®

doi: 10.1111/cea.12828

ORIGINAL ARTICLE NI ERET LG

Clinical & Experimental Allergy, 47, 200-207
© 2016 John Wiley & Sons Ltd

Abnormal vocal cord movement in patients with and without airway

obstruction and asthma symptoms

K. Low'2*, L. Ruane'?*, N. Uddin’, P. Finlay’, K. K. Lau®, K. Hamza*, P. W. Holmes', G. Hamilton" and P. G. Bardin'*
"Monash Lung and Sleep, Monash University and Hospital, and ?Hudson Institute, *Diagnostic Imaging, and *Statistical Services, Monash University

and Hospital, Melbourne, Vic., Australia

Clinical

&t
Experimental
Allergy

Correspondence:

Prof. Philip G. Bardin, Lung and Sleep,
Monash Medical Centre, 246 Clayton
Road, Clayton, Melbourne, Vic 3168,
Australia.

E-mail: philip.bardin@monash.edu
Cite this as: K. Low, L. Ruane, N.
Uddin, P. Finlay, K. K. Lau, K. Hamza,
P. W. Holmes, G. Hamilton and P. G.
Bardin, Clinical & Experimental
Allergy, 2017 (47) 200-207.

Summary

Background Abnormal vocal cord movements can cause laryngeal extrathoracic airway
obstruction (often called vocal cord dysfunction — VCD) leading to asthma-like symptoms.
These aberrant movements are characteristically present during inspiration and termed
paradoxical vocal cord movement (PVCM). We have reported PVCM in up to 40% of sev-
ere asthmatics, but it is not known if PVCM is detectable in all patients with asthma-like
symptoms and if the condition is more often associated with abnormal lung function.
Objective We hypothesized that PVCM is frequently associated with asthma symptoms
accompanied by airflow limitation. Studies examined whether PVCM is solely linked to
experiencing asthma symptoms, or if PVCM is related to airflow limitation and/or other
disease characteristics.

Methods Patients with asthma symptoms were recruited from general practice and severe
asthma clinics (n = 155). Pulmonary function measurements were conducted, asthma con-
trol and Nijmegen (dysfunctional breathing) questionnaires were administered and skin
prick testing was carried out. PVCM was quantified using dynamic 320-slice computerized
tomography of the larynx. Groups were divided into patients with FEV; > 80% predicted
or FEV, < 80% predicted and FEV,/FVC < 0.7. ATS/ERS definitions of severity were also
applied and evaluated. Detection of PVCM in the groups was compared and analyses per-
formed to identify features associated with PVCM.

Results Overall (n = 155), PVCM was detected in 42 cases (27.1%). Patients with
FEV, < 80% predicted had PVCM more often (25/68, 36.8%) than individuals with normal
spirometry (17/87, 19.5%; P = 0.016). PVCM was associated with older age (P = 0.003)
and with Nijmegen scores > 20 (P = 0.04). Patients with FEV, < 80% predicted plus Nij-
megen scores > 20 were more likely to have PVCM (OR = 9.3, P = 0.02).

Conclusions and Clinical Relevance Paradoxical vocal cord movement is more often asso-
ciated with asthma symptoms accompanied by airflow limitation and dysfunctional
breathing. Further studies are needed to determine whether PVCM is induced by dysfunc-
tional breathing practices and/or airway obstruction. How PVCM links with symptomatic
asthma and VCD also requires evaluation.
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Introduction

Abnormal vocal cord movement can cause extratho-
racic airway obstruction and asthma-like symptoms [1].
The best-known condition causing obstruction at the

*These authors contributed equally to the study.

level of the larynx is vocal cord dysfunction (VCD) [2].
First described in 1983, VCD was considered to mimic
asthma [3] but subsequent studies have revealed that
asthma and VCD frequently coexist [4-7]. It has raised
the prospect that VCD could intensify already existing
asthma symptoms [8]. Consequently, VCD has long been
suspected as a cause of treatment-resistant asthma as



Abnormal vocal cord movement in asthma 201

current asthma treatments are effective to control dis-
ease manifestations in a majority of patients [2].

Vocal cord dysfunction is characterized by abnormal
vocal cord movement with inspiratory closure of the
vocal cords [3] termed paradoxical vocal cord move-
ment (PVCM) [5]. During PVCM, the true vocal cords
close anteriorly with formation of a posterior-narrowed
diamond-shaped ‘chink’. The false cords are not
affected except in severe cases [3]. It is not known how
severe, sustained and frequent PVCM has to be for
symptoms of VCD to occur. This is a diagnostic chal-
lenge given a continuum of abnormality and distin-
guishing movement abnormality (PVCM — as evaluated
in the current studies) from disease expression with
symptoms (VCD) is difficult. However, PVCM can be a
valuable proxy measure of VCD providing a quantita-
tive criterion for research. Using dynamic 320-slice CT
larynx, we have developed a technique to quantify
PVCM and our previous studies have shown that the
abnormality can be detected during inspiration in more
than 40% of difficult-to-treat asthmatics [6]. Our find-
ings suggested that PVCM may occur frequently in sev-
ere asthma, but it is not known whether PVCM may be
an integral component of asthma itself and whether it
is linked to any other particular clinical features of
asthma. Additionally, recent reports have suggested that
dysfunctional breathing techniques used by some asth-
matics may lead to disproportionate asthma symptoms
that resemble VCD-like symptoms [9, 10].

Given the strong association of VCD with asthma [6,
7], we hypothesized that PVCM may occur more fre-
quently in patients with asthma symptoms accompanied
by airflow limitation. Studies therefore examined
whether detection of PVCM is linked to abnormal lung
function and other patient characteristics.

Methods

Studies were conducted at Monash Medical Centre, a
tertiary care hospital in Melbourne, Australia. Study
protocols were reviewed and approved by Monash
Health Human Research Ethics Committee (09254A,
12158A and 15156Q), and the written informed consent
was obtained from the patient.

Study subjects

Overall, 155 patients were recruited in collaboration
with their general practitioner from general practice or
from hospital asthma clinics using similar criteria for
asthma as employed in the ISAAC phase III survey [11].
Asthma was diagnosed based on the following: (i) a
typical past history of asthma symptoms, (ii) favourable
clinical responses to treatment with beta-agonists and/
or inhaled corticosteroids (ICSs) and (iii) a diagnosis of
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asthma by their general practitioner. At the time of
study, all patients were in possession of at least a beta-
agonist inhaler (see Supporting information for further
detail and motivation of recruitment strategy). Patients
reported in our previous studies [6] were not included.

Demographic characteristics of the study group are
shown in Table 1. Overall, 71 of 155 patients had bron-
chodilator responses > 1200 (30 patients with FEV; >
80% predicted and 41 patients with FEV,; < 80%
predicted). An additional 27 patients had FEV; < 80%
predicted with FEV,/FVC < 70% in the absence of
smoking (group with airway obstruction: 41 + 27;
n = 68). The remaining 57 patients all had FEV,; > 80%
predicted (group without airway obstruction: 30 + 57,
n = 87) with a history of asthma symptoms and were
enrolled as per the ISAAC criteria [11]. Although bron-
chial provocation testing has considerable utility in
asthma diagnosis, this was not performed as tests may
have limited specificity in very mild asthmatics with
normal FEV; [12]. All patients were non-smokers or
had < 10-pack-year smoking history.

To extend the analyses, patients were also grouped
using the definition of severe asthma promulgated by
the ATS/ERS [2]. Other ATS/ERS definitions were also
used to further group severity [2] using asthma control
test (ACT) scores < 16 and asthma control question-
naire-5 (ACQ5) scores > 1.5 [13, 14]. As recent reports
implicated dysfunctional breathing in asthma [9, 10],
we examined putative mechanisms of PVCM in the
final 30 patients recruited to the study using the Nij-
megen questionnaire. Nijmegen scores > 20 are con-
sidered indicative of the presence of dysfunctional
breathing [15] although the instrument can be consid-
ered imprecise and relatively non-specific. This group’s
characteristics were similar to the overall group
(Table S1).

320-slice CT larynx

CT larynx was carried out as detailed previously [6] (see
Supporting information). Briefly, studies were per-
formed using a Toshiba Aquilion One CT (Toshiba Med-
ical Systems, Tokyo, Japan) with 320-slice detector.
Radiation doses are modest and generally < 1.5 mil-
lisievert. Integrated CT software programs were used to
obtain continuous dynamic axial, sagittal and coronal
multiplanar images and lateral diameter at the level of
the vocal cords and first tracheal ring was measured on
axial views. The ratio of vocal cord lateral diameter to
tracheal diameter (RATIO) was obtained and an in-
house computerized program (HAMZACT) automatically
constructed a curve based on the RATIO generated
every 0.35s. A predicted mean normal curve with a
second curve depicting the lower limit of normal (LLN)
had previously been generated in studies conducted in
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Table 1. Characteristics of subjects enrolled

All patients FEV, > 80% FEV,; < 80% in studics of PVCM
(n = 155) (n = 87) (n = 68) P-value
Age (m + SD) 53.6 + 16.2 52.6 = 15.6 54.8 + 17.1 0.38
Gender (M/F) 42/113 26/61 16/52 0.47
BMI (kg/m?) 30.5 + 7.5 30.1 4+ 7.0 31.1 + 8.2 0.38
FEV, (% predicted) 81.9 + 25.1 100.2 £+ 13.7 58.6 = 15.1 < 0.0001
FEV,/FVC (%) 70.33 £+ 11.89 77.00 £+ 6.71 61.78 + 11.59 < 0.0001
TLco 81.78 + 14.75 85.90 + 11.81 76.38 + 16.31 0.001
BD response 7.1 £ 10.3 4.1 £ 7.2 12.0 £ 11.7 < 0.0001
(% change)
ACT score* 153 £+ 5.8 17.2 £ 6.0 13.1 £+ 4.5 0.005
ACQ5 score* 20+ 13 1.3 £ 1.1 2.7 £ 1.2 < 0.0001
Nijmegen score’ 24.1 £9.3 22.1 £9.3 25.8 £ 9.1 0.25
Medications
SABA only 47/155 47/87 0/68 < 0.0001
ICS only 16/155 10/87 6/68 0.08
ICS and LABA 92/155 30/87 62/68 < 0.0001
Other* 5/155 4/87 1/68 0.38

PVCM, paradoxical vocal cord movement; BMI, body mass index; FEV, forced expiratory vol-

ume-1 s; FVC, forced vital capacity; TLco, transfer factor for carbon monoxide; BD, bron-
chodilator; SABA, short-acting beta-agonist; ICS, inhaled corticosteroid; LABA, long-acting

beta-agonist.

*Total 91 subjects, 48 had normal FEV, 43 had FEV; < 80% predicted.
"Total 30 subjects, 14 had normal FEV, 16 had FEV, < 80% predicted.

" . . .
*One nedocromil, two montelukast, one cromoglycate, one tiotropium.

healthy individuals [6]. For an abnormal curve to occur,
the patient curve has to be below the LLN curve (for an
example see Fig. S1) during inspiration. Severity of
PVCM was assessed by measurement of the area of the
patient’s RATIO < LLN curve and expressed as % of
overall area < LLN.

The level of agreement between PVCM detected on a
first CT larynx was evaluated in 37 patients who con-
sented to have repeat CT larynx within a 24-month per-
iod (see Fig. S2). Patient characteristics were similar to
the overall group (not shown). Cohen’s kappa coeffi-
cient for categorical data was used to measure agree-
ment [16].

Lung function testing

Lung function testing (see Supporting information) was
carried out according to American Thoracic Society
guidelines [17] using predictive equations published by
Knudson et al. [18].

Skin prick testing

This was carried out using a standard panel of aller-
gens (n =9, Supporting information) and according to
established guidelines. A positive skin test reaction
was distinguished if wheal size for response to at least
one allergen was > 5 mm compared to the control [19,
20].

Statistical analysis

Primary outcome of the study was detection of PVCM
in asthmatics with FEV, < 80% predicted compared to
subjects with FEV,; > 80% predicted. Based on our pre-
vious studies that detected PVCM during inspiration in
approximately 400% of difficult-to-treat asthmatics, we
postulated that PVCM in subjects with FEV,; > 80% pre-
dicted would be half, that is 20% (0.4 vs. 0.2). For
power 0.8, P < 0.05 (Fisher’s exact test) and allocation
ratio of one, a sample size of 146 patients was required
(73 per group).

Secondary outcomes evaluated detection of PVCM in
patient groups based on the treatment requirements
(ICS plus long-acting beta-agonist for severe asthma in
ATS/ERS definition). Additional analyses were con-
ducted using ACT < 16 or ACQ5 > 1.5 [2]. Factors
putatively associated with PVCM (age, gender, BMI, Nij-
megen scores, bronchodilator responses) were assessed
using regression analyses. Patients with/without PVCM
were compared based on the positive-or-negative skin
prick test reactions or Nijmegen scores > 20 using Fish-
er’s exact test. As FEV; < 80% predicted ACQ5 scores
and Nijmegen scores were significantly linked to detec-
tion of PVCM, we combined FEV; < 80% plus ACQ5
scores > 1.5 or FEV,; < 80% plus Nijmegen scores > 20.
Fisher’s exact test and logistic regression were used to
examine associations with PVCM and to calculate odds
ratios (ORs).

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 200-207
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All analyses were carried out using spss (SPSS Inc,
Chicago, IL, USA), and P < 0.05 was considered signifi-
cant.

Results

Characteristics of subjects

Baseline demographic details of patient groups with
FEV, < 80% predicted or FEV, > 80% predicted are
shown in Table 1. Both ACT and ACQ5 scores reflected
poorer asthma control in patients with FEV, < 80%
predicted, but Nijmegen scores were not significantly
different. Asthma medications used by the group with
FEV, < 80% predicted were reflective of more severe
disease.

Paradoxical vocal cord movement in asthma with and
without airflow limitation

Overall PVCM during inspiration was detected in 42 of
155 asthmatics (27.1%) and the % area < LLN was
16.8 &= 12.5% (mean + SD; minimum 2% and maxi-
mum 65%). The condition was more often present in
asthma with FEV, < 80% predicted (25/68, 36.8%) than
in the group with normal spirometry (17/87, 19.5%,
P = 0.016; Fig. 1). Adjusting for age did not alter this
finding. Comparisons of the patients who achieved evi-
dence on spirometry of asthma vs. those who did not
was identical to the overall findings. Similarly, occur-
rence of PVCM in the FEV; > 80% group with (n = 30)
and without (n = 57) bronchodilator responses > 12%
was the same (19%). Finally, there were 15 patients
with expiratory PVCM only and hence 42 + 15 = 57
cases (36.7%) with seven of 15 cases having
FEV, < 80% predicted. If inspiratory and expiratory

P=0.016

100 19.5%
80 - 36.8%
60

40

Patients (n)

20

0-

FEV1 2 80%
Il PVCM not detected

FEV1 < 80%
PVCM detected

Fig. 1. Paradoxical vocal cord movement (PVCM) can be detected
more frequently in asthmatics with FEV, < 80% (% predicted). PVCM
was identified in 25 of 68 (36.8%) of this group vs. 17 of 87 (19.5%)
of patients who had FEV; > 80% predicted (P = 0.016).
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PVCM are combined, the
unchanged (not shown).

Comparison of PVCM in patients without and with
airflow limitation was performed (Table S2). There were
no differences linked to detection of PVCM although a
trend was noted for patients with FEV; < 80% and
detectable PVCM to have higher Nijmegen scores.

If the definition of asthma severity promulgated by
the ATS/ERS guidelines [2] was applied to the cohort
(GINA step 4-5 recommended treatment: n = 95, com-
pared to GINA step 1-3 treatment: n = 60), there were
no differences in the rate of PVCM (29/95 vs. 13/60;
P =0.26). If ACT scores < 16 and ACQ scores > 1.5
were used to assess asthma severity and control as pro-
posed [2], there were again no differences noted in the
occurrence of PVCM (not shown).

Analyses of repeat CT found a significant association
between the first and second CT (P = 0.025) with agree-
ment in 27 of 37 cases (73%, Fig. S2). Cohen’s kappa
coefficient denoted moderate agreement (k = 0.42).

overall results were

Patient and asthma characteristics associated with
paradoxical vocal cord movement

The association of patient and asthma characteristics
with PVCM was examined (Table S3). Increased age was
associated with PVCM (P = 0.003), but none of the
other features were linked to PVCM including elevated
BMI and female gender. Mean Nijmegen scores were
higher in PVCM but did not reach significance, most
likely because asthma by itself often yields higher
scores [21] (Fig. S3).

Clinical and diagnostic cut-offs were employed to
categorize patients (Table 2). BMI > 30 kg/m? FEV, <
80% predicted, Nijmegen scores > 20, ACT scores < 16,
ACQ5 scores > 1.5, BD responses > 12% and presence/
absence of atopy were used to group patients. Asthmat-
ics with PVCM had greater airflow limitation manifest
by FEV, < 80% predicted (P = 0.02) and ACQ5 scores
> 1.5 more often (P = 0.01). Notably, Nijmegen scores
> 20 were more frequently associated with demonstra-
ble PVCM (four of 11 if scores < 20 vs. seven of 11 if
scores > 20; P = 0.04; see also right panel Fig. S3).
Using a threshold score of 23 did not alter the findings.
Combining FEV; < 80% predicted plus ACQ5 scores
> 1.5 was associated with PVCM (P = 0.02 with
OR = 3.03). FEV, < 800% predicted plus Nijmegen scores
> 20 were also significantly associated with PVCM
(P = 0.02 with OR = 9.3, Table 2).

Discussion

This study demonstrates for the first time that PVCM
during inspiration occurs in approximately 37% of
patients with asthma symptoms accompanied by
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Table 2. Association of patient and asthma disease features with PVCM

PVCM not detected PVCM detected

(n=113) (n=42) OR P-value
Gender (Female) 84/113 29/42 0.77 0.54
BMI > 30 kg/m? 50/113 20/42 1.14 0.72
FEV, < 80% (predicted) 43/113 25/42 2.3 0.02
FEV1 > 80% (predicted) 70/113 17/42 — —
Nijmegen score > 20 (n = 11)* 4/19 7/11 6.5 0.04
Nijmegen score < 20 (n = 19) 15/19 4/11 - -
ACT score < 16 (n = 45; overall n = 91)" 29/65 12/26 1.0 0.81
ACQ5 score > 1.5 (n = 48; overall n = 91)" 13/65 13/26 4.0 0.01
BD response > 12% 34/113 9/42 0.63 0.31
Atopy (SPT+) 23/113 12/42 1.57 0.28
FEV, < 80% predicted plus ACQ > 1.5 (overall n = 91) 15/62 14/29 3.03 0.02
FEV, < 80% predicted plus Nijmegen score > 20 (overall n = 30) 6/19 9/11 9.30 0.02

PVCM, paradoxical vocal cord movement; BMI, body mass index; ACT, Asthma Control Test; FEV;, forced expiratory volume-1 s; FVC, forced

vital capacity; BD, bronchodilator; SPT, skin prick testing.
*Obtained in 30 patients overall; n = 11 had PVCM.
fObtained in 91 patients overall; n = 26 had PVCM.

significant airflow limitation. The condition can be
detected about half as often in individuals with asthma
symptoms who have normal lung function. Our findings
also indicate that PVCM may occur more commonly in
asthmatics who have airway obstruction plus associated
dysfunctional breathing responses.

The importance and role of upper/middle airway dys-
function leading to extrathoracic airway obstruction as
a mimic of asthma symptoms remains controversial [8].
Uncertainty and ambiguity remain about exact links
between abnormal movements of the vocal cords and
the generation of asthma-like symptoms. Moreover,
PVCM/VCD has inadvertently become the collective
term for a variety of clinical presentations due to disor-
ders of the larynx. There is uncertainty surrounding
nomenclature [8], diagnostic criteria and optimal treat-
ment modalities [5]. Although individual case reports
[22] and our recent study [23] demonstrated improve-
ments in asthma control using botulinum toxin, it is
not known how severe, sustained and frequent PVCM
has to be for clinical symptoms to occur and for VCD
to be clinically significant. Using PVCM as a proxy for
VCD, our previous studies have detected inspiratory
PVCM in approximately 40% of a cohort of difficult-
to-treat severe asthmatics with variable impairment of
lung function [6]. However, the occurrence of PVCM in
mild asthma was not investigated, and severity was not
based on objective criteria — such as measurements of
lung function. The patient population for the current
study was therefore chosen to answer a key question
raised in our initial studies: Is PVCM chiefly associated
with asthma characterized by abnormal lung function
or is it a widespread phenomenon in all individuals
who experience typical asthma symptoms, even in the
absence of airflow limitation? The current studies

represent a pragmatic approach that permitted compar-
isons in patients with asthma symptoms attributable to
asthma and possibly associated PVCM (see Supporting
information). However, it is important to appreciate that
PVCM was not assessed in patients who uniformly had
verified asthma and that this may have influenced the
rate of detection.

Asthma characterized by an objective measurement
(FEV, < 80% predicted and FEV,/FVC < 0.7) was com-
pared as a primary outcome to asthma without evidence
of airflow limitation. We found that PVCM was detect-
able in 27.1% overall and approximately twice as often
in the group with airflow limitation (36.8%) compared
to patients with ‘milder’ disease (19.5%, P = 0.016). If
severity was defined by requirement for GINA step 4-5
medications (ATS/ERS criteria), PVCM was detected at
similar rates in severe and non-severe asthma. This is
not entirely surprising as medication requirements can
be inaccurate and identify patients as severe asthmatics
who are high symptom perceivers. This finding also
pertained to ACT and ACQ5 when these measures were
used to group patients. Importantly, the association of
PVCM with airflow limitation demonstrated here has
never been reported and hints at the possibility that
intrinsic disease factors may elicit aberrant extratho-
racic responses.

There is uncertainty surrounding the importance of
PVCM during expiration [24-26]. Vocal cord narrowing
during expiration is physiological, but the degree is
uncertain [24-28] and PVCM during inspiration was
employed in the original descriptions of VCD [3]. For
the current studies, PVCM was therefore defined as
excessive narrowing during inspiration. A related ques-
tion is how persistent PVCM may be such that CT (or
endoscopy) at a random time when symptoms may be

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 200-207
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Fig. 2. Pathways postulated to lead to development of paradoxical vocal cord movement (PVCM) and vocal cord dysfunction (VCD). Unstable
asthma may induce dysfunctional breathing patterns leading to activation of laryngeal reflexes — followed by PVCM and VCD. If severe PVCM
occurs, breathlessness may ensue leading to augmented dysfunctional breathing and worsening of PVCM and VCD. Improved asthma symptoms
and control may reduce or resolve PVCM and VCD. SOB; shortness of breath; ‘?’ denotes proposed risk factor; ‘(+)’ denotes risk factor noted in

current study.

absent is representative of overall vocal fold function —
or dysfunction. The solitary endoscopic study of
patients with symptomatic PVCM found that all subjects
(n=50) had PVCM detectable on repeat endoscopy
when they were asymptomatic [29]. We evaluated
detection of PVCM on a subsequent CT larynx and
found that agreement between the first and second CT
larynx was moderate (27/37; x = 0.42). Interestingly,
PVCM was not detectable on the first CT but detectable
on the second CT in 7/26 (27%) cases and meant that
18 of 37 (48%) of the overall group had evidence of
PVCM after two CTs. This non-invasive and convenient
modality is yet to gain widespread application, and it
seems likely that accurate and sensitive diagnosis of
VCD will ultimately be made up of several diagnostic
components that may include questionnaires, endo-
scopy and CT larynx [30]. Taken together, our findings
raise the possibility that VCD (at least in asthma) may
not be intermittent but exist as a continuum of laryn-
geal dysfunction that can contribute to breathlessness
and may be detectable — if PVCM intensifies. Further
research is needed to determine whether CT-based
detection of PVCM can be used as a reliable and

© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 200-207

practicable ‘biomarker’ for VCD. Finally, no evidence of
PVCM manifesting as flattening of inspiratory flow—
volume curves was detectable on spirometry and this
accords with other studies in patients with verified
PVCM and VCD [5-7].

Individual patient and asthma features such as age,
BMI, gender, atopy, asthma control scores and dysfunc-
tional breathing patterns may be linked to the occur-
rence of PVCM. Increased age but not asthma duration
was associated with detection of PVCM. As the history
of asthma duration is often not accurate [31], age may
be a better surrogate measure of duration and we specu-
late that PVCM could be a ‘complication’ linked to dura-
tion of asthma, much as diabetic renal complications
increase over time. Elevated BMI and/or female gender
have been thought to be overrepresented in PVCM and
VCD [7], but this association was not observed.

Dysfunctional breathing occurs more commonly in
asthmatics compared to healthy individuals [21, 32],
but we also found an independent association of PVCM
with dysfunctional breathing as measured using the
Nijmegen score. If airflow limitation was coupled to
high dysfunctional breathing scores, the association
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with PVCM was particularly strong (OR = 9.3; Table 2).
This finding requires confirmation in larger studies but
suggests that there may be a link between PVCM and
how individuals regulate breathing patterns, perhaps
simply because they have asthma or have asthma that
is accompanied by airflow limitation. Collectively, these
observations hint at the possibility that PVCM may be
initiated as a part of normal breathing adaptations (e.g.
hyperventilation) occurring in asthmatic individuals in
response to airflow limitation [33-35]. Hyperventilation
and/or other forms of dysfunctional breathing may in
turn lead to activation of laryngeal reflexes [36-38]
with development of PVCM (Fig. 2).

In conclusion, this study provides evidence that
PVCM (and therefore by implication VCD) can be
detected more often in asthma with airway obstruction
and raises the possibility that the abnormality may be
interrelated with asthma itself. Dysfunction of the ‘mid-
dle’ airway merits greater attention in asthma [8], and
research is needed to ascertain to what extent extratho-
racic airway obstruction, PVCM and VCD contribute to
asthma symptoms. More information is needed to
understand these conditions as effective treatment of
intermittent middle airway obstruction may help to
reduce disproportionate airway symptoms and improve
seemingly poor asthma control.
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Table E1. Characteristics of thirty asthmatic patients who completed a Nijmegen questionnaire

All patients PVCM not PVCM p-value
(n=30) detected detected
(n=19) (n=11)
Age (mxSD) 55.20+13.2 52.2+14.1 61.7+8.7 0.02
Gender (M/F) 11/19 7/12 47 0.9
BMI (kg/m?) 33.0£8.2 34.3+7.1 31.6+10.0 0.40
FEV1 (% predicted) 71.4+25.0 75.7+27.6 63.8+18.3 0.20
FEV1/FVC (%) 66.7+11.1 66.7+11.8 66.8+10.3 0.87
BD response (% change) 14.5+7.9 12.6+8.4 17.9+6.2 0.04
ACT score 15.0+4.9 15.9+4.8 13.745.0 0.23
ACQ score 21+1.3 1.8+1.3 2.6+11 0.06
Nijmegen score 24.3+9.3 21.7+8.4 28.3+9.8 0.27
Medications
SABA only 10 8 2
ICSonly 2 1 1
ICSand LABA 18 10 8
Other” 2 1 1

PVCM, paradoxica voca cord movement; BMI, body-mass-index; FEV, forced expiratory volume-1sec;
FVC, forced vital capacity; BD, bronchodilator; ACT, Asthma control test; ACQ asthma control
guestionnaire; SABA, short-acting beta agonist; ICS, inhaled corticosteroid; LABA, long-acting beta
agonist; * one nedocromil, one montelukast.



Table E2. Detection of PVCM in asthmatics with normal spirometry or with airflow limitation

(FEV, >80%) (FEV, <80%) p-value
(n=87) (n=68)

PVCM - PVCM + PVCM - PVCM +

(n=70) (n=17) (n=43) (n=25)
Age (mzSD) 51.73+15.11 56.18+17.53 50.40+17.47 62.60+13.75 0.23
Gender (M/F) 20/50 6/11 9/34 7/18 0.12
BMI (kg/m?) 30.15+7.09 29.96+7.08 30.40+7.61  32.52+9.16 0.38
FEV1 (% predicted) 100.10+13.76  100.40+14.02  57.67/+15.47 60.20+14.87 <0.0001
BD response (% change) 4.72+7.43 1.50+6.24 14.57+12.36 7.76+9.52 <0.0001
TLco 87.37£11.94 80.25+9.78 77.85£18.45 74.37+13.04 0.001
ACT score (n=91) 16.93+6.02 18.80+6.83 12.71+4.79 13.80+4.29 0.005
ACQ5 score (n=91) 1.42+1.15 1.17+1.20 2.78+1.45 2.71+0.91 <0.0001
Nijmegen score (n=30) 20.70£9.73 235+2.12 2278+7.04  29.33+10.62 0.14

PV CM, paradoxical vocal cord movement; - absent, + present; BMI, body-mass-index; BD, bronchodilator
response; T co, transfer factor for carbon monoxide; ACT, Asthma control test; ACQ, asthma control
guestionnaire, ACQ.



Table S3. Characteristics of subjectswith PVCM detected or not detected by CT larynx

PVCM PVCM p-value
not detected detected
(n=113) (n=42)
Age (m=SD) 51.2+15.9 60.0£15.5 0.003
Gender (M/F) 29/84 13/29 0.54
BMI (kg/m?) 30.2+7.2 31.4+8.3 0.36
ACT score 15.35.9 15.4+5.5 0.92
ACQ5 score 1.72¢1.1 21422 0.07
Nijmegen score” 21.7+8.4 28.3+9.8 0.13
FEV: (% predicted) 83.9+25.2 76.4+24.5 0.09
FEV1/FVC (%) 83.9+14.4 83.0+15.3 0.73
BD response (% change) 8.6+10.7 5.3+8.8 0.08
M edications
SABA only 31/113 5/42 0.05
ICSonly 9/113 1/42 0.44
ICSand LABA 67/113 31/42 0.06
Other” 4/113 1/42 0.95

PVCM, paradoxical vocal cord movement; BMI, body-mass-index; ACT, Asthma control test; ACQ asthma
control questionnaire; FEV,, forced expiratory volume-lsec; FVC, forced vita capacity; BD,
bronchodilator; ICS, inhaled corticosteroid; LABA, long-acting beta agonist; * Scores obtained from 65/113
subjects and 26/42 subjects; ** Scores obtained from 19 patients who did not have PVCM and 11 patients
with PVCM:; * One nedocromil, two monteleukast, one cromoglycate, one tiotropium
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Methods

Study subjects

Overall 155 patients were recruited in collaboration with their general practitioner either from
general practice or from hospital asthma clinics. Our previous studies had shown that
abnormal vocal cord movement and PVCM can be detected in approximately 40% of severe
difficult-to-treat asthmatics [1] and the current studies were intended to compare a group with
abnormal lung function (likely more severe) to a group with normal spirometry (likely milder
asthma). We therefore recruited patients with typical asthma symptoms that conformed to the
diagnostic criteria employed for the ISAAC Phase III survey [2] but who additionally had a
doctor-diagnosis of asthma. Many mild asthmatics have normal spirometry and no
demonstrable bronchodilator responses and asthma can be difficult to confirm on lung
function in this group [3]. However, PVCM and VCD are pertinent diagnostic considerations
in these patients and their inclusion in this group permitted clinically relevant comparisons
based on lung function measurements. It should be appreciated that study recruitment was not
intended to mirror the distribution of asthma severity in the general population (5-20% severe
asthma) [3] since the aim was to recruit approximately equal numbers in groups.

Subject characteristics

Asthma was diagnosed in all patients on the basis of: (i) a typical past history of asthma
symptoms, (ii) favourable clinical responses to treatment with beta-agonists and/or inhaled
corticosteroids and (iii) a doctor diagnosis of asthma. At the time of study all patients were in
possession of at least a beta-agonist inhaler to be used for asthma symptoms and patients had
no exacerbations (oral corticosteroids, emergency hospital visits) for at least 4 weeks.
Patients with an asthma diagnosis based on a typical clinical history obtained from their
general practitioner (n=57) but who did not meet spirometry benchmarks for asthma were
therefore enrolled. Bronchial provocation testing is often very helpful in asthma diagnosis but
was not done since tests have limited specificity in very mild asthmatics with normal FEV;
[4, 5]. Patients were excluded if they had any other lung disease, smoking history >10 pack-
years, any known vocal cord pathology, neurological disease or if pregnant. Detailed
information about gastro-esophageal reflux disease (GORD) symptoms or secondary
smoking was not obtained.

Study groups

Baseline demographic characteristics, relevant asthma history, history of comorbidities and
asthma medications were obtained. Overall 68/155 patients had asthma symptoms with
FEV<80% predicted whereas 87/155 patients had asthma symptoms with FEV;>80%
predicted. For secondary comparisons asthma severity was assessed according to ATS/ERS



[3]. Asthma severity plus control were also evaluated using asthma control test (ACT) and
asthma control questionnaire-5 (ACQ5) scores [8, 9].

320-slice CT larynx

No treatment for asthma was taken on the day of study. Studies were performed using a
Toshiba Aquilion One CT (Toshiba Medical Systems, Tokyo, Japan) with 320-slice detector.
Parameters were 80kVp, 300-350mA and gantry rotation 0.35 seconds. Patients were asked
to breathe normally and to avoid swallowing. After a ‘practice run’ without radiation to
ensure steady, normal breathing dynamic images were obtained continuously over a
respiratory cycle, from beginning of inspiration to the beginning of inspiration of the next
breath. Radiation doses were in a range of approximately 0.8-2 milliSievert (mSv) depending
on the amount of soft tissue in the neck of a particular individual [1]. Integrated CT software
programs were used to obtain continuous dynamic axial, sagittal and coronal multi-planar
images of the larynx with simultaneous virtual endoscopy reconstructions. Images were
reconstructed at 0.35 second/frame and included dynamic 3-dimensional laryngeal airway
views.

Diagnosis of VCD

Lateral diameter at the level of the vocal cords and first tracheal ring was measured on
coronal views using electronic callipers by a radiologist blinded to the study groups. The ratio
of vocal cord lateral diameter to tracheal diameter (RATIO) was obtained and an in-house
computerised program (HAMZACT) was then employed to automatically construct a ‘curve’
based on RATIO generated every 0.35 seconds. A predicted mean normal curve with a
second curve depicting the lower limit of normal (LLN) had previously been generated in
studies conducted in healthy individuals [1]. For an abnormal curve to occur the patient curve
has to be below the LLN curve (see for example Figure E1, online supplement). VCD was
only diagnosed during inspiration since criteria for diagnosis of expiratory VCD are unclear
[10-12]. Severity of VCD was assessed by measurement of the area of the patient’s RATIO
<LLN curve and expressed as % of overall area <LLN. Endoscopy was not used to diagnose
VCD and to attempt quantification since there is good concordance between orthodox
endoscopy and CT virtual endoscopy [1] and because the former cannot be accurately
quantified.

Lung function testing

Lung function testing was performed (MasterScreen Diffusion; Jaeger, Wiirzburg, Germany)
on the same day immediately after CT larynx was completed. Testing comprised pre- and
post-bronchodilator spirometry and measurements of transfer factor for carbon monoxide



(TLco). All testing was carried out according to American Thoracic Society guidelines [13]
using predictive equations published by Knudson et al [14].

Skin prick testing

Skin prick testing was done using a standard panel of allergens and according to established
guidelines [15, 16]. Allergens used were: cat, dog, horse, Alternaria, Cladosporium,
Aspergillus, grass mix, house dust mite, and tree mix in combination with appropriate
negative and positive controls.



Discussion

Patient selection

The patient population under study was chosen to answer a key question raised in our initial
studies: are abnormal vocal cord movement, PVCM and VCD chiefly associated with severe
asthma defined by airflow limitation or is it a widespread phenomenon in all individuals who
experience typical asthma symptoms? To meet this objective patients were recruited from
general practice and as a result the majority of patients in this group (57/87) did not achieve
spirometry criteria for a diagnosis of asthma. However, recruitment strategies were similar to
the ISAAC Phase III survey to detect asthma (in which spirometry was not conducted) and
our methodology ensured that individuals with asthma symptoms could be recruited.

It can be argued that individuals without evidence on spirometry did not have asthma and that
as a consequence the frequency of PVCM will logically be lower. However, the percentage of
individuals with PVCM in this group was identical to the group who had 12% or larger
bronchodilator responses. On the other hand, there is a widespread belief that patients with
PVCM have ‘fictitious’ asthma [11] implying that the occurrence of PVCM would be
increased in this particular group with asthma symptoms but no objective support for a
diagnosis of asthma. This was not observed and to resolve this complex issue further studies
are needed to compare larger groups of mild asthmatics (who meet spirometry criteria for the
diagnosis) with a symptomatic-only group as well as with patients who have severe asthma.
The current studies should be viewed as a pragmatic approach that permitted a comparison of
patients with asthma symptoms attributable to VCD.

Spirometry and lung function

Spirometry can indicate the presence of tracheal stenosis and other upper/middle airway
conditions characterised by fixed obstruction [17]. No evidence of PVCM manifesting as
flattening of the flow-volume curves was detectable on spirometry and this accords with
other studies in patients with verified PVCM and VCD [1, 18, 19]. It may reflect poor
sensitivity of a forced manoeuvre during inspiration (and expiration) to detect dynamic and
variable vocal cord closure. Other techniques, such as impulse oscillometry (IOS), may be
more sensitive indicators of laryngeal obstruction [17] and merit investigation.



Figure legends for online supplement

Figure S1.

Figure S2.

Figure S3.

Demonstration of analyses employed to detect paradoxical vocal cord
movement (PVCM). X-axis depicts time during inspiration and
expiration and Y-axis shows RATIO (ratio of vocal cord lateral
diameter/tracheal diameter). Left panel shows normal vocal cord
function with RATIO (solid black line) above both mean and lower
limit of normal (LLN). Right panel demonstrates excessive vocal cord
closure in a patient with inspiratory PVCM. Area under LLN is
approximately 8% (calculated as % of overall area under LLN).

Diagram illustrating results of repeat CT larynx conducted within 12
months in 37 subjects. Agreement between the first and second CT was
noted in 19/26 patients (73%) in whom PVCM was not detected and in
8/11 (72%) cases in which PVCM was present. Overall there was
moderate agreement between the two CTs with Cohen’s k=0.42.

Dysfunctional breathing (Nijmegen) scores are linked to paradoxical
vocal cord movement (PVCM). Left panel shows overall scores in
groups with PVCM absent or detected.  Right panel depicts
comparison of the same groups but comparing Nijmegen scores using a
threshold score of 20 (n=11 had PVCM). Seven of eleven subjects
(7/11) in whom PVCM could be detected had scores >20 versus 4/11
in patients with scores <20. If PVCM was absent 4/19 patients had a
score >20 and 15/19 had a score <20 (p=0.04).
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