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Disparity Between Proximal and Distal Airway Reactivity During

Methacholine Challenge

Leopoldo N. Segal,'2 Roberta M. Goldring,"? Beno W. Oppenheimer,’-? Alexandra Stabile,'-?
Joan Reibman,? William N. Rom,? Michael D. Weiden,? and Kenneth I. Berger'-

André Cournand Pulmonary Physiology Laboratory,” Division of Pulmonary and Critical Care Medicine,? Department of
Medicine, Bellevue Hospital Center/New York University School of Medicine, New York, New York, USA

There is an increasing awareness of the role of distal airways in
the pathophysiology of obstructive lung diseases including
asthma and chronic obstructive pulmonary disease. We
hypothesize that during induced bronchoconstriction: 1)
disparity between distal and proximal airway reactivity may
occur; and 2) changes in distal airway function may explain
symptom onset in subjects with minimal FEV; change. 185
subjects underwent methacholine challenge testing (MCT). In
addition to spirometry, oscillometry was performed at baseline
and after maximum dose of methacholine; 33/185 also
underwent oscillometry after each dose. Oscillometric
parameters included resistance at 5 and 20 Hz (Rs, Ryo) and
heterogeneity of distal airway mechanics assessed by
frequency dependence of resistance 5-20 Hz (Rs_3¢) and
reactance area (AX). Rs varied widely during MCT (range -0.8 —
11.3 cmH,0/L/s) and correlated poorly with change in FEV; (r =
0.17). Changes in R; reflected changes in both Ryp and Rs_»q (r
=0.59, p<0.05; r = 0.87, p<0.0001). However, Ry increased
only 0.3 cmH,0/L/s, while Rs_;¢ increased 0.7 cmH,O/L/s for
every 1cmH,0/L/s change in Rs, indicating predominant effect
of distal airway mechanics. 9/33 subjects developed symptoms
despite minimal FEV, change (<5%), while Rs increased 42%
due to increased distal airway heterogeneity. These data
indicate disparate behavior of proximal airway resistance (FEV,
and Ryg) and distal airway heterogeneity (Rs_,0 and AX). Distal
airway reactivity may be associated with methacholine-
induced symptoms despite absence of change in FEV;. This
study highlights the importance of disparity between proximal
and distal airway behavior, which has implications in
understanding pathophysiology of obstructive pulmonary
diseases and their response to treatment.

Keywords: Bronchial Provocation Tests, Small airways
physiology, Airway Resistance, Oscillometry

INTRODUCTION

There is an increasing awareness of the role of distal airways
in the pathophysiology of obstructive lung diseases includ-
ing asthma and chronic obstructive pulmonary disease. Dis-
tal airways abnormalities are evident on histologic examina-
tion in early stages of obstructive pulmonary diseases (1-3).
Disparity between proximal and distal airway biology and
physiology has been documented in a variety of disease states
(4-9). This disparity has important clinical implications in
the assessment of bronchial reactivity, which is traditionally
assessed by the spirometric change in FEV; in response to
methacholine (10). However, the distal airways represent a
potential “silent zone,” which may or may not be reflected in
the FEV| response to induced bronchoconstriction (11, 12).
An effect of methacholine on distal airway function has
been demonstrated directly by measurements of small airway
resistance utilizing a wedged bronchoscope (7, 13) and indi-
rectly based on development of ventilation defects and/or air
trapping on computed tomography (14, 15). Since reduction
in FEV; could reflect reduced airflow or reduced lung vol-
ume, Gibbons et al. and Chapman et al. proposed that the
evaluation of the simultaneous change in the vital capacity
during methacholine challenge testing (MCT) might be use-
ful to determine the contribution of airway closure to the ob-
served change in the FEV, (16, 17). However, airway closure
could be a proximal or distal phenomenon (18); thus, the rel-
ative contribution of proximal versus distal airway reactivity
cannot be determined from spirometry alone (15).
Impedance oscillometry is utilized to assess airway resis-
tance and has been proposed as a surrogate for FEV; during
MCT (10). However, elevated airway resistance may be de-
tectable by oscillometry despite normal FEV; and oscillom-
etry may detect frequency dependence of resistance, which
is influenced by distal airway mechanics (9, 19). Frequency
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dependence of resistance has been shown to correlate with
frequency dependence of compliance, an accepted param-
eter reflecting distal airway dysfunction (19). Furthermore,
imaging studies have confirmed that methacholine-induced
changes in frequency dependence of resistance are indicative
of distal airway reactivity (airway diameter <2 mm) (15, 20).

Based on the above considerations, we hypothesize that
disparity between distal and proximal airway reactivity could
be demonstrated during induced bronchoconstriction by
including oscillometry. In addition, we hypothesize that
changes in frequency dependence of resistance could be as-
sociated with onset of methacholine-induced symptoms in
subjects without significant spirometric response providing
clinical relevance to the evaluation of distal airway reactivity.

METHODS AND MATERIALS

This study retrospectively analyzed data from 185 consec-
utive subjects who were evaluated for persistent respiratory
symptoms (cough, dyspnea and/or wheeze) and normal chest
radiograph. Symptoms were unexplained since FEV,/FVC
was greater than 0.70 in all subjects and was above the age-
adjusted lower limit of normal in all but 4 (21). These subjects
underwent methacholine challenge testing after simultane-
ous measurements of airway resistance with IOS were added
to our clinical testing protocol. Spirometry was performed in
accord with ATS/ERS recommendations (22, 23).

Methacholine challenge testing

MCT was performed in accord with ATS recommenda-
tions.(10) Increasing doses of methacholine were adminis-
tered with a 2-min tidal breathing protocol up to a maximum
dose of 16 mg/ml. IOS and spirometry were assessed within
2 min after administration of the methacholine. The calcu-
lated provocative concentration that resulted in a 20% fall in
FEV, (PCy) was used to determine the degree of bronchial
hyperreactivity (BHR) as defined by the ATS guidelines for
MCT: negative = PCy>16 mg/ml (n = 94), borderline =
PCy 4-16 mg/ml (n = 19) and positive = PCyp<4 mg/ml
(n=73) (10). Subjects abstained from using short acting ,-
agonists for 12 h, long acting ,-agonist for 48 h, anticholin-
ergics for 24 h and inhaled corticosteroids for 14 days prior
to MCT. There were no subjects treated with theophylline or
leukotriene antagonists.

Impulse oscillometry

Impulse oscillometry (IOS) was measured with the Jaeger
Impulse Oscillation System (Jaeger USA; Yorba Linda, CA)
as previously described (9, 19, 24). Respiratory resistance
and reactance were calculated during 30 s of tidal breath-
ing, while subjects supported their cheeks to minimize “shunt
effect” (24). IOS testing was performed pre- and post-
bronchodilator in 117/185 subjects prior to the day of MCT.
IOS was performed in all 185 subjects undergoing MCT at
baseline and after the maximal dose of methacholine. A sub-
set of 33 subjects underwent IOS after each methacholine
dose followed by spirometry.

Fast Fourier transformation of the data obtained from the
pressure impulse generated by IOS yielded data for resistance
and reactance within a range of frequencies evaluated in this
study (25). Parameters selected included: 1) resistance at an
oscillation frequency of 5Hz (Rs); 2) resistance at an oscilla-
tion frequency of 20Hz (Ryp); 3) frequency dependence of re-
sistance calculated as a difference between Rs and Ryg (Rs_20);
and 4) frequency dependence of reactance as assessed by re-
actance area (AX).

AX was calculated as the area above the reactance curve
from 5Hz to the resonant frequency. Only trials with con-
stant tidal volume and coherence >0.85 at oscillation fre-
quencies of 10 Hz and higher were analyzed. Interpretation
of IOS parameters were based on the models of DuBois et al.,
Mead et al. and Otis et al. (26-28). R, was assumed to reflect
resistance in proximal airways although a specific level of
the tracheo-bronchial tree cannot be definitively established.
Oscillation frequency dependent parameters (Rs_5o and AX)
were assumed to reflect heterogeneity of distal airway me-
chanics (15, 29).

Data analysis

Data are presented as raw data and are compared to an up-
per limit of normal. Upper limits of normal for Rs (3.96
cmH,O/L/s), Ry (3.2 cmH,O/L/s), Rs_5y (0.76 cmH,O/L/s)
and AX (3.6 cmH,O/L) were chosen to approximate the up-
per limit of the 95% confidence interval (9, 30-34). Data for
change in IOS parameters in response to methacholine is pre-
sented as absolute numeric change to allow analysis of the
relative contribution of changes in R20 and R5-20 to the ob-
served change in R5. Data were summarized either as me-
dian (interquartile range [IQR]) or as mean =+ standard er-
ror (SE). Differences between groups were assessed utilizing a
Student’s t-test, Mann-Whitney U-test or analysis of variance
with post hoc pair wise testing using Tukey’s HSD. Analy-
ses were performed utilizing SPSS for Windows version 13.0.
This study was approved by the Institutional Review Board
of the NYU School of Medicine.

RESULTS

Baseline data

One hundred and eighty-five subjects with unexplained res-
piratory symptoms were referred for evaluation of bronchial
hyper-reactivity. The majority of the subjects (69%) were re-
ferred from the WTC/Environmental Health Center follow-
ing exposure to inhaled irritants, 13% were referred for eval-
uation of asthma and remaining subjects were referred for
evaluation of COPD. Baseline data for the 185 subjects is il-
lustrated in Table 1. Mean age was 45 years (range 13-76).
56% were female. Prior history of smoking was reported by
25% and only 2.7% were active smokers.

Table 1 also illustrates baseline spirometric and oscillo-
metric parameters. FEV,/FVC was greater than 0.70 in all
subjects and was above the age-adjusted lower limit of normal
in all but 4. There was wide range of oscillometric parameters
ranging from normal to significantly abnormal. IOS param-
eters were abnormal in more than 50% of subjects indicating

COPD: Journal of Chronic Obstructive Pulmonary Disease



Table 1. Baseline data (n = 185)

Age 45 [36-52]
Gender (Male%) 44
BMI 27 [24-31]
Smoking History (%)
Never 74.1
Past 23.2
Current 2.7
Spirometry
FEV,/FVC 0.80 [0.77-0.84]
FEV] (% predicted) 98 [89-105]
FVC (% predicted) 102 [92-110]
Oscillometry
Rs5 (cmH,O/L/s) 3.97 [3.21-5.14]
Ry (cmH,O/L/s) 3.38 [2.67-4.11]
Rs-20 (emH0/L/s) 0.69 [0.33-1.13]
AX (cmH,0/L) 3.92 [1.97-7.77]

Note: Data expressed as Median [IQR] unless otherwise specified.

varying degrees of distal airway dysfunction at baseline not
detected by spirometry. These abnormalities in the baseline
IOS did not differ based on smoking history, age or provi-
sional diagnosis (p = ns).

Relationship of BHR to baseline 10S

A wide range of responsiveness of FEV; to methacholine was
noted. The percent change in FEV, varied from 1 to —63%
at maximum methacholine doses ranging from 0.063 to 16
mg/ml. Patients were classified into positive, borderline and
negative BHR groups based on the calculated PCy (10). Fig-
ure 1 examines whether degree of BHR relates to the pres-
ence of pre-existing airway abnormality as assessed by base-
line IOS. The left panel illustrates baseline Rs in all subjects
prior to methacholine administration; the right panel illus-
trates the bronchodilator response of Rs assessed on a prior
day (117/185 subjects). There was no relationship between
the degree of BHR to either baseline Rs or response to bron-
chodilator (p = ns).
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Relationship of BHR to change of 10S parameters during
methacholine

Figure 2 shows the relationship between degree of BHR and
changes of oscillometric parameters during MCT. Oscillo-
metric parameters were evaluated at the maximum dose of
methacholine (16 mg/ml or dose at which FEV; decreased
>20%) and expressed as absolute change from baseline. The
top panel illustrates that the change in Rs varied widely
(range —0.8 - 11.3cmH,O/L/s) with significant overlap in
all 3 groups. Despite this overlap, the change in Rs; was sig-
nificantly larger in positive and borderline groups as com-
pared with negative BHR group (ARs = median [IQR] 2.84
[1.75-4.53],322[2.33-4.67],1.98[1.04-3.36]
cmH,O/L/s, respectively, p = 0.025). The bottom two panels
illustrate similar data for R,y and Rs_»y. There was minimal
change in proximal resistance (Ry), which did not relate to
degree of BHR as assessed by FEV; (AR = 0.82 [0. 21 - 1
.271,0.60[0.19-1.401],0.82[0.39 - 1.34] cmH,0/L/s,
respectively p = 0.43).

In contrast, there was a large change in the frequency de-
pendent parameter (Rs_5), which was significantly higher in
positive and borderline BHR groups as compared with nega-
tive group (AR50 =2.07[1.29-3.15],2.69[1.43-3.68],
1.17 [0. 38 - 2. 33 ] cmH,O/L/s, respectively, p <0.001). De-
spite these trends, the overlap between the groups was such
that a threshold value for oscillometry to assess the degree of
BHR could not be identified; thus, IOS could not be used as
a surrogate for FEV to predict the degree of BHR.

Assessment of simultaneous spirometric and oscillometric
response to methacholine in individual subjects

The FEV; change in response to methacholine was exam-
ined in reference to the simultaneous change in oscillometric
measurement of resistance for each subject (Figure 3) While
many of the subjects demonstrated concordant changes in
spirometric and oscillometric parameters during MCT, there
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Figure 1. Left panel illustrates data for baseline Rs (median and IQR) obtained in all subjects prior to methacholine administration. Right panel
illustrates the bronchodilator response of R5 assessed on a prior day in 117/185 subjects. Baseline R5 and bronchodilator response did not relate to

the degree of BHR (p = ns).
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Figure 2. Relationship between degree of BHR and changes in oscillometric parameters during MCT. The top panel illustrates that the change in
total airway resistance as assessed by Rs was significantly larger in the positive and borderline BHR groups compared with the negative BHR group
(p = 0.025). The bottom two panels illustrate minimal change in Ryg during MCT while there was a larger change in distal airway mechanics as
assessed by Rs_20 (p<0.001 for comparison of R5_zp between positive and borderline vs. negative BHR groups).

was still disparity between change in FEV; and change in Rs
for the group as a whole (r = 0.17, p = 0.019). This dispar-
ity between the change in FEV, and the change in Rs did not
differ based on smoking history, age or provisional diagno-
sis. There were subjects with marked reduction in FEV, dur-
ing forced exhalation with minimal to no change in Rs dur-
ing tidal breathing suggesting predominant dynamic airway
compression. In contrast, other subjects demonstrated a wide
change in Rs in presence of minimal to no change in FEV;,
suggesting predominant distal airway reactivity.

Relative contribution of frequency dependence of
resistance to change in Rs

Figure 4 analyzes the changes in Rs during MCT with respect
to changes in proximal airway resistance (Ryy) and develop-
ment of frequency dependence of resistance (Rs_30). Changes
in Ry and Rs_5y were significantly related to change in Rs.

However, analysis of the slopes indicate that the effect of
methacholine on resistance at 5Hz was predominantly driven
by changes in distal airway mechanics: Ry increased only 0.3
cmH,O/L/s for every 1cmH,O/L/s change in Rs while Rs_»9
increased 0.7cmH,O/L/s for every 1cmH,O/L/s change in
Rs. This conclusion is reinforced in Figure 5, which shows
that the change in Rs was also tightly correlated to frequency
dependence of reactance as assessed by AX.

Relationship of symptom onset to changes in spirometry
and 10S during MCT

The relationship between onset of respiratory symptoms
(dyspnea, wheeze, chest tightness and/or cough) to changes
in expiratory flow rate and corresponding change in I0S was
evaluated in the subgroup of 33 subjects in whom IOS was
performed following each dose of methacholine. 9/33 sub-
jects (27%) developed symptoms with minimal to no change

COPD: Journal of Chronic Obstructive Pulmonary Disease
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Figure 3. Relationship between change in FEV; obtained after the
highest dose of methacholine with the simultaneous change in Rs.
Although many of the subjects demonstrated concordant changes in
spirometric and oscillometric parameters during MCT, there was dis-
parity between change in FEV; and change in Rs (r =0.17, p = 0.019).

in FEV,; (<5%). This group had similar age range (35-76)
and smoking prevalence (ever smoker 2/9) as compared to
the entire study population. Spirometric and oscillometric
data from these 9 subjects obtained at baseline and at the on-
set of symptoms are illustrated in Figure 6. Symptoms devel-
oped at methacholine doses ranging from 0.063 to 1 mg/ml.
FEV, decreased minimally (mean change -3.4%) despite de-
velopment of symptoms (left panel). In contrast, Rs increased
significantly at the onset of symptoms in all but one sub-
ject (right panel). On average, Rs increased 42% from base-
line. This increase in Rs; was predominantly attributable to
increases in Rs_5y and AX (150% and 278%) rather than Ry,

slope=0.3
101 r=059
p<0.0001 ;
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Figure 5. The effect of methacholine on resistance at 5Hz was tightly
correlated with the frequency dependence of reactance as assessed by
the change in AX.

(18%) suggesting that isolated distal airway abnormality was
responsible for the onset of symptoms. Despite this distal air-
way reactivity, FVC decreased by only 2.7% in these subjects.
Furthermore, none of these 9 subjects developed spirometric
evidence of BHR despite completing MCT at a maximal dose
of 16 mg/ml.

DISCUSSION

The disparity between spirometric and oscillometric re-
sponses to methacholine demonstrated in this study likely
reflects disparity between proximal and distal airway

12

slope= 0.7
104 r=0.87
p<0.0001

AR5.20 during MCT (cm H,O/L/s)

AR5 during MCT (cm H,0/L/s)

Figure 4. Relationship between the change in R5 during methacholine administration to changes in Ryo and frequency dependence of resistance
between 5-20 Hz. Analysis of the slopes of these relationships indicated that Ry increased only 0.3 cmH,O/L/s for every 1 cmH,O/L/s change in
Rs. In contrast, Rs_»q increased 0.7 cmH;O/L/s for every 1 cmH,O/L/s change in Rs indicating that the effect of methacholine on resistance at
5Hz was predominantly driven by increased frequency dependence of resistance.
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behavior. Thus, oscillometry cannot be used as a surrogate
for spirometry in evaluation of BHR, but may provide
additional information about distal airway mechanics. This
disparity between distal airway reactivity and spirometry was
seen across multiple clinical phenotypes based on age, smok-
ing status and provisional diagnosis. Moreover, distal airway
reactivity was associated with methacholine-induced respi-
ratory symptoms even in the absence of changes in airway
function as assessed by spirometry, adding potential clinical
relevance to the evaluation of distal airway mechanics.

Multiple studies have compared oscillometric parame-
ters with either the “gold standard” FEV; change or assess-
ment of specific airway conductance by plethysmography
during MCT (10, 33, 35-39). ATS guidelines support use
of oscillometry during MCT for subjects who cannot per-
form spirometry adequately (10); however, a threshold to
define BHR by this methodology has not been identified.
Oscillometric abnormalities were manifested predominantly
in frequency-dependent parameters (Rs_»9, AX), compatible
with development of distal airway reactivity in response to
methacholine. The poor correlation between spirometric and
oscillometric responses observed in the present study pro-
vides support for the conclusion that oscillometry cannot be
used as a surrogate for FEV to evaluate BHR.

There is non-uniformity of airway behavior in response
to a variety of stimuli (13, 20, 40-42). There is accumulat-
ing evidence that the biology and mechanics of distal airways
differ from the behavior of more proximal airways. Gillis
et al. used a morphometric model of the lung to demon-
strate heterogeneous constriction of peripheral airways with
diameter<2 mm, in response to bronchoconstriction (43).
Distal airway reactivity was demonstrated in human subjects
following direct administration of methacholine to the dis-
tal airways through a wedged bronchoscope (7). There is ev-
idence that distal airway wall inflammation and remodeling
are associated with smooth muscle shortening and peripheral
constriction (6, 7, 43-45). Moreover, heterogeneous airway

closure in the lung periphery is an important component of
reactivity in obstructive airway diseases (20, 46-48).

Several of the preceding studies (7, 41, 43) have demon-
strated development of frequency dependence of resistance
as a physiologic manifestation of the distal airway dysfunc-
tion. In accord with these observations, the present study
demonstrated that the oscillometric response to metha-
choline was predominantly associated with changes in fre-
quency dependence of resistance expressed as Rs_p. Inter-
pretation of Rs_5 as a reflection of distal heterogeneity is fur-
ther supported by its correlation to reactance as shown in
the present study and to prior studies demonstrating correla-
tion to independent measurement of frequency dependence
of lung compliance (19, 49, 50). These considerations provide
a mechanism for disparity between spirometric and oscillo-
metric assessments of airway resistance observed in response
to methacholine in the present study.

Spirometry assesses expiratory airflow as a surrogate for
resistance during forced exhalation, whereas IOS assesses air-
way resistance during tidal breathing. Thus, dynamic airway
compression would contribute to disparity between these two
tests and is relevant to those subjects with marked reduc-
tion of flow during forced expiration (FEV;) and minimal
to no change of resistance during tidal breathing (Rs) in re-
sponse to methacholine (Figure 3). Nevertheless, dynamic
airway compression cannot account for disparity in subjects
with change in oscillometric parameters (tidal breathing) but
minimal change in FEV, (forced expiration), thus reflecting
isolated distal airway reactivity; up to 4-fold increase in Rs
was seen in subjects where the FEV, decrease was less than
20%. Moreover, distal airway reactivity can be discerned even
with concomitant change in spirometry and oscillometry.

Tgavalekos et al. have shown that changes in distal
heterogeneity cannot be due to large airway constriction
alone (15). Oppenheimer et al. (19) and Galetke et al. (51)
have demonstrated correlation between Rs_ and frequency
dependence of compliance, a marker of distal heterogeneity

COPD: Journal of Chronic Obstructive Pulmonary Disease



(52). Campana et al. demonstrated that oscillometric
frequency-dependent parameters reflect distal airway be-
havior during MCT, even in the presence of changes in
spirometric parameters.(53) In the present study, the change
in frequency dependent parameters (Rs_59 and AX) during
MCT with minimal change of proximal airway resistance as
assessed by Ry is in accord with these considerations. Thus,
development of distal airway heterogeneity during MCT
is indicative of distal airway reactivity, which may occur
with or without spirometric changes supporting disparate
reactivity of proximal and distal airways.

The development of symptoms during methacholine ad-
ministration in association with changes in frequency depen-
dent IOS parameters and in absence of changes in spiromet-
ric parameters reinforces the importance of the evaluation of
distal airway behavior during MCT. Mansur et al. demon-
strated that methacholine-induced symptoms correlated bet-
ter with changes in Rs than with change in FEV; however, all
subjects had changes in FEV (54). The present study extends
this observation by relating the onset of symptoms to devel-
opment of isolated changes in oscillometric parameters when
FEV, did not change. This finding indicates a role for evalua-
tion of distal airway behavior when spirometry changes min-
imally in response to methacholine and extends prior obser-
vations from this laboratory demonstrating a role for IOS in
evaluation of symptomatic subjects when spirometry is nor-
mal (9).

In summary, the present study demonstrates that there is
disparate behavior of proximal airway resistance (assessed by
expiratory flow rate and Ryo) and distal airway heterogene-
ity (assessed by Rs_59 and AX) during MCT. This dissocia-
tion indicates that oscillometry cannot be used as a surrogate
for spirometry but can provide additional information about
behavior of distal airways that is not reflected in spirome-
try alone. The presence of methacholine-induced symptoms
in a subgroup with isolated distal airway heterogeneity (ab-
sence of spirometric and Ry change) gives further potential
clinical relevance to evaluation of distal airway function dur-
ing MCT. However, identification of a threshold using oscil-
lometry to define hyperreactivity in the distal airways would
require further study. This study highlights the importance
of recognition of disparity between proximal and distal air-
way behavior, which has implications in a variety of clinical,
and research settings devoted to understanding pathophysi-
ology of obstructive pulmonary diseases and their response
to treatment.
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