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Choke points and airway wall structure in expiratory central airway collapse are poorly defined.
Computed tomography, white light bronchoscopy, endobronchial ultrasound, vibration response
imaging, spirometry, impulse oscillometry, negative expiratory pressure, and intraluminal catheter
airway pressure measurements were used in a patient with cough, dyspnea, and recurrent pulmo-
nary infections. Computed tomography and white light bronchoscopy identified dynamic collapse
of the trachea and mainstem bronchi, consistent with severe crescent tracheobronchomalacia.
Spirometry showed severe obstruction. Endobronchial ultrasound revealed collapse of the airway
cartilage, and vibration response imaging revealed fluttering at both lung zones. Impulse oscillom-
etry and negative expiratory pressure suggested tidal expiratory flow limitation in the intrathoracic
airways. Intraluminal catheter airway pressure measurements identified the choke point in the
lower trachea. After Y-stent insertion, the choke point migrated distally. Imaging studies revealed
improved airway dynamics, airway patency, and ventilatory function. Novel imaging and physio-
logic assessments could be used to localize choke points and airway wall structure in tracheobron-
chomalacia. Key words: tracheobronchomalacia; excessive dynamic airway collapse; choke points; air
flow dynamics; endobronchial ultrasound; vibration response imaging; impulse oscillometry; airway

stent; rigid bronchoscopy. [Respir Care 2012;57(4):634—641. © 2012 Daedalus Enterprises]

Introduction

Wave speed theory suggests that airway flow limitation
occurs when flow velocity equals the speed of propagation
of pressure-pulse waves at some point within the airway.!
This flow-limiting segment, called the choke point, tends
to be located in a region of minimum cross-sectional area
and minimum side pressure within the airway when max-
imal flow is reached. Because maximum expiratory flow is

Drs Handa, Miyazawa, and Nishine are affiliated with the Division of
Respiratory and Infectious diseases, Department of Internal Medicine;
and Dr Kurimoto is affiliated with the Department of Surgery, Division
of Chest Surgery, St Marianna University School of Medicine, Kawasaki,
Japan. Drs Murgu and Colt are affiliated with the Division of Pulmonary
and Critical Care Medicine, Department of Medicine, University of Cal-
ifornia School of Medicine, Irvine, California. Mr Huang is affiliated
with the Department of Respiratory Medicine, Kanazawa Medical Uni-
versity, Uchinada, Ishikawa, Japan.

The authors have disclosed no conflicts of interest.

634

airway compliance-dependent, increased compliance, such
as seen in patients with tracheobronchomalacia, results in
increased airway resistance and decreased maximum ex-
piratory flow. Results from studies of air-flow limitation in
theoretical and experimental models demonstrate that when
the collapsing trachea is supported by a rigid tube, air flow
improves and the flow-limiting segment migrates from the
central airway toward the periphery.?

Malacia, defined as weakness of central airway carti-
laginous structures, is a form of expiratory central airway
collapse. Another form of this syndrome, however, exces-
sive dynamic airway collapse, is defined as excessive in-
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ward bulging of the posterior membrane in the absence of
weakened cartilage. Excessive dynamic airway collapse
can be erroneously described as malacia on imaging stud-
ies and bronchoscopy.? While both are forms of expiratory
central airway collapse, choke points in patients with ex-
cessive dynamic airway collapse are probably located pe-
ripherally, while in patients with malacia they appear to be
located centrally.?

Based on the above-mentioned concepts, procedures tar-
geting central airway stabilization, such as surgical tra-
cheobronchoplasty, bronchoscopic stent insertion, and non-
invasive positive-pressure ventilation, are offered to
improve expiratory flow by increasing cross-sectional area,
and support the weakened airway wall structures in se-
lected patients with expiratory central airway collapse.?
Because selecting the appropriate airway stabilization pro-
cedure is not straightforward, various strategies and algo-
rithms, including the use of stent insertion trials, have been
proposed in the quest to optimize patient management.>*
In this paper we describe how novel multimodality imag-
ing studies and physiologic assessments might be com-
bined in order to assess airway wall structure, identify
changes in flow-limiting segments before and after treat-
ment, and provide further insights into the pathogenesis of
expiratory central airway collapse.

Case Report

A 68-year-old man presented with dyspnea on exertion,
heavy sputum production, and chronic cough. His medical
history consisted of chronic bronchitis and tuberculosis.
Physical examination revealed bilateral rhonchi and early
wheezing on expiration. He had grade IV on the Medical
Research Council dyspnea scale. Laboratory findings
showed a white blood cell count of 13,200 cells/ul. and
C-reactive protein of 1.06 mg/dL, due to chronic inflam-
mation. Sputum cultures on repeated occasions showed
Pseudomonas aeruginosa and Achromobacter xylosoxi-
dans. Computed tomography (CT); white light bronchos-
copy; endobronchial ultrasound; vibration response imag-
ing; and physiologic assessments including spirometry,
impulse oscillometry, negative expiratory pressure, and
intraluminal catheter airway pressure measurements were
applied to determine how novel imaging and physiologic
technologies can be used to elucidate choke point physi-
ology and airway wall structure in the setting of expiratory
central airway collapse. The study was approved by the
St Marianna University internal review board, and the pa-
tient provided informed consent.

Spirometry revealed an FVC of 2.27 L, FEV, of 0.74 L,
and peak expiratory flow (PEF) of 2.48 L/s. The flow-
volume curve showed marked reduction of the expiratory
flow (Fig. 1). Paired inspiratory and expiratory dynamic
CT findings showed tracheal and bilateral mainstem bron-
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chial collapse during the expiratory phase (see Fig. 1).
White light bronchoscopy confirmed the radiographic find-
ings, suggesting severe diffuse crescent type tracheobron-
chomalacia and airway wall edema from chronic inflam-
mation (Fig. 2).

In order to further elucidate airway wall structures and
flow-limiting segments, additional imaging and physio-
logic studies were performed (Table 1). Endobronchial
ultrasound, using a 20 MHz radial probe (UM-3R, Olym-
pus, Tokyo, Japan) and a flexible sheath equipped with a
balloon at the tip (MH-246R, Olympus, Tokyo, Japan)
revealed expiratory collapse (horizontalization) of the hy-
per-echogenic layer corresponding to the weakened air-
way wall cartilage, confirming the diagnosis of malacia
(Fig. 3). The sub-mucosal layer was thick due to chronic
inflammation. The vibration response imaging system
(VRI, Deep Breeze, Or-Akiva, Israel) showed a floating
image and fluttering at both lungs, representative of cen-
tral airway turbulence (see Fig. 3). Impulse oscillometry
(Masterscreen, Jaeger, Hochberg, Germany) revealed re-
sistance at 5 Hz (RS5) of 0.92 kPa/L/s, resistance at 20 Hz
(R20) of 0.51 kPa/L/s, R5-R20 of 0.41 kPa/L/s, reactance
at 5 Hz (X5) of —0.57 kPa/L/s, frequency of resonance
24.63 L/s (see Fig. 1). These results of impulse oscillom-
etry showed a marked frequency dependence of the respi-
ratory system resistance, namely R20 substantially de-
creased from R5. The elevated R5 represents the narrowing
of central airways, including the trachea and main bronchi.
The decreased R20 signifies that the higher frequency com-
ponent of the pressure pulse could not pass through the
narrow central airway to the distal airways, but resulted in
sequential inflation and deflation of the collapsible airway
segments. Impulse oscillometry data also showed the
marked difference of X5 between inspiratory and expira-
tory phases. The significant decrease of X5 in the expira-
tory phase exhibits the tidal expiratory flow limitation.
Since the choke point (ie, the flow-limiting segment) was
established in the central airway during tidal expiration,
the pressure pulse, especially the lower frequency compo-
nent of 5 Hz, could not pass through the choke point to the
distal airways. Therefore, the reactance component of 5 Hz
represents the compliance of airway localized downstream
of the choke point, and results in more negative X5. In
contrast, since the choke point does not exist during in-
spiration, X5 represents the compliance of a broader range
of bronchi, lung parenchyma, and chest wall. This resulted
in less negative X5 and marked difference in measured
values between the respiratory phases. Negative expiratory
pressure measurements (HI-801, Chest MI, Tokyo, Japan)
showed complete expiratory flow limitation (see Fig. 1).

The patient underwent rigid bronchoscopy under gen-
eral anesthesia. Airway pressures were measured intraop-
eratively using an intraluminal pressure catheter (Fuji Sys-
tems, Tokyo, Japan) (Fig. 4). Large pressure differences

635



NOVEL MULTIMODALITY IMAGING AND PHYSIOLOGIC AIRWAY CHOKE-POINT ASSESSMENT

Spirometr Impulse Oscillomet Negative Expiratory Pressure
Yy p ry g p ry
A s 12 205
54
4 L 10 184 2
1 N 164 .
@, K = )
=4 =G FS 3 1
< Le 3 2 z
: L, g
= 0 w L
L 1 L4 g 104 0 ]
N 2 & w
=4 61 -1
4 r - - 0
0 1 2 3 4 04 02 0 02 04 08 08 1
Volume (L) Reactance/Resistance Volume (L)
(kPalL/s)
B s 12
5
4 L 10 24
5 N s
—_ -8 I %)
€2 4 = 3 1
=3 3 o
2 [ 8 g 2 m
o Y =] o
= (1} P g *
& N |
2 L2
3 H
4 : - - 0 - r
0 1 2 3 4 ; ; 0 0.2 0.4 0.6 1
Volume (L) Reactance/Resistance Volume (L)

(kPall/s)

Fig. 1. A: Before stent insertion, spirometry (left panel) shows FVC of 2.27 L, FEV, of 0.74 L, peak expiratory flow (PEF) of 2.48 L/s, and an
airway collapse pattern. Impulse oscillometry (middle panel) shows R5 of 0.92 kPa/L/s (inspiratory 0.76 kPa/L/s, expiratory 1.05 kPa/L/s),
R20 of 0.51 kPa/L/s (inspiratory 0.42 kPa/L/s, expiratory 0.59 kPa/L/s), X5 of —0.57 kPa/L/s (inspiratory —0.37 kPa/L/s, expiratory
—0.81 kPa/L/s), frequency of resonance of 24.63 L/s (inspiratory 21.77 L/s, expiratory 26.92 L/s). Negative expiratory pressure (right panel)
shows the tidal expiratory flow limitation. B: Twelve days after stent insertion, spirometry shows FVC of 2.23 L, FEV, of 0.98 L, PEF of
2.99 L/s. Impulse oscillometry reveals R5 of 0.48 kPa/L/s (inspiratory 0.49 kPa/L/s, expiratory 0.48 kPa/L/s), R20 of 0.26 kPa/L/s (inspiratory
0.24 kPa/L/s, expiratory 0.28 kPa/L/s), X5 of —0.25 kPa/L/s (inspiratory —0.2 kPa/L/s, expiratory —0.28 kPa/L/s), frequency of resonance
of 20.29 L/s (inspiratory 20.79 L/s, expiratory 19.37 L/s). Negative expiratory pressure shows no tidal expiratory flow limitation. Paired
inspiratory (C) and expiratory (D) dynamic computed tomography reveals lower tracheal collapse during expiration.
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Fig. 2. Bronchoscopy images obtained during inspiration (A) and
expiration (B) before stent insertion. Left: left main bronchus.
Middle: carina. Right: trachea. Tracheobronchial lumen images
during bronchoscopy shows the trachea, right main, and left
main bronchi collapsed during the expiratory phase. C: One day
after stent insertion, airway patency has improved, but there is
substantial mucosal erythema and edema. Left: bronchus in-
termedius. Middle: trachea. Right: distal left main bronchus.
D: Thirty days after stent placement, chronic airway inflamma-
tion has improved.

were seen between the upper trachea and the carina, con-
sistent with a location of the choke point in the lower
trachea (see Fig. 4). A Y-shaped silicone stent
(16.60 X 13.10 X 13.45 mm) was then inserted at the
main carina (TM stent, Fuji Systems, Tokyo, Japan). In-
traoperative airway pressures measured immediately after
stent insertion showed that the pressure differences had
disappeared (see Fig. 4). Results from subsequent follow-up
studies post-intervention showed only slight improvement
in spirometric values and flow-volume loop, with a sub-
stantial decrease in R5 on impulse oscillometry, and no
expiratory flow limitation on negative expiratory pressure
(see Fig. 1). Dyspnea, however, had improved to Medical
Research Council grade II, and vibration response imaging
showed that the floating and fluttering had disappeared
(see Fig. 3). Flexible bronchoscopy confirmed the patency
of the indwelling silicone stent and showed improvement
of inflammatory mucosal changes (see Fig. 2).
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Discussion

Tracheobronchomalacia and excessive dynamic airway
collapse are both forms of expiratory central airway col-
lapse, manifested by a similar constellation of symptoms.3#
The 2 disorders are different from each other even though
in the literature the term “malacia” is often used to de-
scribe excessive dynamic airway collapse.? Determining
ideal treatment might prove difficult in selected cases,
prompting therapeutic trials to determine ideal outcomes.3#
In this report, multimodality imaging and physiologic stud-
ies were combined to provide additional insight into the
pathophysiology of tracheobronchomalacia.

Paired inspiratory-expiratory dynamic CT scanning can
reveal the degree and potentially the etiology of central
airway collapse.® Disagreement exists, however, regarding
how much of a decrease in cross-sectional area signals
clinically and physiologically important airway narrow-
ing.>7 While many investigators use 50% or more reduc-
tion in airway cross-sectional area between inspiration and
expiration to identify malacia,? this definition leads to over-
diagnosis, considering that 78% of normal individuals re-
portedly exceed this criterion.”

Endobronchial ultrasound using a 20 MHz radial probe
identifies hypo- and hyper-echoic layers that correlate with
the laminar histological structures of the central airways.®
Structural airway wall abnormalities have been identified
in patients with malacia caused by tuberculosis, relapsing
polychondritis, lung cancer, compression by vascular rings,
and in patients with excessive dynamic airway collapse.8-10
Furthermore, endobronchial ultrasound could potentially
distinguish between tracheobronchomalacia and excessive
dynamic airway collapse. In tracheobronchomalacia, for
example, the cartilage is destroyed or weakened,? ' while
in excessive dynamic airway collapse it appears that the
cartilage is intact and the posterior membrane is thinner
than normal, likely due to atrophy of elastic fibers.!?

Vibration response imaging is a noninvasive imaging
tool that can be described as an electronic stethoscope that
picks up the sounds from the chest, using 40 piezo-acous-
tic sensors. Analog signals are transformed into dynamic
gray-scale images, similar to the process involved in ul-
trasound imaging.!' Vibration response imaging has been
used in the evaluation of patients with asthma, COPD,
aspiration of foreign objects, and tracheobronchial obstruc-
tion undergoing bronchoscopic interventions.'! To our
knowledge, however, this is the first report of vibration
response imaging findings in a patient with expiratory cen-
tral airway collapse. The disappearance of floating and
fluttering post-stent insertion is consistent with previous
studies showing improvement in patients with other forms
of central airway obstruction after bronchoscopic interven-
tions.'! Experimental studies suggest that sounds at fre-
quencies of 100-250 Hz are mainly generated in the cen-
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Table 1. Imaging and Physiologic Studies Before and After Stent Insertion

Study Modality

Results Pre-stent Insertion

Results Post-stent Insertion

Endobronchial ultrasound
cartilaginous ring

Vibration response imaging

Impulse oscillometry

Negative expiratory pressure Tidal expiratory flow limitation

Expiratory horizontalization of the airway

Floating image and fluttering in both lung zones
Marked frequency dependence in resistance, more
negative reactance in the expiratory phase

Lack of expiratory horizontalization of airway
cartilaginous ring

Absence of floating and fluttering

Disappearance of frequency dependence and
respiratory phase-related difference in reactance

No tidal expiratory flow limitation

bk — -

A e 4. et 2

Fig. 3. Endobronchial ultrasound shows (A) trachea, and (B) right
main bronchus. Tracheal and bronchial cartilages were intact, but
the tracheal cartilage was flat (horizontal) during expiration, sug-
gesting weakness. The submucosal layer of the trachea and right
main bronchus was thick (1) due to inflammation, and the tracheal
cartilage shows a slight thickening with normal bronchial carti-
lage (2). C: Vibration response imaging shows a floating image (1)
and fluttering image (2) in both lungs before stent insertion. D. Af-
ter stent insertion, floating and fluttering disappeared.

tral airways, 250-350 Hz in the smaller bronchi, 500—
650 Hz in the terminal bronchioles, and 650-1,500 Hz
within the alveolar space.!? Thus, differential analysis of
vibration response imaging might allow precise localiza-
tion of pathologic processes in different compartments of
the lung.!'"-'? In this regard, tracheobronchomalacia and
excessive dynamic airway collapse should provide differ-
ent dynamic gray-scale images, since in tracheobroncho-
malacia the flow-limiting segments are predominantly cen-
tral, while in excessive dynamic airway collapse they are
peripheral.

Spirometry in patients with expiratory central airway
collapse may reveal obstructive ventilatory impairment pro-
portionate to the severity of the disease, but these findings
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are nonspecific.?> The descending expiratory limb might
reveal a peak and plateau in the flow-volume loop (the so
called “airway collapse” pattern), which, while indicative
of central airway collapse, is neither sensitive nor specific
for malacia.? Furthermore, spirometry measurements after
treatment are not necessarily representative of the degree
of symptomatic improvement, as demonstrated in our pa-
tient.!3 This observation is similar to findings in patients
with COPD, in whom therapy with bronchodilators can
improve dyspnea and exercise endurance, with little or no
associated change in maximal expiratory flow rates, de-
spite evidence of improvement in physiologic measure-
ments of dynamic hyperinflation.'* Therefore, treatment
by stent insertion, which stabilizes and reduces the central
airway flow turbulence, might also result in clinical im-
provements that are not necessarily detectable using FEV,
measurements. !4

Contrary to spirometry, negative expiratory pressure
measurements do not require patient collaboration, perfor-
mance of FVC maneuvers, or use of a body plethysmo-
graph. Negative expiratory pressure can be used, apart
from in spontaneously breathing subjects in any body po-
sition, during exercise, and in the intensive care unit set-
ting.> Negative expiratory pressure identifies expiratory
flow limitation by comparing the expiratory flow-volume
profile of a tidal breath (ie, control breath) to that of a
breath when additional negative pressure is applied (ie,
test breath).>!> The term expiratory flow limitation is used
to indicate that maximal expiratory flow is achieved dur-
ing tidal breathing and is characteristic of intrathoracic
air-flow obstruction. Tests are performed by applying neg-
ative pressure (—3 to —5 cm H,0) at the mouth during a
resting tidal expiration and comparing the ensuing expira-
tory flow-volume loop with that of a previous control tidal
expiration. The physiologic premise for negative expira-
tory pressure measurements is that any increase in flow
beyond that obtained from the control breath demonstrates
that some expiratory flow reserve is present. If negative
expiratory pressure elicits increased flow over the entire
control tidal volume, the subject is not flow limited. In
contrast, if with negative expiratory pressure the subject
exhales partly or entirely along the control flow-volume
curve, intrathoracic flow limitation is present. This method
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Fig. 4. A: A 3-dimensional bronchial tree image using Pulmonary Workstation 2 (Vida Diagnostics, Coralville, lowa) with lateral pressure
measurements. B: Before stent insertion a large pressure difference was seen between the upper trachea and right lower bronchus and
carina. C: After stent insertion the pressure difference disappeared both during inspiration and expiration, and a regular respiratory cycle
was seen.

is independent of volume and time history, is noninvasive, patient, however, upper airway collapse during negative
and is readily applicable in a variety of clinical settings.>!> expiratory pressure test was implausible since he did not
However, negative expiratory pressure detects flow limi- have clinical signs or symptoms of obstructive sleep ap-
tation in any condition during which all possible pathways nea, and negative expiratory pressure measurements
between airway opening and alveoli are choked.'® In our showed complete expiratory flow limitation before stent
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insertion and no expiratory flow limitation after stent in-
sertion.

Impulse oscillometry is also an effort independent test
during which brief random pressure pulses of 5-35 Hz,
generated by a small loudspeaker mounted in series with a
pneumotachograph, are applied during tidal breathing. Pres-
sure-flow oscillations are superimposed on the subject’s
tidal breaths, and real-time recordings are used to provide
an estimate of total respiratory system impedance, includ-
ing measurements of resistance and reactance at different
frequencies that might differentiate between central and
peripheral components of airway obstruction.!> Increased
resistance at a low oscillation frequency (5 Hz) reflects an
increase in total respiratory resistance, suggestive of air-
way obstruction such as that found in patients with COPD,
while an increase at a higher frequency (20 Hz) reflects
more specifically increased central airway resistance such
as that found in patients with malacia.'” The impulse os-
cillometry maneuver does not cause respiratory fatigue!'>
and may be more sensitive than spirometry. In this report
we showed how impulse oscillometry measurements can
identify narrowing and localize choke points in the central
airways. Impulse oscillometry data from variable central
airway obstruction are similar to those from patients with
COPD (ie, increased resistance at 5 Hz, marked frequency
dependence in resistance, more negative reactance at 5 Hz,
and increased resonant frequency). Furthermore, the data
were similar to those in severe COPD patients with tidal
expiratory flow limitation (ie, reactance at 5 Hz was much
more negative in the expiratory phase, compared with the
inspiratory phase). In our patient the impulse oscillometry
data normalized after stent insertion, confirming that the
impulse oscillometry pattern was due to the central airway
collapse. Since the differentiation of peripheral from cen-
tral airway resistance is based on the existence of airway
compliance in impulse oscillometry measurement in COPD
patients,'8 the increased collapsibility in the central airway
in this patient was considered to be responsible for the
similar results. Although the results of impulse oscillom-
etry were like those of patients with COPD, R20 in pa-
tients with central airway obstruction is probably higher
than in COPD, but this will need to be confirmed in future
studies. Since in excessive dynamic airway collapse the
predominant site of flow limitation is in the periphery,
higher RS and R5-R20 values are expected than with tra-
cheobronchomalacia, for which the main site for flow lim-
itation is the central airways, and thus higher R20 is ex-
pected.

In pondering the clinical relevance of the multiple mo-
dalities described in our study, we suggest that traditional
investigations would have included spirometry, dynamic
CT, and bronchoscopy, which would have demonstrated
obstructive ventilatory impairment and expiratory central
airway collapse most likely caused by tracheobronchoma-
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lacia.>*%7 The addition of negative expiratory pressure
and impulse oscillometry confirmed the diagnosis of ob-
structive ventilatory impairment and localized the expira-
tory flow limitation to the central airways. Endobronchial
ultrasound confirmed malacia as the cause of expiratory
central airway collapse, since the posterior membrane was
normal but there was evidence of cartilage weakness and
cartilage collapse during expiration. Intra-operative pres-
sure measurements revealed the precise location of the
flow-limiting segments in the central airways. After stent
insertion, intra-operative pressure measurements revealed
resolution of flow-limitation at previously identified cen-
tral airway choke point locations, also demonstrated non-
invasively by negative expiratory pressure and impulse
oscillometry. Vibration response imaging revealed changes
in display of the gray-scale images during the expiratory
phase of the cycle post-intervention, suggesting a change
in the anatomical location of the sites responsible for the
generation of vibrations. Correlations of this Vibration re-
sponse imaging pattern with choke point location, how-
ever, requires further investigations before firm conclu-
sions can be drawn.

A clear understanding of choke point location in mala-
cia may be important because of differences in comparison
with excessive dynamic airway collapse, another form of
expiratory central airway collapse that is not uncommon in
patients with COPD, symptomatic asthma, and obesity.!%-20
Excessive dynamic airway collapse is seen in patients with
various forms of small airway obstruction in the absence
of structural central airway abnormalities.> Narrowing of
the central airways is exaggerated in patients with small
airway disease, in part because of loss of intraluminal
pressure in the periphery (friction losses in small airways).
The resulting negative transmural pressure gradient causes
excessive invagination of the posterior wall. In these sit-
uations, pressure catheter measurements demonstrate no
pressure drop along the trachea and mainstem bronchi,
thus predicting no improvement in air flow after central
airway stabilization procedures.?! It is therefore expected
that pressure catheter measurements in excessive dynamic
airway collapse reveal no pressure drop along the collaps-
ible central airway, contrary to tracheobronchomalacia, as
revealed in this report. While a major limitation of our
study is the absence of direct comparison with a patient
with excessive dynamic airway collapse, we submit that
studies are warranted to determine whether multimodality
imaging and physiologic assessments might help distin-
guish malacia from excessive dynamic airway collapse,
and to precisely localize choke points in both disorders,
thereby providing information to assist in proper patient
selection for conservative, minimally invasive, or open
surgical procedures to stabilize the central airways.

In summary, a combination of novel diagnostic imaging
and physiologic assessment technologies were applied to
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elucidate the characteristics of choke point physiology and
airway wall structure in a patient with severe diffuse cres-
cent-type malacia. The central airway location of flow-
limiting segments was precisely localized, and choke point
analysis was concordant with physiologic models predicted
by wave-speed theory of expiratory flow limitation. Air-
way stabilization at the choke point improved flow limi-
tation by increasing the airway cross-sectional area and
supporting the weakened airway wall, thus improving ven-
tilatory function and relieving dyspnea.
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