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Abstract

IMPORTANCE—Endoscopic airway surgery is a frequently used procedure in the management
of laryngotracheal stenosis (LTS); however, no established outcome measures are available to
assess treatment response.

OBJECTIVE—To assess acoustics and aerodynamic measures and voice- and dyspnea-related
quality of life (QOL) in adult patients with LTS who undergo endoscopic airway surgery.

DESIGN, SETTING, AND PARTICIPANTS—This case series compared preoperative measures
and postoperative outcomes among adult patients who underwent endoscopic airway surgery for
LTS from September 1, 2013, to September 30, 2015, at the tertiary care Johns Hopkins Voice
Center. Patients were excluded if they did not undergo balloon dilation or if they had multilevel or
glottic stenosis. The Phonatory Aerodynamic System was used to quantify laryngotracheal
aerodynamic changes after surgery. Final follow-up was completed 2 to 6 weeks after surgery.

MAIN OUTCOMES AND MEASURES—The voice-related QOL instrument (V-RQOL),
Dyspnea Index, and Clinical Chronic Obstructive Pulmonary Disease Questionnaire were
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completed before and after endoscopic surgery. Consensus auditory perceptual evaluation of voice,
acoustic measurements, and aerodynamic outcomes were also assessed.

RESULTS—Fourteen patients (1 man and 13 women; mean [SD] age, 45.4 [4.3] years) were
enrolled. The mean postoperative V-RQOL scores (n = 14) increased from 74.3 to 85.5 (mean of
difference, 11.3; 95%ClI, 2.2 to 20.3). The mean postoperative Dyspnea Index (n = 14) decreased
from 26.9 to 6.6 (mean of difference, —20.3; 95%CI, —27.9 to —12.7); the mean postoperative
Clinical Chronic Obstructive Pulmonary Disease Questionnaire scores (n = 9) decreased from 3.2
to 1.0 (mean of difference, —2.2; 95% CI, —3.4 to —0.9). Postoperative mean vital capacity (n = 14)
increased from 2.5 to 3.1 L (mean of difference, 0.6 L; 95%CIl, 0.3-1.0 L), whereas mean
laryngeal resistance (n = 14) decreased from 73.9 to 46.4 cm H,O/L/s (mean of difference, —27.5
cm H,O/L/s; 95%Cl, —44.8 to —10.3 cm H,0O/L/s) postoperatively.

CONCLUSIONS AND RELEVANCE—Patients demonstrate statistically clinically significant
improvement in dyspnea-related QOL, whereas a few patients showed a clinically significant
improvement in V-RQOL. Dyspnea-related QOL outcomes should be added to airway surgeons’
regular assessment of patients with LTS to measure treatment response and inform the decision to
perform a second operation, whereas V-RQOL outcomes need additional prospective study with a
larger sample size. The Phonatory Aerodynamic System is not an optimal method to quantify
changes in laryngotracheal aerodynamics after intervention in LTS.

Laryngotracheal stenosis (LTS) is a fibrotic disease characterized by significant narrowing of
the larynx and/or trachea. Stenosis can occur at any level along the larynx and trachea and
can present at a single level or at multiple levels. Common causes of LTS are prolonged
intubation or tracheostomy placement, idiopathic autoimmune disease, and more rarely
external trauma or irradiation.! Laryngotracheal stenosis may be treated with medical,
endoscopic, and open surgical therapies.2 At present, endoscopic surgical therapy represents
the most common surgical treatment, sometimes in combination with local medical therapy
such as injectable corticosteroids. More definitive surgery, such as tracheal or cricotracheal
resection, is an option when the glottis or supraglottis is not significantly involved. The
common goal of treatment is to alleviate airway obstruction and provide symptomatic relief
while maintaining quality of life (QOL).3 Outcome metrics that assess the effect of stenosis
on QOL, the effect of treatment, and when patients require surgical intervention are
beginning to be elucidated.

Laryngotracheal stenosis has been associated with dysphonia, primarily through
retrospective studies.*13 A few studies*-® have retrospectively demonstrated improved
voice QOL after endoscopic balloon dilation in patients with LTS. None of the published
studies evaluating voice outcomes in LTS have been prospective. In addition, when patients
were stratified by level of stenosis, those with isolated subglottic stenosis (SGS) or tracheal
stenosis demonstrated more significant improvement after dilation than those with multilevel
stenoses involving the glottis or with posterior glottic stenosis alone.® Instrumental voice
measures such as acoustic and aerodynamic evaluations are less well studied in the
population with LTS. One recent retrospective study assessed acoustic and aerodynamic
changes before and after balloon dilation in a cohort of patients with idiopathic SGS but
arrived at no significant conclusion. Nevertheless, the utility of these outcome measures
warrants further investigation in the study of LTS.
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In addition to voice-related QOL improvement, related clinical research in LTS has begun to
quantify dyspnea related QOL after balloon dilation. The Dyspnea Index (D1)4 and Clinical
Chronic Obstructive Pulmonary Disease Questionnaire (CCQ)®° are patient-centered
outcome metrics that quantify disease burden related to dyspnea, and the CCQ in particular
has been validated for use in demonstrating improvement after intervention.

Although emerging literature uses outcome measures to assess responses to therapy for LTS,
a dearth of prospective analysis remains. Our objective is to use prospectively collected data
to evaluate QOL outcomes, acoustic measures, and aerodynamic outcomes in evaluating the
efficacy of endoscopic laryngeal treatment for LTS.

Study Design

Procedure

We prospectively collected data on adult patients who underwent endoscopic treatment of
LTS from September 1, 2013, to September 31, 2015, at the Johns Hopkins Voice Center,
Baltimore, Maryland. Patients were included if they underwent balloon dilation with
cryodestruction, cold-instrument lysis, and/or corticosteroid injection of a single-level SGS
or proximal tracheal stenosis. Patients were excluded from the study if they did not undergo
balloon dilation or if they had multilevel or glottic stenosis. This study was approved by the
institutional review board of the Johns Hopkins University School of Medicine. Informed
written consent was obtained from all participants before data collection in this prospective
study.

After providing informed consent, patients were brought to the operating room and were
positioned supine on the operating table. Next, bag-mask ventilation was verified and
general anesthesia was administered, while a nasal trumpet was placed in the left nasal
cavity to enable high-flow oxygenation for periods of apnea.1® A laryngoscope was then
inserted that exposed the larynx, and the patient was placed in suspension. Cold excision of
stenosis was performed using a cryoprobe (Erbe Elektromedizin GmbH) or a cold knife in 3
to 4 locations circumferentially. Patients then underwent a first balloon dilation of the SGS
or tracheal stenosis, followed by a submucosal injection of dexamethasone sodium
phosphate (Decadron), 10 mg/mL. After this procedure, a second dilation was performed,
after which the patient was taken out of suspension and the laryngoscope was removed,
ending the operation. Dilation was performed using sizes 12F to 15F semicompliant
pulmonary balloon dilators (CRE; Boston Scientific) for a duration of 1 to 2 minutes.
Balloon size was chosen by the laryngologist and estimated based on the size of patient
larynx or trachea. Dilation after corticosteroid administration was performed in similar
fashion, with inflation of the balloon to a smaller diameter to provide equal distribution of
the corticosteroid volume within the lamina propria (Figure).

Data Collection

All assessments were performed at preoperative and postoperative clinic visits. If multiple
assessments were collected, the most recent complete data set before airway surgery was
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treated as preoperative data. Evaluations and data collected from 2 to 6 weeks after surgery
were treated as postoperative data. The immediate 2-week period after surgery was excluded
from data collection to allow any temporary dysphonia due to inflammation to subside.

Patient demographics, including age and sex, were recorded. We assessed QOL with a voice-
related QOL scale (V-RQOL) (range, 0-100, with higher scores indicating better QOL),17-19
the DI (range, 0-40, with higher scores indicating worse dyspnea-related symptoms),14 and
the CCQ (range, 0-6, with higher scores indicating worse bronchopulmonary symptoms).1®
The V-RQOL is a patient-completed questionnaire that has previously been validated. The
V-RQOL is used to assess and compare a patient’s voice against itself over time, in this case
before and after balloon dilation. The DI and the CCQ are also validated clinical assessment
tools used to assess the degree of symptomatic airway disease burden and subsequent effect
on QOL. Calculations for V-RQOL and DI were based on the entire study population of 14
patients, whereas the CCQ was added to the study late and matched CCQ data were only
available for 9 patients. To establish clinically meaningful significance in our patients,
minimal clinically important difference scores were obtained from published literature for
the V-RQOL and CCQ.19-21 Because this information was not available for the DI, the
minimally important difference score was calculated using the distribution-based method
described by Norman et al.22 Briefly, the SD of the original DI patient data from the
validation study was calculated using the method described by Gartner-Schmidt et al4 and
divided in half. This statistically accepted method has been shown to be a valid predictor of
clinically significant disease.23

Perceptual voice assessment was evaluated using the Consensus Auditory-Perceptual
Evaluation of Voice (CAPE-V) tool (range, 0-100, with higher scores indicating
perceptually worse voice quality).2* The CAPE-V assessment is a previously validated,
subjective evaluation of a patient’s recorded voice, performed by 2 blinded speech language
pathologists with expertise in voice disorders (K.T. and M.S.). Preoperative and
postoperative voice recordings were deidentified and randomized before being scored
independently by the 2 evaluators, and then the mean of these scores was calculated to form
a single score before undergoing statistical analysis. In the event that scores differed
significantly between the 2 evaluators, further statistical analyses, including interrater
reliability, were in place as a tie-breaking strategy.

Acoustic and aerodynamic measures assessed included maximum phonation time, vital
capacity, mean phonation expiratory airflow, maximal high pitch, phonatory peak pressure,
laryngeal resistance, fundamental frequency, noise to harmonic ratio, jitter, and shimmer. We
measured maximum phonation time by asking the patient to sustain the vowel/a/as long as
possible after a maximal inhalation.2> The best of 3 attempts was recorded and the time was
measured in seconds. We recorded vital capacity as the volume of air a patient could exhale
during maximal exhalation. Phonatory peak pressure, laryngeal resistance, and phonation
expiratory airflow were measured using the Phonatory Aerodynamic System (PAS) (model
6600; KayPENTAX Corp). Patients were asked to hold a mask firmly around their mouth,
with the intraoral tube between their lips, and phonate. The device was able to calculate an
approximation of laryngeal resistance by measuring phonatory peak air pressure divided by
phonation expiratory airflow. Phonation expiratory airflow results were compared against
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previously published age- and sex-matched normative data for reference.26 An external
microphone was used to capture data for maximal high pitch, fundamental frequency, noise
to harmonic ratio, jitter, and shimmer analyses.

Statistical Analysis

Results

Statistical analysis was performed using GraphPad software (GraphPad Software, Inc).
Comparisons of preoperative and postoperative outcomes were performed using a paired ¢
test. Absolute mean differences between preoperative and postoperative scores and 95% Cls
were reported.

Patient Demographics

Fourteen patients met inclusion criteria and consented to participate in this study.
Participants ranged in age from 19 to 66 years (mean [SD] age, 45.4 [14.3] years). Thirteen
patients (93%) were women; 1 (7%) was a man. Eleven patients (79%) were white and 3
patients (21%) were other races. The distribution of causes of LTS in this cohort was
idiopathic SGS in 9 patients (64%), followed by iatrogenic SGS in 4 patients (29%) and an
autoimmune case in 1 patient (7%). Ten patients (71%) had prior endoscopic dilation
surgery, whereas 4 patients (29%)had no history of laryngeal surgery before study
participation. One patient (7%) had a history of tracheostomy placement, whereas no
patients had any history of open laryngotracheal reconstruction.

Voice Outcomes

Mean V-RQOL scores significantly improved from 74.3 to 85.5 (mean of difference, 11.3;
95% ClI, 2.2 to 20.3). Individually, 7 patients (50%) had V-RQOL scores of less than 80
(abnormal), whereas 7 patients (50%) had scores of at least 80 (normal) preoperatively.
Postoperatively only 3 patients (21%) had V-RQOL scores that remained less than 80,
whereas 11 patients (79%) had scores of at least 80. Overall, 13 patients (93%) had scores
that stayed the same or improved after surgery, whereas only 1 patient (7%) had a score that
worsened slightly (97.5 to 92.5). A clinically meaningful change was seen in 3 patients
(21%) who demonstrated a change greater than 19 points.1920 Mean CAPE-V scores
deteriorated slightly from 20.9 preoperatively to 25.4 postoperatively, although this change
was not statistically significant (mean of difference, 4.5; 95% CI, —3.7 to 12.8). Scores were
so similar between the 2 reviewers that no further statistical analysis was necessary. The
maximum phonation times were longer postoperatively (14.1 seconds) than preoperatively
(10.9 seconds), although this change was not statistically significant (mean of difference,
3.2;95% Cl, -0.4 to 6.8). Mean maximal high pitch improved from 678.6 Hz preoperatively
to 750.5 Hz postoperatively (Table 1); however this change was not statistically significant
(mean of difference, 2.9 Hz; 95% CI, -5.3 to 170.6 Hz).

Although measures for mean noise to harmonic ratio, jitter, shimmer, and fundamental
frequency all improved from preoperative to postoperative measurement, none of these
changes were statistically significant. Unfortunately we were unable to collect these data for
1 patient postoperatively owing to lack of a clear signal.
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Airway Outcomes

Mean DI scores improved from 26.86 to 6.57 (mean of difference, — 20.3; 95%Cl, —27.9 to
-12.7). A minimally important difference score of 5.4 was calculated for the DI. Mean CCQ
scores improved from 3.2 to 1.0 (mean of difference, —2.2; 95% ClI, -3.4 to -0.9). Mean
vital capacity improved from 2.60 L preoperatively to 3.14 L postoperatively (mean of
difference, 0.6 L; 95% CI, 0.3-1.0L). Mean peak phonation expiratory flow rates were
unchanged after surgery from 0.16 to 0.16 L/s (mean of difference, —0.002 L/s; 95% ClI,
-0.04 to 0.03 L/s). Mean laryngeal resistance improved after balloon dilation from 73.91 to
46.40 cm H,0/L/s (mean of difference, —27.5 cm H,0/L/s; 95% ClI, —44.8 to —10.3
cmH,0/L/s). Mean phonatory peak pressure decreased from 7.88 to 7.44 cm H,O; however,
this change was not statistically significant (mean of difference, -0.4 cm H,0; 95% ClI, -2.2
to 1.3 cm H,0) (Table 2). A summary of patient outcomes is given in Table 3.

Discussion

This study prospectively evaluated voice and dyspnea QOL measures, perceptual voice
evaluation, acoustics, and aerodynamic measures in patients who underwent endoscopic
airway surgery for LTS. Patients demonstrated significant improvement in laryngeal
resistance, vital capacity, and V-RQOL and DI surveys, whereas no change in acoustic or
perceptual evaluation of voice quality was found. These results confirm findings from
multiple retrospective studies on voice and dyspnea outcomes after endoscopic airway
surgery®7 and contribute to the development of a panel of outcome measures in the
evaluation and treatment of LTS.

The shape of the subglottis reduces turbulence in airflow before reaching the vocal folds
during phonation.2” However, LTS disrupts the natural shape of the airway, leading to
turbulent airflow and subsequent dysphonia. The association of LTS with dysphonia has
been demonstrated through multiple studies,*-13 because patients with glottic or multilevel
stenosis have worse voice-related QOL than patients with isolated SGS or tracheal stenosis.®
The altered and narrowed airway tract may result in patients’ subjective expression of
“running out of air,” which is captured in the Voice Handicap Index® and V-RQOL
assessment. The QOL score improvement seen in a few retrospective studies may be owing
to reduced phonatory effort from the increased subglottic cross-sectional area after dilation.
Our voice data suggest that V-RQOL likely improves after airway intervention, which may
be clinically meaningful in a subset of patients who have lower (<80) preoperative V-RQOL
scores; however, improvement after intervention is less likely to be clinically meaningful in
patients with higher (>80) preoperative V-RQOL scores. Perceptual voice quality evaluation
using the CAPE-V assessment did not demonstrate improvement in our sample population, a
result that is consistent with those of previous perceptual voice evaluation studies.?8 The
lack of concordance between improvement in CAPE-V and V-RQOL scores may be because
the patient’s self-rated V-RQOL improvement reflects that they no longer run out of breath
or that they are less anxious and/or depressed about their airflow related to voice, rather than
the quality of voice grade, roughness, breathiness, asthenia, or strain that perceptual raters
assess. Acoustic and aerodynamic measures evaluated largely remained unchanged, although
maximum phonation time and maximal high-pitch frequency improved after the airway
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intervention. The voice data presented herein suggest that further studies involving a larger
sample size are needed to better assess voice QOL, acoustics, and aerodynamics in patients
with LTS.

Our results using the 2 dyspnea indices support the studies by Gartner-Schmidt et al4 and
Nouraei et all® that found the CCQ and DI are useful in quantifying improvement in patient
symptoms after surgery to treat LTS. A clinically meaningful difference was achieved in 7 of
9 patients (78%) who underwent preoperative and postoperative CCQ evaluation based on
previous studies of the minimal clinically important difference of 0.4 in respiratory
disease.?! Although no published data on a minimal clinically important difference for the
DI are available to our knowledge, we calculated a minimally important difference score of
5.4 for the DI, which resulted in 11 of 14 patients (79%) having a clinically meaningful
improvement. Dyspnea-related QOL outcomes can be very informative in the evaluation of
patients with LTS, and were commend using one of these instruments in regular clinical
practice to assist with patient counselling for surgical decision making and to quantify the
effectiveness of balloon dilation on symptoms.

Laryngeal aerodynamic results demonstrated improvements in vital capacity and laryngeal
resistance after endoscopic airway surgery. The increase seen in vital capacity after balloon
dilation was an unexpected finding. We hypothesize that because vital capacity is effort
dependent, patients may have exerted greater effort after surgery with the subsequent
improvement in large airway diameter. Furthermore, aerodynamic testers may not have been
as insistent on forced expiration in contrast to forced vital capacity measures during
pulmonary function testing (PFT). On the other hand, laryngeal resistance was reduced
owing to an increase in the cross-sectional area, which subsequently caused a drop in
subglottal phonatory pressure. After balloon dilation enlarges the airway, patients likely have
a reduced effort to breathe (because they are no longer moving air through a narrowed
airway), which in turn lowers subglottal pressure during phonation.

Previous studies?®29 have demonstrated the value of measuring resistance in patients with
stenosis. Wassermann et al?? studied trans-stenotic resistance in sedated patients undergoing
flexible bronchoscopy by passing a pressure catheter beyond the stenosis. Their findings
suggested a threshold, based on inspiratory resistance, to determine when surgical
intervention would be beneficial. In our study, the PAS does not measure resistance directly
but derives laryngeal resistance from measurements of peak airway pressure and airflow.
Furthermore, during phonatory measurements taken using the PAS, the glottic aperture is
then arrowest portion of the airway rather than the subglottis.30 Finally, PAS measurement of
peak phonation expiratory flow did not demonstrate significance, which is in
contradistinction to PFT outcomes in patients with LTS. Specifically, Kraft et al3!
demonstrated that 4 metrics, including peak expiratory flow rate, improved significantly
after endoscopic incision and dilation in a cohort of 17 patients with idiopathic SGS. We
note that peak expiratory flow rate measured during forced expiration in the study by Kraft
et al3! is not the same as the PAS measurement of phonation expiratory air flow rate in the
present study, and the lack of correlation with PFT outcomes suggests limitations to the PAS
system of measuring peak flows and laryngeal resistance.
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Other limitations to this study include the lack of PFT measurements in our laryngology
clinic, which have since been introduced. Recent literature has indicated that some of the
metrics measured within PFTs may aide in differentiating LTS from other
bronchopulmonary abnormalities32 and may be useful in objectively assessing outcomes in
LTS after airway surgery.31:33 Further limitations include the sex distribution and sample
size of our patient population. Future prospective studies would benefit from having more
robust numbers that include more male patients to achieve an equal general distribution, data
such as distance of stenosis from the glottis, length of stenosis, and percentage of stenosis to
help stratify outcome differences between patients. Complete data sets should include PFT
for thorough comparison.

Conclusions

To our knowledge, this study is the first to use a panel of metrics to prospectively assess
patient outcomes after endoscopic airway surgery for SGS and LTS. Patients demonstrated
statistically and clinically significant improvements in 2 dyspnea QOL surveys after balloon
dilation. Three patients demonstrated clinically significant improvement in V-RQOL scores.
Although patients also demonstrated reduced laryngeal resistance, the lack of concordance
with PFT peak flow measures suggest that the PAS is not an optimal method to quantify
changes in laryngotracheal aerodynamics after interventions in LTS. These results support
the inclusion of dyspnea QOL surveys as part of the regular assessment of patients with LTS
to help assess surgical benefit and inform the decision to perform a second operation, while
further studies on voice QOL that include a larger sample size are needed to draw
conclusions.
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Key Points
Question

Which quality-of-life (QOL), acoustic, and aerodynamic outcomes should be added to
airway surgeons’ assessment of endoscopic laryngeal treatment for laryngotracheal
stenosis (LTS)?

Findings

This case series involved 14 adult patients with LTS who completed QOL assessments
and acoustic and aerodynamic testing before and after endoscopic airway surgery.
Patients demonstrated clinically significant improvements in a dyspnea QOL measure
after dilation, and 2 patients demonstrated clinically significant improvement in voice-
related QOL.

Meaning

Voice- and dyspnea-related QOL measures should be included in routine assessment of
patients with LTS to help measure surgical benefit and inform the decision to perform a
second operation.
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|E| Before balloon dilation Cold excision

|E| Balloon dilation [E] After balloon dilation

Figure. Treatment of Subglottic Stenosis (SGS) in a Representative Patient
A, Endolaryngeal view of SGS in situ before balloon dilation. B, Endolaryngeal view of

SGS in situ with cold excision using the cryoprobe. C, Endolaryngeal view of SGS with a
pulmonary balloon dilator. The balloon was inflated in situ. D, Endolaryngeal view of SGS
in situ following balloon dilation.
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Score, Mean (SD) [Range]

Measure Preoperative Postoper ative Mean Difference (95% CI)
V-RQOL? 74.3(22.7) [37.5-97.5]  85.5(15.2) [50.0 100.0] 11.3 (2.2 10 20.3)

pIb 26.9 (11.6) [2-39] 6.6 (7.4) [0-20] -20.3 (-27.9 t0 -12.7)
ccaf 3.2 (1.6) [0.8-4.9] 1.0 (0.2) [0.7-1.3] -2.2(-3.41t0-0.9)
CAPE-VT 20.9 (15.6) [7.0-62.3] 25.5 (19.2) [3.8-53.8] 45(-3.71012.8)
MPT, s 10.9 (5.5) [3.5-18.1] 14.1 (6.0) [5.3-21.9] 3.2(-0.410 6.8)

Vital capacity, L

2.6(0.7) [1.2-3.5]

3.1(0.6) [2.1-4.4]

0.6 (0.3 10 1.0)

Phonation expiratory flow rate, L/s

0.16 (0.09) [0.01-0.37]

0.16 (0.74) [0.10-0.39]

-0.002 (~0.04 to 0.03)

Laryngeal resistance, cm H,O/L/s

73.9 (54.7) [30.3-239.9]

46.4 (27.6) [24.8-130.0]

-27.5 (-44.8 10 -10.3)

Phonatory peak pressure, cm H,O

7.9 (5.3) [5.1-25.9]

7.4 (3.8) [4.5-17.6]

-0.4 (-2.2101.3)

Maximal high pitch, Hz

678.6 (176.7) [308-995]

750.5 (226.1) [481-1176]

82.46 (-5.3 t0 170.6)

Fundamental frequency, Hz

184.2 (28.9) [123-232]

187.1 (28.6) [133-217]

2.9 (-6.7t0 12.6)

Noise to harmonic ratio

0.10 (0.03) [0.07-0.20]

0.10 (0.03) [0.06-0.10]

-0.01 (~0.035 to 0.006)

Jitter, %

15(1.1) [0.3-4.1]

1.5 (0.9) [0.3-2.9]

-0.01 (-0.09 t0 0.09)

Shimmer, %

0.4 (0.2) [0.2-0.7]

0.3 (0.1) [0.1-0.5]

-0.06 (~0.15 t0 0.03)

Abbreviations: DI, Dyspnea Index; CAPE-V, Consensus Auditory-Perceptual Evaluation of Voice; CCQ, Clinical Chronic Obstructive Pulmonary

Disease Questionnaire; MPT, maximum phonation time; V-RQOL, voice-related quality of life.

aScores range from 0 to 100, with higher scores indicating better voice quality of life.

b, - S
Scores range from 0 to 40, with higher scores indicating worse dyspnea-related symptoms.

c - S
Scores range from 0 to 6, with higher scores indicating worse bronchopulmonary symptoms.

dScores range from 0 to 100, with higher scores indicating perceptually worse voice quality.
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