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ABSTRACT

BACKGROUND: The flow-volume curve is a simple test for diagngsupper airway obstruction.
We evaluated its use to predict recurrence in petiendergoing endoscopic dilation for treatment
of benign upper airway stenosis.

METHODS: The data of 89 consecutive patients undergoing saagic dilation of simple upper
airway stenosis were retrospectively reviewed. Motpgical distortion of flow-volume loop
(visual analysis) and quantitative criteria inCh@liMEFs0o/MIFs509<0.3 or > 1.0; FEYMEF>10;
and FEM/FEV,5>1.5 were considered as predictive of recurrentalllcases, the recurrence was
confirmed by radiological and/or bronchoscopic ing$. The sensitivity, specificity, PPV, NPV,
and accuracy of visual, quantitative and aggregateria for detecting recurrence were computed
and compared.

RESULTS: Of89 patients treated, 27 (30%) had a recurrendsuaV analysis presented a
sensitivity, specificity, PPV, NPV, and accuracy G8%; 83.9%; 63%; and 83.9%, and 77.5%
respectively. Among the quantitative criterion, tNHEF50%/MIF50% was the most accurate
having a sensitivity, specificity, PPV, NPV, anca@cy of 77.8%; 79%; 61.8%; and 89.1%, and
78.7% respectively. Aggregate criterion presentediest yield compared to other criteria in terms
of sensitivity (81.5%), specificity (91.9%), PPV1(8%), NPV (91.9%), and accuracy (88.8%).

CONCLUSIONS: The flow-volume curve is a simple and non-invasivethod to follow patients
undergoing endoscopic dilation of upper airway es& Morphological changes in the flow-
volume loop and in the MEF50%/MIF50% ratio are sajiye of recurrence and guide the
physician to implement the follow-up with furtheagnostic (non)invasive exams.



Endoscopy is a palliative treatment of upper ainebgtruction (UAO) in patients unfit for surgery.
Stenoses less than 1 cm in length, without cgrititaus involvement or tracheomalacia are defined
as simple, and generally treated with radial cutd mechanical dilation [1]. However, they can
recur, and needs additional treatments. Since matlye patients who recur present symptoms at
rest when narrowing is markeg 6 mm) [2], to early predict re-stenosis is dedeald avoid
emergent treatment. Chest High Resolution Compufeamography (HRCT) scan and
bronchoscopy follow any progression of narrowinggass, but they remain expensive and invasive
methods. The flow-volume curve is a simple and mwasive method that graphically records
inspiration and expiration flows (on the y-axis)aagst volume (on the x-axis) obtained while
patient performs maximal forced inspiratory andigtpry maneuvers. Miller et Hyatt [3] defined
three distinct flattenings of curve depending onether (i) the stenosis was fixed (plateau on
inspiratory and expiratory phase of the curve), \ariable intrathoracic (plateau on expiratory
phase of the curve), or (iii) variable extrathoca@plateau on inspiratory phase of the curve).
Despite flow-volume curve has been used for dectmessess UAO [4,5,6], its effectiveness for
routine follow-up of patients with UAO undergoingd®scopic treatment remains unclear. Yet, in
the years some authors [6,7,8,9] have questioretbth sensitivity of morphological distortion of

curve to diagnosis stenosis.

Thus, in this study we aimed to evaluate the flaumne curve as a surveillance tool in
patients undergoing endoscopic treatment of UAO @ndompare the accuracy of visual and

guantitative criteria of the curve to detect reenne.

MATERIAL AND METHODS

Sudy Design



It was a retrospective multi centers study inclgdati consecutive patients undergoing endoscopic
treatment of benign UAO between January 2013-Jg2@t7. Data were extracted by prospective
database of each participating centers. Patiahtsvi(th benign UAO unfit for surgery and
undergoing endoscopic dilation; (ii) able to unaefigw-volume curve measurement; and (iii) with
complete follow-up for at least 12 months were udeld. Patients (i) treated with stent insertion as
first approach; (i) not performing flow-volume rmg analysis before and after treatment; and (iii)

with incomplete follow-up were excluded.

We supposed that flow-volume curve could be a \@&uanethod to predict a re-stenosis
after endoscopic dilation. To test it, we evaluatezlalteration of visual, quantitative and aggtega
criteria of curve in relation to recurrence (depamdvariable) and then compared the accuracy of
each criterion to identify the most accurate. Th®vivolume curves were evaluated by two
different physicians who were blinded to the resolh follow-up. Discordant results were resolved
by a consensus with a third reader. The study desas approved by Local Ethics Committees of
University "Luigi Vanvitelli", Naples, Italy, (appwval number: 684/18) the coordinator center of
the study, and then by each patrticipating centkpa&ients gave a written informed consent for the

treatment of UAO and the follow-up exams.

Sudy population

Before treatment, all patients performed standaschms including flow-volume curve
measurement, chest HRCT and bronchoscopy. Theseopic treatment was performed in
operating room with rigid bronchoscopy. Being sientenosis, in all cases mucosal sparring
technique was performed with radial incisions usstggssors or laser, according to the center's
preference, followed by dilation with balloon ogid scope [1]. All patients were then followed

with flow-volume measurements, chest CT, and broscbpy (if indicated) at 1, 3, 6, 9 and 12



months from the procedure. Patients who were ffegymptoms for at least 12 months after the
procedure were considered cured. In patients sitepicion of restenosis, follow-up was
implement, and the measurements were performed; é+érweeks. In all cases, restenosis was

documented by chest CT scan and confirmed by basucpy.

Flow-Volume Curve Measurement

The flow-volume curve was measured by expert texans of each participating center with a
previously calibrated plethysmograph. All spirometrwere performed in accordance with ATS
standards [5], and included a standard forced malxexhalation, followed by a forced maximal
inhalation. The maximum flow-volume curves weretig@dd on x-y axes: the flow was measured at
the mouth and the volume was obtained by integradibthe flow. Three such maneuvers were
performed and the best effort based on Forced @tgpacity (FVC) and on Forced Expiratory

Volume In The First 1 Second (FEV1) was selecteddyiputer for the analysis.

Visual Criteria: The expiratory and inspiratory flow volume curvesre reported from the best

expiratory and inspiratory curves, respectively,ionhwere those selected also for quantitative
analysis. Visual alteration of loop were differemgid in three groups according to the classificatio
of Miller et Hyatt [3]: (i) flattening on inspiraty and expiratory phase (fixed stenosis); (ii)
flattening on the inspiratory phase (variable etfwaracic stenosis); and (iii) flattening on the

expiratory phase (variable intra-thoracic stenosis)

Quantitative criteria: based on previous experiences [3,7,8], the folgwquantitative criteria to

predict the restenosis were evaluated:

* Maximal Expiratory Flow Rate At 50% Of The Vital gacity/ Maximal Inspiratory Flow
Rate At 50% Of The Vital Capacity (MEF50%/MIF50960.30 or >1 (Miller et Hyatt

index [3])



* Forced Expiratory Volume in the first 1 second/Maal Expiratory flow (FEV1/MEF) > 10

ml/L/min (Empey index [7])

» Forced Expiratory Volume In The First 1 Second/dedr Expiratory Volume In The First

0.5 second (FEV1/FEVO0.5) > 1.5 (Rotman index [8]).

Agaregate Criterion: The quantitative criterion with the first-highestcuracy was associated to

visual criterion to generate aggregate criteriorheW both criteria were negative or positive, the
aggregate criterion was considered as negativeositiye, respectively; in cases of discordant
results (one criterion negative and the other p@it to establish the correct response we also
considered the quantitative criterion with the asethighest accuracy. Since all criteria were
described such as dichotomous variables (1=positmegative), in all cases the aggregate
criterion was obtained using a mathematical modsetd on Boolean algebra [9], defined by one of

the authors (N.S.):

F= AXB+ Cx(A+ B)

where: F=Aggregate criterion, A=Visual criteriB=Quantitative criterion with the first-highest

accuracy, and C=Quantitative criterion with thes&l-highest accuracy.

Satistical Analysis

Data were expressed as mean + Standard Deviatnf¢® continuous variables; and as absolute
number and percentage for categorical variablggmifgiant difference between two means was

evaluated by the Student's t-test. Sensitivityctiogty, Positive Predictive Value (PPV), Negative



Predictive Value (NPV) and diagnostic accuracy ofual, quantitative, and aggregate criteria
(independent variables) for predicting recurrerdpéndent variable) were computed in a standard
manner. To compare the diagnostic yield of eaderoon, the multiple comparison with chi-square
test followed by Z-test (post-hoc test) were pemnfed. A value of p<0.05 was considered
statistically significant. MedCalc statistical sefire (Version 12.3, Broekstraat 52;Mariakerke,

Belgium) was used for this analysis.

RESULTS

In the study period, 285 patients with benign testhstenosis were endoscopically treated. Of
these, 196 patients were excluded due to the steettion after dilation (n=101) or lack of
available data on flow-volume curves (n=95). Tl&&patients were included in the analysis (Table
1). The mean age was 73+6.9 year-old. The mainecafistenosis was post-intubation (57%).
Cardiac disease (44%), cerebral disease (31%)ramy disease (22%) and drug abuse (3%) were
the main comorbidities that contraindicated surgémyall cases, the stenosis was simple with a
length of 8+1.3mm, distance from vocal folds of 3&mm, and diameter of 6£3.7mm that reduced
> 75% the tracheal lumen. After dilation, the aipywhameter significantly increased (from 6+3.7
mm to 14+6.7 mm; p=0.0003) without any complicasiomn 27 (30%) patients the stenosis
recurred 7+4.3 months later. Of these, 19/27 (7p%¥ented dyspnea at rest and stridor (airway
diameter: 6.5+1.3mm), while 8/27 (30%) had dyspateaild-moderate effort (airway diameter:
8.9+2.7mm). They were re-treated with endoscopiatidn alone (n=15), dilation followed by

stent insertion (n=10), and surgery (n=2).

Visual Analysis Of Flow-Volume Curve
Before dilation, the loop showed a flattening (i) imspiratory and expiratory phase in 27 (30%)

patients (fixed stenosis); (ii) on inspiratory paas 35 (39%) (variable extrathoracic stenosis§l an
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(iif) on expiratory phase in 15 (17%) (variablerathoracic stenosis). The remaining 12 (14%)
patients presented aspecific changes as absenoeate inspiratory loop or biphasic expiratory

loop. Examples are reported in Figure 1.

Patients with recurrence (n=27): After dilation, visual analysis correctly identifighe recurrence

in 17 (63%) patients (true positive results), amdhie most of cases (15 of 17; 88%) the flattening
was suggestive of fixed stenosis. In all casesilé fhattening was present 3 months after dilation,

when clinical symptoms are not present. Then, ldtéehing become more evident at 4, 5, 6 months
of follow-up in correlation with the reduction ofatheal diameter seen on HRCT scan and
bronchoscopy. Finally, it was well marked concutneith dyspnea at rest. An example is reported
in Figure 2. In 10 (37%) patients, no alterati@gm*8) or aspecific alterations of the loop (n=2yeve

observed (false negative results); of these, 8pted dyspnea at mild-moderate effort.

Patients without recurrence (n=62): Among 62 patients without recurrence, in 52 (83.@%ses an

improvement of the loop was observed and maintaifioedhe entire follow-up (true negative
results). They were followed 1, 3, 6, 9, 12 mon#ns] no increase of measurements was applied
during the surveillance. Also in these cases, thprovement of curve was correlated with the
increased diameter of trachea seen on HRCT anctlhosnopy. All patients were asymptomatic.
An example is reported in Figure 3. The remainiry datients (16.1%) presented aspecific
distortion of the loop (false positive results).

The sensitivity, specificity, PPV, NPV, and diaghosaccuracy of visual analysis were

63%; 83.9%; 63%; and 83.9%, and 77.5% respectively.

Quantitative Analysis of Flow-volume curve

The results are summarized in Table 2.



Among patients with recurrence (n=27), the MEF509%/80%; FEV1/MEF, and FEV1/FEV0.5
index were positive in 21 (77.8%); in 10 (37%); am@ cases (29%), respectively.
Among patients without recurrence (n=62), the MERBAIF50%; FEV1/MEF, and FEV1/FEVO0.5

index were negative in 49 (79%); in 30 (48%); and3 cases (37%), respectively.

Aggregate Criterion Of Flow-Volume Curve

The aggregate criterion presented 17 positive t®srhong 27 patients with recurrence and 49
negative results among 62 patients without recegenwhere Visual criterion and
MEF50%/MIF50% (quantitative criterion with first dhest-accuracy) were concordant. In the
remaining cases with discordant results (10 amaigmts with recurrence and 13 among patients
without recurrence), the aggregate criterion ide@i5 of 10 patients with recurrence and 8 of 13
patients without recurrence. The patients with @heut recurrence were individuated according to

above reported model:

Aggregate Criterion= (visual criterion x MEF50%/MIF50%) + (FEVL/MEF) x (visual criterion +

MEF50%/MIF50%)

Considering all results, aggregate criterion wasitp@ in 22 of 27 patients with recurrence
(81.5%) and negative in 57 of 62 patients with@durrence (91.9%). The sensitivity, specificity,
PPV, NPV, and accuracy were 81.5%; 91.9%; 81.5%; %n9%, and 88.8% respectively (Table

2).

Comparison among each individual criterion
Multi-comparison test showed for sensitivity, sfiety, PPV, NPV, and diagnostic accuracy a
significant difference among Visual Analysis, MEB&MIF50%, FEV1/MEF, FEV1/FEV0.5 and

Aggregate Criterion (p<0.0001). Post hoc test shibwat (i) for sensitivity, the Aggregate
9



Criterion presented the higher value than otherd.(G257), while FEV1/FEV0.5 had the lower
value (p=0.0081); (ii) for specificity, the AggrdgaCriterion (p=0.0003) and Visual Analysis
(p=0.017) presented the higher value while FEV1/MBE0.003) and FEV1/FEV0.5 (p<0.0001)
the lower values; (iii) for PPV, the Aggregate €ribn presented the higher value (p=0.0003),
while FEV1/FEVO0.5 the lower value (p=0.0014); (fey NPV, the Aggregate Criterion presented
the higher value (p=0.0259) while FEV1/MEF (p=0.82and FEV1/FEV0.5 (p=0.0005) the lower
values; and (v) for Accuracy, the Aggregate Criter{p<0.0001), Visual Analysis (p=0.0261) and
MEF50%/MIF50%(p=0.0153) presented the higher valuekile FEV1/MEF (p=0.0004) and

FEV1/FEVO0.5 (p<0.0001) the lower values.

COMMENT

Visual distortion of flow-volume curve is the masmple and used parameter to diagnose UAO.
However, its diagnostic accuracy could be affettgdhe quality of flow-volume and variability of
interpretations by physicians, thus several autpasposed quantitative indexes to overcome these
limits [6-8,10-11]. However, no papers, before fnesent, have compared the diagnostic yield of
visual, quantitative and aggregate criteria to ctetecurrence during the surveillance of patients
endoscopically treated for UAO.

First, in agreement with previous papers [6,12-98],found that visual analysis presented
high specificity (84%), but low sensitivity (63%Among patients with recurrence, it correctly
detected the re-stenosis in 17 (63%) cases; aétatment, in the most of patients (88%) the loop
was flattened on inspiratory and expiratory phdised stenosis) while in 56% of these cases it
presented a flattening on inspiratory or expiratoinases (variable stenosis) before treatment. The
structural changes in stenotic scar as a resuttilafion could explain these differences. Before
dilation, the scar was less dense, and, thus,densitransmural forces that reduced the inspiyato
flow rather than the expiratory flow in extrathd@obstruction or vice versa in intrathoracic

obstruction. After dilation, the formation of & scar produced a constant degree of airflow
10



limitation, resulting in a similar flattening on gpiratory and expiratory phase of the loop.
Interestingly, in all cases a mild flattening waisgent in the early follow up before symptoms but i
become more evident in relation to the progreseifaairway narrowing. Similarly, previous studies
evaluated the flow volume curves generated by nbsubjects breathing through progressively
smaller artificial orifices and found that flow-wwhe curve distortion were reflective oforifices
caliber [2]. In 10 cases without recurrence, weeobsd aspecific alterations of loop. Sterner et al
[6] found that nearly 50% of 2.662 flow-volume casvpresented similar aspecific inspiratory
alterations, not associated with airway obstructibimese abnormalities could be due to different
pre-existing disease as dysfunction of vocal folgisstro-esophageal disease, Chronic Obstructive
Pulmonary Disease (COPD), allergic rhinitis or dligaty of anterior tracheal wall that reduced the
inspiratory flow with consequent absence or truocabf inspiratory loop. In 10 of 27 (37%)
patients with recurrence, no flattening of thepomas present. Similarly, a normal loop was
reported by Gamsu et al. [12] in 4 of 21 patienith wtenosis. In theory, the low degree of stenosis
(80% of these patients did not present severe symgpbf UAO) could be insufficient to produce a
marked limitation of flow rates.

Second, in line with previous studies [3,8,14-18lEF50%/MIF50% ratio was the most
sensitive quantitative parameter, and correctlyntified 21 out of 27 (78%) patients with
recurrence. In the most of fixed stenosis (16 gf78P6), the value of MEF50%/MIF50% ratio was
between 1 and 1.5, since the fixed scar similatiuced MIF50% and MEF50%. In the remaining
5 of 21 (24%) cases, MEF50%/MIF50% value was = h5Sheory, normal tracheal segments
between the lesion and thoracic outlet to negatitraluminal pressures tended to close the airway
during inspiration [12], with consequent reductafMIF50% rather than MEF50%. Das et al. [14]
found higher sensitivity of MEF50%/MIF50% (85%) fdetecting injury due to laryngotracheitis
while Miller et al. [19] lower value of the samedex (31%) for diagnosing UAO due to a goiter.
However, the different etiologies of extrathoraaidlow obstruction between our and other series

make difficult any comparison. FEV1/MEF ratio pretesl the second-highest accuracy; it
11



correctly identified the recurrence in 10 of 27 ¥d7cases while Empey et al. [7] found higher
value. In theory, our low sensitivity could be dte the coexisting presence of COPD and
emphysema that reduced FEV1 more than MEF [20].l&iyy Gelb et al. [21] found that the

improvement of loop after airway re-canalizationswagnificantly masked by the obstruction of
smaller airway in COPD and emphysematous patiémtheory, the FEV1/FEV1 0.5 index could

be used to differentiate the flow-volume curve @bmalities due to smaller airway obstruction
from those due to UAO [22], but in our series itsmaable to obtain this effect due to its low
sensitivity and specificity.

Third, in line with other papers [15,23,24] no sfgrant difference was found between
visual and quantitative criteria while aggregatgedon presented the best accuracy.Among 10
patients with restenosis but without visual alteratof curve, 5 had positive aggregate criterion
with consequent improvement of sensibility to 81.5C@eonversely, among 10 patients without
restenosis but with visual alteration of curve, dsl megative aggregate criterion with consequent
improvement of specificity to 91.9%. In theory, tlg@antitative criteria used for generating
aggregate criterion balanced the subjective vditplaf visual criterion. Similarly, Modrykamien
et al. [18] found that the aggregate criterion @ased the sensitivity to 69.4% for predicting UAO
compared to that of quantitative and visual crteione. However, in Modrykamien’s study [18]
visual and quantitative criteria presented lowersgevity than that observed in our study. These
differences could be explained by the high numbde€OPD patients who masked UAO on the
flow-volume loop and/or by potential under diagisosi UAO since not all patients performed
endoscopy and/or imaging check [18].

Since flow-volume curve presented a good cor@batvith radiological and endoscopic
findings, it could be an alternative option to €dan and/or bronchoscopy in the surveillance of
patients treated for UAO. Patients with normaldellup loop could delay to perform CT and/or
bronchoscopy; this strategy may be very usefulhim settings where these procedures are least

available i.e. rural settings, far distance for €€&n centers and specialists. Yet, the reducti@ilof
12



scan done reduced the cancer risk related to radiekposure and health care cost considering that
the cost of flow-volume curve is three folds lovilean that of CT (40 Euros versus 150 Euros). In
line with this tendency, Brenner and Hall [25] arz&ld the current trend to increased use of CT
scan imaging and reported that one third of CT smand be avoided or replaced with a different
diagnostic tool. Conversely, in patients with earlgdification of follow-up flow volume curve, the
measurements during the surveillance should beeimg@hted (i.e. every 4-6 weeks). Despite
patients do not come to endoscopic interventionl tiney have symptoms, however the early
diagnosis of re-stenosis before symptoms coulddaam emergent and challenging treatment
considering that exertional dyspnea occurs whenathweay diameter is reduced to about 8 mm
while resting dyspnea and stridor at a diametér imim [26].

Obviously, our results should be evaluated withticas due to the retrospective nature of
the study, the lack of a standardized protocol, #rel measurements of curve performed and
analyzed by different technicians and physiciansadga multicenter study. In conclusion, Flow-
volume curve is a simple and non-invasive methotbliow-up patients treated for UAO and its
routine use could reduce the number of follow-up<€a@n, and bronchoscopy done in patients with

normal loops. However, prospective and larger sigidre needed to confirm our impressions.
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Table 1. Study population (n=89)

Variables Number (%)
Age 7316.9
Sex (M/F) 55 (62%)/34(38%)
Etiology of stenosis

* Idiopathic 3 (4%)

Post-intubation 51 (57%)

*  Post-tracheostomy 35 (39%)
Comorbidities contraindicating surgery

e Cardiac 39 (44%)

e Cerebral 28 (31%)

+ Respiratory 20 (22%)

+  Drug Abuse 2 (3%)
Characteristics of the stenosis

» Distance fromvocal folds (mm) 27+3.9

« Diameter (mm) 6+3.7

» Length (mm) 8+1.3
Diameter after dilation 14+6.7
Recurrence of stenosis 27 (30%)
Treatment of recurrence

» Dilation alone 15 (55%)

s Sentinsertion 10 (37%)

«  Surgery 2 (8%)
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Table 2. Diagnostic yield of flow-volume curve criteria

Variable Sensitivity Specificity PPV NPV Diagnostic
accur acy
Visual Analysis 63.0% 83.9% 63.0% 83.9% 77.5%
(42.3-80.3) (72.3-91.9) (44.9-75.9) (76-89.7) (67.2-85.5)
MEF50%/MIF50% 77.8% 79.0% 61.8% 89.1% 78.7%
Miller et Hyatt index [3] | (57.7-91.3) (66.8-88.3) (48.4-72.8) (80.2-94.4) (68.5-86.5)
FEV1/MEF 37.0% 48.4% 23.8% 63.8% 44.9%
Empey index [7] (19.4-57.6) (35.4-61.4) (15-34.7) (54.9-72.5) (34.5-55.8)
FEV1/FEVO0.5 29.6% 37.1% 17.0% 54.8% 34.8%
Rotman index [8] (13.7-25.1) (25.1-50.3) (9.8-27.1) (45-64.8) (25.2-45.6)
Aggregate Criterion 81.5% 91.9% 81.5% 91.9% 88.8%
(61.9-93.7) (82.1-97.3) (64.7-91) (83.9-96.2) (79.9-94.5)

Abbreviations. MEF50%/MIF50%=Maximal Expiratory Flow Rate At 50%f The Vital

Capacity/ Maximal Inspiratory Flow Rate At 50% Ohd Vital Capacity; FEV1/MEF=Forced

Expiratory Volume in the first 1 second/Maximal Hngpory flow; FEV1/FEVO0.5=Forced

Expiratory Volume In The First 1 Second/ Forced iEadpry Volume In The First 0.5 second
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FIGURE LEGENDS

Figure 1. Different shape of flow-volume loops before ddat (A) Flattening on inspiratory and
expiratory phases of the loop (fixed stenosis); HRttening on expiratory phase of the loop
(variable intrathoracic stenosis); C) Flattening orspiratory phase of the loop (variable
extrathoracic stenosis); Aspecific flow-volume Iso®) Biphasic expiratory loop; E) Truncate

inspiratory loop; F) Absence of inspiratory loop.

Figure 2. Before endoscopic dilation, it was well evidenfflatening on the inspiratory and
expiratory phase of the loop (fixed stenosis). @menth after dilation, the flow-volume curve
showed a marked improvement in the first monthfla&ening was then present 5 months later and
become more marked 7 months later, concurrent thighreduction of airway diameter seen on
High Resolution Computed Tomography (HRCT) and sodpy and with the onset of symptoms.

Black arrows showed the progression of the scanduhe follow-up that caused the re-stenosis.

Figure 3. Before endoscopic dilation, it was evident a @aihg on the expiratory phase of the loop
(variable intrathoracic stenosis). After dilatidghe expiratory loop improved, concurrent with the
increase of airway diameter seen on HRCT and ewnggsand with the lack of symptoms; these
results were maintained during the entire follow-Bfack arrows showed the cicatrization of the

scar, preserving normal airway patency.
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