tierney in nonasthmatic
subjects following a challenge with methacholine (Mch),' but
the effect of a deep inspiration was much less in asthmatic
subjects (2). Fish et al. felt that there was an intrinsic means
of regulating bronchomotor tone by active changes in lung vol-
ume in normal subjects, but the mechanism was somehow im-
paired in asthma. They suggested, "that airway hyperreactivity
in asthma is perhaps less a reflection of enhanced end-organ
responsiveness than a reflection of this impaired capacity." The
observations of Nadel and Tierney and Fish et al. in normal
subjects could be explained by the stretch of constricted airway
smooth muscle causing a transient reduction in smooth muscle
tone (3). Fish et al. suggested that the major problem in asthma
might be an impairment in the ability of inspiration to stretch
the airway smooth muscle (3, 4). This was in keeping with the
findings of Colebatch et al. in 1973 (5) who observed that there
was a much smaller decrease in pulmonary resistance with lung
inflation in asthmatic than healthy subjects; and they suggested
that this was due to an "increased rigidity of the airways." In
1974, Green and Mead speculated that "perhaps in patients
with asthma maximal inspiration is unable to dilate the airways
completely," (6).

If the hypothesis of Fish et al. were correct, normal subjects
should respond like asthmatic subjects to airway smooth muscle
constrictors if the challenge could be carried out under condi-
tions where the bronchodilating effects of deep inspiration in
the normal subjects could be suppressed. This is a corollary of
the hypothesis of Fish et al., and the testing of this corollary
was the aim of the present study.

Wemeasured the response to increasing concentrations of
Mch in both normal and asthmatic subjects in a protocol where
deep breaths were prohibited so that lung volumes never in-
creased above the volume at a normal end-tidal inspiration.
Under these conditions the response to increasing concentra-
tions of Mch was similar in the normal and asthmatic subjects,
compatible with the corollary hypothesis. What was especially
surprising and provocative was that the effect of Mch in the
normal subjects was markedly exaggerated even after deep
breaths, as in asthma, after the prolonged inhibition of deep
breaths during the challenge; whereas, we had expected a com-
pletely normal response once the deep breaths were initiated in
the normal subjects. The ability of normal subjects to develop
asthmatic responses when the modulating effect of increases in
lung volume was voluntarily suppressed for prolonged periods
of time suggests that the intrinsic impairment of the same modu-
lating effect in asthma may be a major feature of the disease.

Methods

This study was approved by the Institutional Review Board of the Johns
Hopkins Bayview Medical Center. Informed, written consent was ob-
tained from each subject before enrollment.
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Table L Demogrpahics and Baseline Characteristics of Asthmatic and Normal Subjects

Skin test FEV, % FVC %
Subject Age Gender reactivity predicted predicted FEV,/FVC Mch PC20* Medications

Asthmatics
1 37 M + 69 70 0.76 0.13 pmr /-agonist, pm theophylline
2 26 M + 49 65 0.65 0.07 /3-agonist
3 39 F + 81 87 0.77 0.21 pm /3-agonist
4 32 M + 96 102 0.80 0.21
5 24 M + 48 81 0.51 0.02 /-agonist
6 30 F + 74 92 0.69 0.14 /3-agonist, theophylline
7 34 M + 62 84 0.62 0.57 /3-agonist
8 26 M + 86 100 0.74 0.08 /3-agonist
9 36 F + 67 73 0.77 0.97

10 41 F + 97 105 0.77 0.50

Mean 32.5 72.9 85.9 0.71 0.29
SD 5.9 17.4 13.9 0.09 0.30

Normals
11 33 M - 99 111 0.76 > 75
12 33 M + 109 114 0.81 >75
13 28 M + 106 108 0.84 > 75
14 26 F - 85 87 0.84 > 75
15 47 F - 95 101 0.78 > 75
16 31 M - 125 131 0.82 > 75
17 25 F - 94 99 0.83 > 75
18 36 M - 94 102 0.78 > 75
19 49 F - 73 76 0.78 > 75
20 32 F + 97 94 0.88 > 75

Mean 34 97.7 102.3 0.81 > 75
SD 8.1 13.9 15.2 0.04 0

* mg/ml. pm, as needed.

Subjects
We studied 10 asthmatics and 10 nonasthmatics ranging in age from
24 to 49 yr old (Table I). Asthmatic subjects fulfilled the diagnostic
criteria of the American Thoracic Society (7) and were randomly se-
lected from a large database of allergic/asthmatic individuals recruited
from the community by radio/newspaper advertising. Nonasthmatic
subjects were all employees of Johns Hopkins University. They reported
no symptoms consistent with asthma and had never received the diagno-
sis of asthma from a physician. All subjects were screened by completing
an asthma symptom questionnaire and undergoing allergy skin testing
and routine Mch inhalation challenge. There was no significant differ-
ence in the mean age of the two groups. All 10 asthmatic subjects had
multiple positive skin prick tests to common allergens and reacted to
Mch with a provocative concentration (PC20) < 1 mg/ml. The asthmatic
subjects had significantly lower forced expiratory volume (FEVy)%
predicted, forced vital capacity (FVC)% predicted, and FEVI/FVC
compared to the normal subjects (P < 0.002, P < 0.02, and P < 0.01,
respectively). Three of the nonasthmatic subjects had positive skin prick
tests but not related to any upper or lower respiratory symptoms. All
of the normal subjects received the highest concentrations of Mch in
the challenge (75 mg/ml) with no more than 15% reduction in FEV1.
All subjects were nonsmokers, had been free of upper respiratory infec-
tion for at least 4 wk before evaluation, and abstained from caffeine on
Mch challenge testing days. Asthmatic subjects withheld all asthma
medications before being studied (48 h for theophylline preparations
and 8 h for inhaled /3-agonists).

Study design
The study required a total of two visits to the laboratory. On one visit,
all subjects underwent a screening evaluation as described above.

Routine methacholine challenge. As part of the screen, Mch chal-
lenge was conducted routinely; i.e., measurements of FEV1 and FVC
were made 3 min after inhalation of a diluent (a combination of sodium
chloride, sodium phosphate, potassium phosphate, and phenol) followed
by bronchoprovocation with Mch. The initial concentration of Mch was
0.025 mg/ml and the concentration was increased in approximately half-
log increments (0.025, 0.075, 0.25, 0.75, etc.) until a 20% decrease in
FEV1 from diluent values was obtained or until the maximum concentra-
tion, 75 mg/ml, was delivered. The provocative concentration of Mch
causing this fall was calculated by interpolating the dose-response curve.
Each concentration of the challenge solution was inhaled with five deep
breaths from functional residual capacity to total lung capacity (TLC).
The inhalation of Mch was made using a Rosenthal-French dosimeter
(0.6-s actuation) and a DeVilbiss 646 nebulizer (DeVilbiss Co., Somer-
set, PA). At each dose level, a minimum of three reproducible forced
expirations from TLC were performed, and the expiration with the
highest FEV, was used for analysis.

Modified methacholine challenge. On another visit, a modified Mch
inhalation challenge was carried out. In the beginning, all subjects per-
formed three reproducible consecutive maneuvers consisting of a forced
expiration from end-tidal inspiration to residual volume (RV) (partial
expiration) followed immediately by a deep inspiration to TLC and
then, without breath holding, a forced expiration to RV(maximal expira-
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-Figure 1. Example of a spirographic tracing (A) and a flow-volume
curve (B) depicting the combination (partial followed by maximal)
forced expiratory maneuver. After a series of three tidal breaths, subjects
exhale forcefully from end-tidal volume to residual volume, then inhale
to total lung capacity (TLC) and immediately exhale forcefully to resid-
ual volume. (RVp) Residual volume after the partial expiratory maneu-
ver; (RVM) Residual volume after the maximal expiratory maneuver;
[RV(P - M) I The difference in residual volumes between that obtained
after the partial expiratory maneuver and that after the maximal expir-
atory maneuver.

tion) (Fig. 1). The partial and maximal forced expirations could be
displayed as volume versus time (Fig. 1 A) or flow versus volume
(Fig. 1 B). A Collins water-sealed spirometer (Warren E. Collins, Inc.,
Braintree, MA) with an attached potentiometer provided a voltage signal
that was processed by a digital computer for the volume-time and flow-
volume data. After these three partial and full maneuvers, here onto
referred to as combination maneuvers, deep inspirations were prohibited
during the entire time of the modified Mch challenge (We prohibited,
but did not monitor, so we do not know whether occasional deep breaths
or sighs occurred, but we saw no evidence that the participants were
not following the instructions.). The modified challenge started with
three partial forced expirations from end-tidal inspiration to RY. These
were used as baseline for the subsequent steps of the Mch challenge.
Each partial forced expiration to RV was followed by normal tidal
breathing. Subjects then underwent Mch provocation with the diluent
as the first dose. Each dose was administered as five tidal breaths from
the dosimeter and nebulizer. 3 mmnlater, three forced expirations from
end-tidal inspiration were carried out as in the baseline partial forced
maneuvers.

The modified challenge used the same starting concentrations and
increments of Mch as the routine challenge. Wemonitored the change
in pulmonary function by using the ratio of the volume expired during
the partial forced expiration in 1 s divided by the total volume of the
partial expiration (partial FEVI/FVC). For each dose level, the partial
maneuver with the highest REV1 and that with the highest FVC were
used to determine the partial FEVI/FVC. We used the ratio of the
volume expired in 1 s to the total volume expired during the partial
maneuver rather than either absolute volume alone, because we were
concerned that the absolute volumes were dependent on the end-tidal
volume that was under the voluntary control of the subject. In both the
normal and asthmatic subjects, we usually administered Mch until the
partial FEV1/FVC fell to a value between 0.55 and 0.5. If uncomfortable
chest symptoms occurred before this level was reached, we gave no
further inhalations of Mch. After the highest dose of Mch was reached,

the subject repeated the three combination maneuvers that had been
previously performed prior to the challenge.

Lung function analysis during the modified methacholine challenge:
the i- index. While we monitored the change during the modified Mch
challenge by the change in the partial FEVIFVC, we did not use this
value when we analyzed the dose-response relations. Although this ratio
decreases as airway constriction increases, the quantitative relation be-
tween the degree of bronchoconstriction and a specific change in the
ratio is very complex. On the other hand, the time relations of a forced
expiration are more suitable for quantitative analysis (8, 9). Wechose
to assess the time relations of the partial forced expirations from the
reciprocal of the partial mid maximal expiratory flow (MMEfF) FYC.
(The time relations of the partial forced expiration could also have
been made from the reciprocal of FEVI /FVC. As bronchoconstriction
increases, the portion of the forced expiration covered by the volume
expired in one second progressively decreases, but the MMEF/FVC
always covers the middle portion of the forced expiration.) This ratio
was determined from the highest MMEFand the highest FVC from the
three reproducible partial expiratory curves. The reciprocal of MMEF/
FVC is exactly equal to twice the time taken to expire the middle half
of the forced expiration. If the reciprocal is multiplied by a specific
constant (0.5/11n), the resulting index is the reciprocal of the mean
slope of the flow-volume curve between 25 and 75% of the forced
expiration. This reciprocal slope is in units of time and can be considered
the average time constant (Tr) of the middle portion of the forced expira-
tion (10). This index (Tr) is directly related to the product of the average
values of lung compliance and resistance to flow between the alveoli
and the site of flow limitation in the airways (10, 11I). Since the baseline
values of i- were different in the asthmatic and normal subjects, we
used the fractional change in r from baseline (the ratio of the difference
between r at a specific dose of Mch and -r at baseline relative to the
baseline T) as our primary outcome value (this is the percent change
divided by 100).

Evaluation of changes in residual volume. Weassumed that TLC
remained constant during challenge ( 12). Wealso assumed that changes
in the volume inspired from RV to TLC, the inspiratory vital capacity
(IVC), are equal to the changes in RV that occurred during the period
of challenge where deep breaths were prohibited and that, after deep
inspiration maneuvers, the changes in FVC were equal to the changes
in RV. The change in IVC was measured as follows: from each combina-
tion maneuver the difference in the RV between the partial and the
maximal expiration [RV (P - M)]I was calculated from the flow-volume
curves (Fig. 1 B). The IVC was measured by subtracting RV(P - M)
from FVC (Fig. 1 A). In the initial combination maneuvers, the average
RV(P - M) from the three reproducible curves was subtracted from
the average FVC for the measurement of IVC. The IVC for each of the
three combination maneuvers that was performed after the highest dose
of Mch was calculated independently.

Evaluation of changes in isovolume flow. With the assumption of
constant TLC, we linearized the flow-volume curve by a straight line
from RV with a slope of 1 Ir. The decrease in isovolume flow is then
a function both of the increase in i- and the increase in RV. The ratio
of flow at the highest Mch dose to the flow at baseline at a forced
expired volume one-half of the baseline FVC (from TLC) was the index
used. This ratio was estimated both for the partial maneuver (R,'.5p)
and the first maximal breath (R4~.5m) from the combination maneuvers.

Statistical analysis. Within and between group comparisons of base-
line values, of the effect of Mch during the modified Mch challenge
protocol, and of the effect of a deep breath following the modified Mch
challenge protocol, were performed using two-tailed, paired or unpaired
Student's t test, respectively.

Two-way ANOVAwith group (asthmatics versus normals) and
breath (1 st, 2nd, 3rd) main and interactive effects was used to compare
differences between the three full breaths that followed the highest dose
of Mch in the modified challenge. If significance was obtained with
ANOVA, post hoc analysis using Dunnett's t test was done.

Data are presented in the figures and tables as mean±SEMexcept
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Table I. Mean Pulmonary Function Values ±SEMat Baseline and at the End of the Methacholine Challenge in the Modified
Methacholine Provocation Protocol

Maximal forced expiratory maneuvers Partial forced expiratory maneuvers

Normals Asthmatics Normals Asthmatics
Variable (n = 10) (n = 10) P value Variable (n = 10) (n = 10) P value

Baseline
FEVI/FVC 0.809±0.014 0.708±0.023 < 0.002 FEVI/FVC 0.743±0.02 0.598±0.032 < 0.002
r BM (s) 0.574±0.034 0.954±0.098 < 0.002 T Bp (s) 0.819±0.063 1.491±0.162 < 0.002
V.5 BM (liter/s) 4.044±0.384 2.145±0.245 < 0.001 V.5 Bp (liter/s) 3.218±0.403 1.485±0.186 < 0.002
FEVI (liter) 3.773±0.386 2.665±0.192 < 0.02
FVC (liter) 4.689±0.496 3.754±0.029 NS
IVC (liter) 4.851±0.518 3.868±0.199 NS

After highest methacholine dose
FEVI/FVC 0.682±0.02 0.622±0.022 NS FEVI/FVC 0.528±0.021 0.494±0.025 NS
-r AM (s) 0.924±0.063 1.314±0.097 < 0.002 r Ap (s) 1.903±0.131 2.018±0.127 NS
V.5 AM (liter/s) 1.374±0.356 0.823±0.133 NS V.5 Ap (liter/s) 0.588±0.143 0.541±0.067 NS
FEVI (liter) 2.473±0.399 1.822±0.161 NS
FVC (liter) 3.587±0.532 2.937±0.234 NS
IVC (liter) 3.416±0.501 2.986±0.213 NS

The left panel values (maximal maneuvers) derive from the segments of the protocol that preceded and followed the methacholine challenge. In
these segments, full breaths were performed as part of the partial/maximal combination maneuvers which are described in the method section and
in Fig. 1. The right panel values derive from the segment of the protocol during which increasing doses of methacholine were given and deep
breaths were prohibited (partial maneuvers). P values derive from the comparisons between normals and asthmatics. r BM: T from baseline maximal
maneuver; r AM: T from first maximal maneuver after the highest dose of methacholine; T Bp: T from baseline partial maneuver; r Ap: r from
partial maneuver after the highest dose of methacholine; V.5 BM: flow on first maximal maneuver at baseline at a volume 50% of the maximal
effort baseline FVC (from TLC); V.5 AM: flow on first maximal maneuver after the highest dose of methacholine at a volume 50% of the maximal
effort baseline FVC (from TLC); V.5 Bp: flow on partial maneuver at baseline at a volume 50% of the maximal effort baseline FVC (from TLC);
V.5 Ap: flow on partial maneuver after the highest dose of methacholine at a volume 50% of the maximal effort baseline FVC (from TLC).

for Table I where standard deviations were used. To analyze and depict
the methacholine doses, geometric means were used.

Results

The mean baseline measurements and those following the high-
est concentration of Mch during the modified protocol are
shown in Table II. Two types of data are indicated: those that
were obtained during the period where deep inspiration (DI)
was prohibited and those where measurements for both the
baseline and the response to Mch were obtained from the combi-
nation maneuvers that required full breaths from RV to TLC
(IVC) and/or from TLC to RV (FVC).

Weattempted to give a dose of Mch that reduced the partial
FEV,/FVC in all subjects to approximately the same level,
and this we essentially achieved. The partial FEVI/FVC at the
highest dose of Mch in the asthmatics was not significantly
different from the value in the normal subjects, and r reached
a value in both groups that was virtually identical (Table II).
To reach essentially the same endpoint required a significantly
greater dose of Mch in the normal subjects than the asthmatics
(geometric mean+SEMof the final concentration of Mch for
normal subjects: 10.8+1.41 mg/ml; for asthmatic subjects:
0.39±1.47 mg/ml, P < 0.0001). The baseline partial FEVI/
FVCwas significantly greater in the normal than the asthmatic
subjects and the partial T, significantly less (P < 0.002). Thus,
the fractional response in ir was considerably greater in the
normal subjects (P < 0.005). Considering response a function
of fractional change rather than end-point reached, the greater

fractional change in the normal subjects is in keeping with the
greater dose of Mch.

The response of the normal and asthmatic subjects during
the prohibition of DI was compared by examining the fractional
change in r at the same dose level in both groups. Both groups
could be compared up to the level of 0.25 mg/ml. This level
was reached by all of the normal subjects and by 9 of the 10

Table I11. Mean Fractional Changes in the Index

Methacholine concentration (mg/ml)

Diluent 0.025 0.075 0.25

Normals (N)
0.042±0.026 0.038±0.056 0.128 ± 0.043 0.245±0.065
n = 10, NS n = 10, NS n = 10, p < 0.03 n = 10, P < 0.01

Asthmatics (A)
0.040±0.048 0.032±0.029 0.113±0.041 0.263±0.058
n = 10, NS n = 10, NS n = 9, P < 0.07 n = 9, P < 0.005

N-A
0.002±0.053 0.006±0.065 0.015±0.060 -0.018±0.088

NS NS NS NS

Mean fractional changes ±SEMfrom baseline in the index r after diluent and
after the first three doses of methacholine, in the course of the modified methacho-
line provocation (r after each step minus r at baseline divided by r at baseline).
The data derive from the partial maneuvers performed in the course of this protocol
(deep breaths prohibited). Within group statistical comparisons are against 0. N
- A: difference between normals and asthmatics.
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dose, there was a significant fractional increase in r in the
normal subjects by the two-tailed t test and a significant frac-
tional increase in r in the asthmatic subjects by the one-tailed
t test, but there was no difference between the groups. At 0.25
mg/ml, there was a significant fractional increase in both groups

_ awoWsubpeM T by the two-tailed test, and again there was no difference between
the two groups. Also shown in Fig. 2 is the mean fractional
change in r at the geometric mean level of the highest dose
reached.

The effectiveness of DI in decreasing the response produced
by the highest level of Mch was made by comparing the change

_________Om __75 ____7_5 ___ from baseline in either r or RVthat occurred during the period
0*250*75 ¢25 Q5 L 25of prohibition of DI to the change from baseline measured after

concentrtono hadmethahone (mg/m) the first full breath that followed the prohibition of DI. From
the changes in r and RV, R4.5p and R4.5M were also calculated.

-e2. Dose response curves of the methacholine-induced fractional The fractional change from baseline in was significantly
es in the index T from baseline (r after methacholine minus T at

ne divided by r at baseline) in the normal and in the asthmatic reduced by DI only in the normal subjects (Fig. 3). Similarly,
:ts, during the modified methacholine challenge protocol (deep the change in RV was significantly reduced by DI only in the
is prohibited). Values represent means±SEM. In addition to the normal subjects (Fig. 4 A). However, in the normal subjects,
s at each concentration of methacholine, the figure depicts the T was still significantly elevated over baseline and a large in-
ge fractional change in r at the geometric mean of the highest crease in RV (average of 1.1+0.18 liter) remained even after
ntration of delivered methacholine for the normal and the asthma- DI. When the change in RV was considered as a fractional
)ups independently. The horizontal error bars of these values repre- change of the baseline FVC, again there was a significant effect
he SEMof the highest concentration of methacholine delivered to of DI in reducing the change only in the normal subjects (Fig.
subject group. 4 B). Finally, if the difference in the change in RV produced

by DI (ARVp - ZARVM) was considered as a fraction of the
change in RVproduced in the absence of DI (ARVp), the effect

natic subjects. The results are summarized in Table III and of DI on this ratio [(ARVp - ARVM)/L\RVp] was significantly
g. 2. > 0 only in the normal subjects (Fig. 4 C).
{either the asthmatics nor the normal subjects responded The effect of DI was an increase in Rv'.5 (a reversal of
e diluent or the 0.025 mg/ml dose. For the 0.075 mg/ml the Mch-induced decrease in isovolume flow) in the normal

NORMALSUBJECTS ASTHMATICSUBJECTS

i
I

T

I

maximal maneuver partial maneuver maximal m

Figure 3. Modified methacholine
challenge protocol: comparison be-
tween partial and maximal expiratory
maneuvers performed after the high-
est dose of methacholine. Individual
data and means±SEMfor the normal
and the asthmatic subjects are de-
picted. The outcome variable is the
methacholine-induced fractional
change in the index r from baseline
(r after methacholine minus ir at
baseline divided by r at baseline).
The left values on each panel are the
differences between 'TA, and TB, di-
vided by TB,. The right values are

T the differences between TAM and
STBM divided by TBM (see the legend

of Table II for explanation of these
terms). * P < 0.05 between the
maximal and the partial maneuvers

aeuver in the normal subjects.
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Figure 4. Modified methacholine challenge protocol: the
effect of deep inspiration on the change in residual volume
at the highest dose of methacholine in relation to baseline
residual volume. Individual data and means±SEMfor the
normal and the asthmatic subjects are depicted. ARV:
methacholine-induced change in residual volume from

o o baseline; (A) The values on the left of each panel (ARVp)
are from the partial maneuvers (RVA, - RVB,); the values
on the right (ARVM) are from the maximal maneuvers
(RVAM - RVBM). * P < 0.005 between the maximal and

ARVIdFVC ARVMIFVC the partial effort in the normal subjects. RVBM: residual
volume from baseline maximal maneuver; RVBp: residual
volume from baseline partial maneuver; RVAM: residual
volume from maximal maneuver after the highest dose of
methacholine; RVAP: residual volume from partial maneu-
ver after the highest dose of methacholine. (B) The outcome

* variable is the methacholine-induced change from baseline
in residual volume (ARV) divided by baseline FVC. The

ts8 values on the left of each panel are from the partial maneu-
vers; the values on the right are from the maximal maneu-
vers. * * P < 0.001 between the maximal and the partial

* effort values in the normal subjects. (C) The outcome vari-
* able represents the deep breath-induced change in residual

volume relative to the increase in residual volume produced
by methacholine challenge in the absence of deep breaths.

ASTHMATIC ARVp and ARVMare the same as in A. t P < 0.001
SUBJECTS between normal and asthmatic subjects.

subjects, but this effect was absent in the asthmatic subjects
(Fig. 5).

The change in FEV1 and FVC with Mch was much greater
in the modified than the routine challenge in the normal subjects,
but this was not so for the asthmatic subjects (Fig. 6, A and
B). The increased response in the modified challenge in the
normal subjects was associated with a smaller dose of Mch.
Indeed, in the modified challenge, 6 of the 10 normal subjects
reached the challenge endpoint at a dose conventionally consid-
ered within the asthmatic range (< 8 mg/ml). In contrast, in
the asthmatic group, the same number of doses of Mch were

used to reach the endpoint in both the routine and the modified
challenge (Fig. 6 C). In the modified challenge, the fractional
change from baseline in both FEV1 and FVCbecame less with
subsequent breaths in both the normal and the asthmatic sub-
jects, but the effect of the subsequent breaths in increasing FEV,
and FVC was not significantly different between the normal
and the asthmatic subjects (Table IV). However, there was

borderline statistical significant (P = 0.1 1 ) for the group/breath
interaction in this analysis. The difference between the modified
and routine challenge in the normal subjects was still significant
if the third (instead of the first) full breath that followed the
modified challenge was used for both FEVI (P < 0.05) and
FVC (P < 0.02) (data not shown).

Two additional studies were carried out on a subset of nor-

mal and asthmatic subjects to rule out any direct effect of the
prohibition of DI. Werepeated the modified challenge substitut-
ing diluent for Mch, and found that prohibition of DI in itself did
not cause a significant decrease in pulmonary function (partial
FEV1/FVC) in either the nonasthmatic subjects (n = 5) or

asthmatics (n = 4). The partial FEV1/FVC after the first dose
of diluent compared to the last dose of diluent (five doses given
to the nonasthmatics and four to the asthmatics) was 0.74±0.04
versus 0.76±0.04 in the nonasthmatics and 0.67±0.01 versus

0.68±0.02 in the asthmatics.
In five normal subjects and six asthmatic subjects, we car-
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M) values in the normal subjects.

ried out routine Mch challenges with the inhalation of the Mch
by tidal breaths rather than by deep inhalations as in our conven-

tional Mch challenge. This study was performed to assess

whether, by altering the pattern of inhalation of Mch, as in our

modified challenge protocol, alterations in airway respon-

siveness could occur. In the normal subjects, we saw no evi-
dence of increased responsiveness to Mch, when it was inhaled
through tidal breathing. For the asthmatic subjects, where PC20
could be obtained, there was a trend toward decreased reactivity
when Mch was inhaled by tidal inhalations compared to the
conventional deep ones (PC20 = 0.29+0.14 versus 0.15±+0.21,
P = 0.055).

Discussion

The hypothesis that led to this study, that hyperresponsiveness
in asthma is caused by impaired ability of DI to dilate the
airways, is fully supported by our primary findings: (a) in the
absence of DI, the airway response to Mch is similar in asthma-
tics and nonasthmatics, and (b) in nonasthmatics, DI has a

striking effect in preventing Mch-induced bronchoconstriction,
but DI has no influence on the response to Mch-induced bron-
choconstriction in asthmatic subjects.

All of the normal subjects and 9 out of 10 of the asthmatic
subjects inhaled the same concentrations of Mch up to the level
of 0.25 mg/ml. Over this range, the fractional change in r was

virtually identical in both groups with a threshold of 0.075 mg/
ml. The design of the study was such that we did not determine
the change in RV until higher concentrations were reached in
both groups of subjects. It is possible that the change in RV
was greater in the asthmatic than the normal subjects at the
same dose of Mch in spite of the same change in 1. If this were

so, and since the change in isovolume flow is a function of the
change in RV and the change in T, there would have been a

greater decrease in isovolume flow in the asthmatic subjects
compared to the normal subjects.

The isovolume flows of the linearized flow-volume curves

are given by the following equations:

Rv[.5p 1 2ARVp iTp 1

L FVCB - 2RV(P - M) JTAPJ

R'-1.5M [ F1 2ARVM TBM1
FVCB JTAMI

where: Rv'.5p = ratio of the flow on the partial curve at the
highest dose of Mch to the flow on the partial curve at baseline,
at a volume below TLC of 50% of the maximal baseline FVC.
R4.5M = ratio of the flow on the maximal curve at the highest
dose of Mch to the flow on the maximal curve at baseline, at
a volume below TLC of 50% of the maximal baseline FVC.
ARVp = change from baseline in RVduring partial maneuvers

(= -AIVC). ARVM= change from baseline in RV during
maximal maneuvers (= - AFVC). RV(P - M) = difference
in RV between the partial and the maximal expirations from
combination maneuvers prior to the Mch challenge (Fig. 1 B).
TBp = T from baseline partial curve. TBM = T from baseline
maximal curve. TA, = T from partial curve after highest dose
of Mch inhaled. TAM = T from first maximal curve after highest
dose of Mch inhaled. FVCB = FVC from the baseline maximal
maneuver. Thus, the ratio of isovolume flows is the product of
two factors such that:

Rv.55p = (RVp ) (6Tp )

R4.SM = (J3RVM)(J3TM)

where:

OR~~~p 2ARVp8T,= ~

FVCB 2RV(P M) TAP

PRVM 1 2RVm
TM =

TBM
FVCB TAM
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Table IV. The Effect of Consecutive Deep Breaths on Pulmonary
Function after the Highest Dose of Methacholine in the Modified
Methacholine Challenge Protocol

Post-Mch deep Normals Asthmatics
breaths (from
combination Fractional A Fractional A Fractional A Fractional A
maneuvers) in FEV, in FVC in FEV, in FVC

First 0.359±0.062 0.258±0.051 0.315±0.039 0.225±0.030
Second 0.269±0.059 0.195±0.056 0.264±0.036 0.185±0.027
Third 0.220±0.051 0.146±0.042 0.246±0.034 0.170±0.025

ANOVAtable
For the fractional A in FEV, group effect: P = 0.90

breath effect: P = 0.0001
group/breath interaction: P = 0.1 1

For the fractional A in FVC group effect: P = 0.89
breath effect: P = 0.0001
group/breath interaction: P = 0.22

The data (mean±SEM) are obtained from the maximal breaths which were part
of combination maneuvers (partial followed by maximal). The fractional change
(A) in FEV, and in FVC equals the value at baseline minus the value after the
respective post methacholine deep breath divided by the value at baseline.

T
0
A.

CFigure 6. Individual data and means±SEMof
the methacholine-induced fractional changes in
FEVI and in FVC (A and B, respectively) over
baseline after the highest provocative dose in the
routine and in the modified methacholine chal-
lenge protocols, in normal and in asthmatic sub-
jects (fractional change = FEVI or FVC after

0 3 methacholine minus FEVI or FVC at baseline
divided by FEVI or FVC at baseline). (C) De-
picts the highest concentration of methacholine

______________]administered to each subject in each of the two
protocols. * P < 0.01 between routine and mod-

routine modified ified challenge; * * P < 0.001 between routine
challenge challenge and modified challenge.

The smaller each factor, the greater the effect on isovolume
flow. In the asthmatic subjects, I6RV was significantly less than
jAT, both on the partial and the full maneuvers (P < 0.02 and
P < 0.05, respectively, Table V). Thus, in the asthmatic sub-
jects, the reduction in isovolume flow was more attributable to
changes in RV than T. In the normal subjects, there was no
difference between /Rv and /T either on the partial or maximal
maneuvers (Table V). Thus, the reduction in isovolume flow
in this group was essentially the result of equal effects of the
changes in RV and r.

Since the fractional change in the partial r was nearly identi-
cal in the normal and asthmatic subjects up to the highest dose
of Mch achieved by the asthmatic subjects, we can assume that
pwas also the same (AT, is the reciprocal of 1 + the fractional

change in T). Since there was no difference between 0,, and
PRVp in the normal subjects, we can assume that the reduction
in isovolume flow at a Mch dose comparable to the highest
dose reached in the asthmatic subjects was due to equal effects
of the changes in RVand r (f6Tp = ,RV,). Thus, we can estimate
that, in the normals, the R, .5p, at the highest dose of Mch
reached by the asthmatics, was the square of the asthmatics'
p8, at their highest Mch dose (R,.5p in normals = 0.723 2
= 0.523). In contrast, in the asthmatics, the R, .Sp at the highest
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Table V. Isovolume Flow Ratios and their Residual Volume and Time Constant Determinants

f6RVP /3RVM /ASP PTM RV.5p RV.5M

Normals 0.437±0.072 0.525±0.075 0.443±0.035 0.584±0.052 0.209±0.042 0.339±0.067
Asthmatics 0.539±0.065 0.549±0.059 0.723±0.041 0.709±0.053 0.401±0.063 0.403±0.064
Between group comparisons NS NS P < 0.001 NS P < 0.05 NS

Within group comparisons, paired analysis

PRVp - PRVM 6lTp - ArM RV.5p - RV.5M PRVp - 6Tp PRVM- JirM

-0.088±0.024 -0.141±0.038 -0.130±0.033 -0.006±0.054 -0.059±0.034
P < 0.005 P < 0.005 P < 0.005 NS NS
0.000±0.028 0.014±0.038 -0.002±0.030 -0.184±0.058 -0.160±0.057

NS NS NS P < 0.02 P < 0.05

Between group and within group comparisons of the isovolume flow ratios RV.5p and RV.5M (highest dose of methacholine to baseline) and their
residual volume (PRVp, /3RVM) and time constant (]3rp, I3TM) determinants in the modified methacholine challenge protocol. RV.5p = (f3RVp) (/,3rp)
and RV.5M = (J3RVM) (J3Tm). For definition of these terms refer to the Discussion section of the text. For the within group comparisons, the three
left columns compare the differences between the maximal and partial maneuvers; the two right columns compare the relative effect of the changes
in the residual volume to the changes in -r on the isovolume flow. Mean±SEMvalues are depicted.

Mch dose, was 0.401 (Table V). This lower value was the
result of the significantly lower /RV, in the asthmatic subjects.
Weestimate that in the asthmatic subjects, R .5p was - 75-
80% of the value of the normal subjects, and the estimated
isovolume flow from the partial maneuvers, 25-30% less in
the asthmatic than the normal subjects at the same dose.

Based on the statistically significant difference between
ITp and /3Vp in the asthmatic subjects but not the normal sub-
jects, we infer that the response to inhaled Mch in the absence
of DI was somewhat greater in the asthmatic subjects. However,
the responses of the two groups were still close enough to lend
support to the general correctness of the corollary of the Fish
et al. hypothesis.

Despite the high concentrations of Mch they received (75
mg/ml), normal individuals experienced minimal bronchocon-
striction with conventional Mch challenge. Webelieve that this
was due to the stretching effect of DI which reversed the Mch-
induced smooth muscle contraction. Based on this assumption,
we expected that the modified Mch challenge-induced broncho-
constriction in nonasthmatic subjects should have been reversed
with the first DI after the end of Mch administration. Surpris-
ingly, even after the third DI of the post-Mch combination
maneuvers, a large obstructive response was still present in
nonasthmatics. This was true for all pulmonary function param-
eters evaluated. With the second and third DI, statistically sig-
nificant improvement in pulmonary function was seen, but this
was not different between normals and asthmatics (Table IV).
In other words, not only does bronchoconstriction take place
when the spasmogen is delivered in the absence of DI, but the
ability of a healthy person to reverse the bronchoconstriction
with a DI is strikingly reduced. This serendipitous observation
is further substantiated when we compare our findings to those
of two other studies in which the effects of DI on Mch-induced
changes in RVwere examined in normal and asthmatic subjects
by the same method we used, that is, differences in IVC and
FVC with the assumption of constant TLC (we are unaware of
any studies other than ours where the time relations of a forced
expiration were used to study the effects of DI).

In a recent study of Pellegrino et al. (13), the effect of DI
on the fractional change in RV relative to baseline FVC was

significantly greater in normal than in asthmatic subjects, quali-
tatively similar to the results of our study. In the normal subjects
of their study, however, there was a much greater decrease in
RV after DI than was found in our current study (P < 0.001
by an unpaired t test). Further, after DI in the normal subjects,
the fractional increase in RV at the highest level of Mch was
only 0.09 in the study of Pellegrino et al. in comparison to a
fractional change of 0.26 in our current study. This difference
was highly significant (P < 0.005) in spite of a significantly
lower dose of Mch in our modified challenge in comparison to
Pellegrino's study.

In a study of Wheatley et al. (14), the decrease in RV
produced by DI relative to the change in RV before DI (the
same index as in our Fig. 4 C) was much greater in their normal
subjects than we found in ours. (They used a slightly different
index, but the index in Fig. 4 C can be calculated for each of
the subjects they studied.) In their study, the ratio was 0.80 and
in our study only 0.23 (P < 0.00005). Thus, the reversal by
DI of the increase in RV in their normal subjects was nearly
complete (80% reversal) in contrast to < 25% reversal in ours.
As in our study, they found no significant reversal in asthmatic
subjects.

In the studies of Pellegrino et al. and Wheatley et al., the
response to Mch using partial and maximal expirations were
carried out exactly the same as we did except there was no
period of prohibition of deep inspirations. In their studies, a
partial forced expiration to RVwas always followed by a rapid
inspiration to TLC with increasing concentrations of inhaled
Mch in contrast to our study where the increasing concentrations
of Mch were administered with prohibition of DI and only
partial expirations were performed. Webelieve that the much
greater effect of DI in reversing the increase in RV in the studies
of Wheatley et al. and Pellegrino et al. in normal subjects in
comparison to ours is likely due to the fact that our protocol
involved repetitive partial forced expirations to RV with no
intervening DI. If this inference is correct, the effectiveness of
DI to decrease bronchoconstriction diminishes the greater the
time spent in the constricted state at or near RV before the DI
occurs. Further, if this inference is correct, we have an explana-
tion to account for the marked difference in the magnitude of
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the decrease in FEVI and FVCin the modified versus the routine
challenge in the normal subjects in our study (Fig. 6) and the
rather slow improvement with the second and third full breaths
(Table IV).

In the absence of DI during the inhalation of increasing
concentrations of Mch, we believe that the repetitive partial
forced expirations to RV are a necessity to produce marked
responses in normal subjects. The mere absence of intervening
DI is unlikely to be sufficient, because the marked responses
of our normal subjects have not been observed in the numerous
studies that have carried out dose-response relations using pul-
monary resistance. Often, no information is given as to whether
or not deep inspirations have been suppressed, but in a study
of Ding et al. (15), the response of pulmonary resistance was
measured under conditions where lung volume was controlled,
and DI prohibited. In striking contrast to our results, the study
of Ding et al. clearly demonstrated that small changes in lung
elastic recoil pressure in the order of 2-3 cm H20 markedly
affected the response to Mch; whereas in our study, marked
bronchoconstriction remained in the normal subjects even after
full lung inflation. Further, our normal and asthmatic subjects
had the same threshold concentration, but in the study of Ding
et al. most of their normal subjects had high thresholds.

Airways are capable of complete closure at very high
transmural pressures in vitro (16, 17). Gunst et al. found that
maximal and even submaximal doses of Mch could produce
airway closure in bronchi at constant transmural pressures in
excess of 25 cm H20 (18). The closure was completely pre-
vented and the response to Mch markedly reduced if the bronchi
were subjected to volume oscillations during the exposure to
Mch. Thus, the in vitro work suggests that while volume oscilla-
tions during exposure to Mch can prevent closure, once the
closure occurs, large forces must be generated to overcome the
closure. These in vitro observations may provide an explanation
for the results of the current study if DI in the normal subjects
markedly attenuates the effect of inhaled Mch to cause closure;
however, this effect is absent in patients with asthma. If the
normal subjects do not invoke this method of attenuation, as in
the modified challenge, the forces of closure become very great
and persist even after maximal inspirations.

If the bronchodilating mechanism of DI is from stretch of
the smooth muscle leading to stress relaxation, in keeping with
the in vitro studies of Gunst et al. (18, 19), the attenuation of
this mechanism in asthmatic subjects could be due to an in-
creased stiffness of the airway wall, as suggested by the studies
of Colebatch et al. (5). The asthmatic airway has increased
thickness of the smooth muscle layer, increased collagen depos-
its beneath the basement membrane, and variable amounts of
inflammatory products in the wall (20). It is also possible that
the force dilating the airway is diminished in asthma. The mech-
anism by which intrapulmonary airways and smooth muscle
within their walls are stretched by inspiration is largely due to
the increase in radial traction on the airways exerted by the
surrounding lung parenchyma (21-23). Edema of the airway
wall or in the peribronchial space could unlink the interdepen-
dence between the airway and parenchyma resulting in a de-
crease in radial force acting on the smooth muscle with DI (24,
25). Ingram considered the interaction between the airways and
lung parenchyma and proposed that the attenuated response to
DI in asthma is due to a problem of increased parenchymal
relative to airway hysteresis (26, 27).

Some consideration must be given to the possibility that the

ineffectiveness of DI in asthmatic subjects is not due to a de-
crease in the stretch of smooth muscle. Even if DI produced
the same degree of stretch in both groups, it is possible that the
problem of asthma is a lack of responsiveness of the smooth
muscle to stretch, either an intrinsic problem of asthmatic
smooth muscle or a result of humoral inflammatory factors.
Indeed, it has been suggested that asthmatic smooth muscle
might show a myogenic response with an increase in tone ac-
companying stretch as in vascular smooth muscle, but this myo-
genic response is absent in nonasthmatic airways (28, 29). It
is also possible that DI produces bronchodilatation through neu-
ral or humoral elements in normal subjects that are absent in
asthmatic subjects. In a recent study of Malmberg et al. (30),
a DI before the administration of Mch, in normal subjects,
protected their airways from bronchoconstriction. This effect
was even more pronounced than the effect of a DI after the
administration of Mch. The mechanism is unknown, but is com-
patible with the release of an unknown bronchodilator by DI
before the administration of Mch.

Whatever the cause of the apparent ineffectiveness of
changes in lung volume to modulate airway smooth muscle
tension in asthma, the lack of this important bronchodilating
mechanism can explain the paradox of the dose-response curve
in nonasthmatic subjects reaching a plateau with minimal
changes in pulmonary function (31-33) in spite of complete
closure of airways occurring at high transmural pressures in
vitro (16, 17). Conditions associated with limited changes in
lung volume might be expected to demonstrate increased air-
ways responsiveness to bronchoconstrictors. For example, there
is a recent report that in cervical spinal cord injury, where there
is a reduction in FVCand inspiratory capacity, there is a marked
increase in responsiveness to Mch (34).

In conclusion, we have demonstrated that the bronchodilat-
ing effect of DI is a major feature differentiating the normal
from the asthmatic state. DI does not appear to have significant
effects on the asthmatic airway. In the presence of DI, nonasth-
matics are resistant to bronchoconstriction; in the absence of
DI, bronchoconstriction can occur in the nonasthmatics to the
same extent as in the asthmatics. Wepropose that this difference
in response to DI is the major contributor to the hyperrespon-
siveness in asthma. The reason for the marked difference in the
response to DI between normal and asthmatic subjects is not
clear.
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