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INTRODUCTION
Transient paradoxical closure of the larynx, occurring in the absence of any underlying structural or neurological defect, is a recognized cause of paroxysmal breathlessness and wheeze. This phenomenon, most commonly termed vocal cord dysfunction (VCD) and more recently inducible laryngeal obstruction (ILO) 1, is often misdiagnosed and mistreated as asthma 2,3. This may be explained by the lack of a robust, accepted diagnostic methodology 4,5.

Central to the diagnosis of ILO is endoscopic visualization of the larynx, in order to capture paradoxical narrowing of the laryngeal inlet, occurring concurrently with compatible clinical features 6. This process is also dependent on successful exposure to a specific or relevant ‘inducer’; i.e. to provoke closure. Exercise-induced laryngeal obstruction (EILO) is now recognized to be a prevalent cause of unexplained breathlessness in young athletic individuals 7,8 and is best diagnosed using the continuous laryngoscopy during exercise (CLE) test 9. The latter is performed by securing a flexible laryngoscope in the nasopharynx, thus allowing continuous visualisation of laryngeal movement and only one passage of the endoscope. It also offers an opportunity for biofeedback 10 and the development of battery-powered portable laryngoscope systems has now made it possible to deliver continuous laryngoscopy in challenging environments, e.g. when swimming 11. 

Despite these developments, very little information is published regarding the optimum methodology for the assessment of laryngeal movement during environmental-type (i.e. non-exercise) provocation. Provocation agents utilized in this context typically include relatively innocuous stimuli such as household cleaning products, odours or scents but certain work-place environmental triggers are also relevant 12,13. Indeed, work related irritant-induced laryngeal dysfunction still remains an under-recognized and poorly diagnosed condition 14.  

We present a novel methodological approach to the diagnosis of ILO, utilizing a similar approach to CLE testing, to perform continuous laryngoscopy during provocation (CLP). In this report, we provide a description of this methodology and illustrative clinical cases, to highlight the diagnostic and therapeutic benefits of the approach and to outline its safety. 
METHODOLOGY 
Protocol development
Using a portable battery-powered rhino-laryngoscopy system (CMOS laryngoscope and 8402ZX monitor, Karl Storz GmbH & Co. KG, Tuttlingen, Germany) we first performed a feasibility trial. In brief, one of the authors (JS) had a laryngoscope placed in situ, following application of non-anaesthetising lubricating gel to one naris. The laryngoscope was then placed in specialist supporting headgear and secured with tape (Figure 1). Simple voicing manoeuvres were performed to ensure stability and postural adjustments made to yield high quality images. The monitor screen was then concealed and the subject was then asked to move into an environmental challenge chamber. We then commenced our standard provocation protocol with exposure to an environmental trigger (e.g. one spray increments of deodorant) (Table 1). The challenge protocol has been utilized in our centre for occupational lung disease challenge for over fifteen years, but differs in that previously a laryngoscope was only passed when an individual developed symptoms. Patients complete spirometric measures immediately before and following exposure and oxygen saturation is measured. The provocation protocol is conducted by a senior speech and language therapist, in a hospital setting with senior medical staff and immediate resuscitation facilities available. 
Clinical cases
Three female patients (aged 47-58 years) clinically suspected of having ILO and referred from the specialist upper airway clinic at our centre underwent CLP, following informed written consent and using self-selected provocation agents to elicit their typical symptoms (Table 2). All patients tolerated continuous placement of the scope and confirmed that exposure in the chamber had been sufficiently concentrated to provoke their typical symptoms (i.e. wheeze, cough, breathlessness +/- voice change). One patient exhibited classical paradoxical movement on inspiration at rest and following initial placement of the scope and one developed glottic narrowing on expiration. On provocation, two patients developed changes in their breathing pattern that led to feelings of tightness and breathlessness and one patient performed repeated throat clearing manoeuvres. The test ended when the patient’s typical symptoms had been generated or when exposure exceeded the point of previous symptom provocation. On elicitation of upper airway symptoms, the specialist SLT initiated laryngeal and breathing control strategies with visual biofeedback to reduce symptoms to baseline. There were no adverse events during CLP and the scope placement and fixation took less than three minutes. Two patients subsequently attended for review with the specialist SLT to consolidate understanding of CLP findings and use of control strategies. One patient declined further therapy, feeling confident of controlling symptoms independently.
DISCUSSION
It is now over thirty years since the first description that paradoxical (i.e. inspiratory phase) glottic closure could act to precipitate symptoms mimicking asthma 15. Since this time there has been an evolving appreciation of the role of laryngeal closure in causing ‘difficult-to-treat’ respiratory symptoms, both in general and in work-place environments 16,17. Despite this, progress with respect to our understanding of the mechanisms ILO, variable characteristics and responses to intervention have been hampered by the lack of a valid, robust diagnostic methodology 4. The recent promotion of CLE to establish a robust diagnosis of EILO has facilitated considerable advances in our understanding of differing clinical phenotypes 18, response to treatments that include biofeedback 10 and surgical intervention 19. CLP promises similar advantages and offers unique opportunities to broaden our understanding of non-exercise ILO. 

Continuous visualization of laryngeal movement offers a number of distinct advantages. Not only does it minimize the discomfort caused by multiple passages of a laryngoscope, it also ensures that a state of laryngeal rest and adaptation can develop before commencing provocation. Furthermore, it affords detail regarding the time-course of laryngeal reactivity and allows a comparison against control or placebo exposure. Certainly, the widespread utilization of CLE testing has facilitated a more robust determination of the epidemiology or EILO, permitted studies evaluating test-retest validity 20 and has been employed to assess the efficacy of interventions. 

The continuous visualization approach employed by CLP also permits the delivery of ‘real-time’ biofeedback. This approach constitutes a promising new technique to ensure that instructions and techniques are specifically tailored to normalize laryngeal response patterns observed during the test. Visualization, by the patient, of laryngeal response and the effectiveness of control strategies leads to a better understanding of symptom generation and enhanced therapeutic outcomes. 

The cases described align with the historical literature in that all cases had had a significant delay to diagnosis and had been treated with escalating doses of asthma treatment 6,. Moreover, despite this the cases described frequently required acute medical care for breathing complaints underlining the healthcare implication of incorrect diagnosis. Interestingly, however, two of the three cases developed breathlessness during provocation which appeared to be caused by changes in their breathing pattern (i.e. breath-holding, increased respiratory rate) and certainly not explained by any paradoxical vocal fold movement. Indeed, whilst CLP offers the opportunity to provide robust confirmation of diagnosis, prompting direct confirmation, serving to highlight other diagnoses that act to mimic ILO. In the current series, both patients became distressed by memories of previous attacks and reported negative anticipation during the test. 

Despite the promise of a more standardized approach to ILO provocation that may be afforded by CLP, further work is now needed to validate this approach. Indeed, the current approach represents a pragmatic solution to the delivery of a self-selected provocation agent; i.e. as an individual would be typically exposed to in a home or work environment. We are currently unable to precisely quantify the ‘dose’ or concentration of agent delivered and thus future work should focus on establishing the test-retest validity of this approach and to develop robust means of controlling exposure. 

In conclusion, CLP is a safe and well-tolerated method for evaluating laryngeal response during provocation and negates repeated passage of the laryngoscope. Continuous monitoring throughout an environmental provocation test improves diagnostic accuracy by capturing the presence or absence of paradoxical movement.

Acknowledgements: We are grateful to Bernadette Fitzgerald for her assistance in the clinical CLP service. 
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FIGURE LEGENDS
Figure 1. Demonstration of continuous laryngoscopy during provocation (CLP) by co-author (J.S.) (A) A flexible laryngoscope is passed without anaesthetic (1) and (B) secured on specialist headgear (2, 3). The laryngoscope is secured at the nares with medical tape (4) and a cover sheet is applied to the portable screen/recorder (5). The patient then undertakes a blinded respiratory challenge (C) with exposure to the inducer (6), in a sealed environmental provocation booth. A nose clip is applied to ensure a tight nasal seal (7). On elicitation of upper airway symptoms, the specialist SLT initiates laryngeal control strategies (D) +/- visual biofeedback following initial blinded exposure (8). 



Table 1. Continuous laryngoscopy during provocation (CLP) – protocol

	Continuous laryngoscopy with provocation test (CLP) protocol 

	1. Case history

	2. Completion of paperwork:
-          Specific consent form
-          Multi-dimensional Upper Airway Visual Analogue Scale
-          Newcastle Laryngeal Hypersensitivity Questionnaire
-          Vocal Cord Sensitivity “How it Affects my Life” Questionnaire
-          Baseline symptom ratings

	3. Spirometry 

	4. Nursing observations, including oxygen saturation 

	5. Placement of headgear, passing and securing of laryngoscope 

	6. Entry to provocation cubicle (patient blinded to laryngoscopy screen)

	7. Laryngeal behavior observed
·          at rest
·          during brief voicing session (not strained)
·          on exposure to concentrated and increasing levels of inducer chosen by patient

	8. Instigation of therapy techniques, if symptoms triggered

	9. Exit provocation cubicle, after typical attack triggered and treated, or when patient determines exposure has surpassed typical provocation threshold, removal of scope and headgear

	10. Repeat spirometry and observations if indicated

	11. Review images and discuss test findings with patient and other clinical team members. Video images downloaded and stored if review needed with ENT

	12. Confirmation of follow-up plan (e.g., SLT, respiratory physiotherapy, no therapy, consultant review, onward referral)



Table 2. Clinical case descriptions and outcome
	Case description
	Prior treatment
	Baseline spirometry 
	Inducer
	CLP findings
	Management and outcome

	47 year-old female 
Hospital nurse

10 year history of difficulty breathing in, voice change and chest tightness on exposure to smoke, fumes, perfumes, cleaning sprays.

1 ITU admission and 12 ER attendances.
	High dose ICS/LABA
SABA
	FEV1 2.4 (90%)
FVC 2.8 (90%)


	Bleach cleaning spray
	True vocal fold adduction on inspiration pre-provocation, in keeping with glottic ILO.

Normal laryngeal movement restored with sniff and blowing technique


	Symptoms fully resolved

Discontinuation of inhalers

Gradual re-introduction of previous triggers into daily life

	58 year-old female
Hospital nurse

5-year history of dry cough, throat tightness, wheeze, breathlessness and voice change on exposure to sporicidal wipes, strong smoke, very dry atmosphere.
	High dose ICS/LABA
SABA
Nasal corticosteroid
	FEV1 2.4 (105%)
FVC 3.0 (111%)


	Sporicidal wipes
	Mild narrowing of true vocal folds on expiration and mild expiratory wheeze pre-provocation.

Immediate throat clearing on exposure to wipes, indicative of laryngeal hypersensitivity, but no change to vocal cord movement patterns
	Declined follow-up therapy; confident of improvement using techniques initiated during CLP test. Expiratory narrowing and wheeze eliminated with nasal flow and yawn technique

	48 year-old female, 
Personal Assistant

10 month history of breathlessness, voice change and vomiting on exposure to cleaning products, perfume, alcohol

5 ER attendances 
	Nasal corticosteroid
	FEV1 2.9 (104%) FVC 3.5 (109%)
Inspiratory flow attenuation at rest
	Bleach cleaning spray
	Negative anticipation of exposure to bleach cleaning spray based on past experience, became tearful with disrupted breathing pattern and vocal folds held in a narrower rest position. 

Resumed widely abducted position with breathing control
	2 outpatient SLT sessions, focused on good laryngeal hygiene, breathing control, CBT to reduce negative anticipation

Complete resolution of symptoms and reintroduction of past triggers within 3 months



Definition of abbreviations: BMI; body mass index; CBT; cognitive behavior therapy; CLP; continuous laryngoscopy during provocation ER; emergency room; FEV1 forced expiratory volume in one second; FVC; forced vital capacity; ICS; inhaled corticosteroid; ITU; intensive care unit; LABA; long-acting beta-2 agonist; ILO; inducible laryngeal obstruction; SABA; short acting beta-2 agonist. 
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ONLINE FILES
Online video file E1. Video file demonstration of continuous laryngoscopy during provocation.
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