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    Abstract

This consensus statement provides practical recommendations for specific inhalation challenge (SIC) in the diagnosis of occupational asthma. They are derived from a systematic literature search, a census of active European centres, a Delphi conference and expert consensus. This article details each step of a SIC, including safety requirements, techniques for delivering agents, and methods for assessing and interpreting bronchial responses. The limitations of the procedure are also discussed.

Testing should only be carried out in hospitals where physicians and healthcare professionals have appropriate expertise. Tests should always include a control challenge, a gradual increase of exposure to the suspected agent, and close monitoring of the patient during the challenge and for at least 6 h afterwards. In expert centres, excessive reactions provoked by SIC are rare.

A positive response is defined by a fall in forced expiratory volume in 1 s ≥15% from baseline. Equivocal reactions can sometimes be clarified by finding changes in nonspecific bronchial responsiveness, sputum eosinophils or exhaled nitric oxide. The sensitivity and specificity of SIC are high but not easily quantified, as the method is usually used as the reference standard for the diagnosis of occupational asthma.


Abstract

ERS Task Force: a statement on specific inhalation challenges in the diagnosis of occupational asthma http://ow.ly/tCvFG



Introduction

In this context, specific inhalation challenge (SIC) testing is the controlled exposure of a patient, under laboratory conditions, to an agent encountered in their workplace. In this article we are concerned with the use of SIC to identify immunologically mediated (or sensitiser-induced) occupational asthma in patients with a history of work-related symptoms [1–4]. A similar approach is used in the evaluation of hypersensitivity pneumonitis, but this is not discussed below. Common synonyms for SIC include specific “bronchial provocation testing” and “occupational-type challenge tests”.

Although there are earlier, sporadic reports of its use, the procedure for SIC with occupational agents was formally developed in the early 1970s by Pepys et al. [5], and initially performed in a corridor of the Royal Brompton Hospital (London, UK). In the intervening 40 years the practice has spread and become more sophisticated. In many centres, primarily in Canada and mainland Europe, SIC is regarded as a “first-line” procedure for diagnosing asthma arising from exposure to a respiratory sensitising agent in the workplace. In other centres it is reserved for cases where alternative methods have failed to identify, with sufficient accuracy, a specific causal exposure. SIC remains the best method of recognising the human sensitising potential of new agents, particularly chemical agents, encountered by persons in their work.

In 2011, the European Respiratory Society (ERS) formed a Task Force on SIC with occupational agents, comprising 15 specialist respiratory physicians from 10 European countries. Its principal aim was to issue guidance on the indications, methodology, interpretation and drawbacks of SIC. From the start, we recognised that several review articles [5–10], textbooks [11] and guidelines [12, 13] had covered similar ground but none of them were comprehensive and many were very dated. We did not aim to formulate a single, standardised approach to the use of SIC, recognising that there are important historical, jurisdictional and cultural determinants of its use that cannot, and need not, be included under a guise of “harmony”.

We suggest that the information contained in this article will be of interest to those: 1) currently using SIC in the assessment of occupational asthma in Europe and elsewhere; 2) who are concerned with the risk assessment of (chemical) agents used in the workplace, particularly new such agents; and 3) planning to introduce SIC to their clinical practice.

This latter audience is, we believe, especially important. Although SIC is still acknowledged as the “reference standard” for demonstrating the causal relationship between exposure to an occupational agent and asthma [1, 2, 4, 14], recent information indicates that it is underused in the diagnostic evaluation of work-related asthma [15–19].



Task Force methodology

We undertook a variety of approaches to produce this guidance.

First, we performed a systematic bibliographic search through the library services at the Finnish Institute of Occupational Health, Helsinki, Finland (Appendix A in the online supplementary material). The retrieved abstracts were carefully explored by two Task Force members (P. Cullinan and H. Suojalehto) to identify relevant information on the performance of SIC with occupational agents. In addition, the reference lists of relevant articles and previous reviews were screened to identify any additional publications. The results of this systematic search were made available to all members of the Task Force.

Secondly, using a structured questionnaire, we surveyed the current practice of SIC with occupational agents in European centres among the members of the Occupational and Environmental Group of the ERS. A summary of this survey is published elsewhere [19].

Thirdly, we completed a two-stage Delphi exercise that aimed to judge the consistency of the Task Force member’s views. The findings from this and the survey mentioned above were used in the preparation of the guidance.

Finally, we held four face-to-face meetings with the Task Force members between 2011 and 2013. Through these we prepared a list of “statements” pertaining to each step of SIC and considered the available evidence for each. A final consensus was reached through discussion.

The recommendations in this document were based on published evidence when available or on the results of the survey and Delphi process when it was not.

In addition to this guidance, we developed a “handbook” of practical methods for performing SIC with individual workplace agents, under the direction of K. Suuronen (Finnish Institute of Occupational Health). The handbook contains a summary of the methods used by 22 European centres and is available in the online supplementary material.



Rationale and indications for performing specific inhalation challenges

SIC aims to investigate empirically the specific reactivity of the airways to occupational agents (of either high- or low-molecular-weight (HMW and LMW, respectively)) in workers who have symptoms of work-related asthma. The rationale for performing SIC is, therefore, to improve the diagnosis of work-related asthma. There is accumulating evidence that workplace exposures contribute substantially to the global burden of asthma, accounting for ∼15% of all adult-onset disease [20, 21]. Up to 20% of adults with asthma report provocation of their symptoms in the workplace [22], although only a minority have immunologically or sensitiser-induced occupational asthma [23]. A timely and accurate diagnosis of occupational asthma is a key element in advising appropriate treatment or other interventions and minimising the adverse health and socioeconomic outcomes of the disease [4, 24, 25]. The accurate identification of an index case of occupational asthma and its aetiology is also important for implementing primary preventive measures for other exposed workers.

The evidence-based guidelines issued by the British Occupational Health Research Foundation acknowledged that: “A carefully controlled SIC comes closest to a gold standard test for some agents causing OA [occupational asthma]”, but “a negative test in a worker with otherwise good evidence of OA is not sufficient to exclude the diagnosis” [1]. The systematic review conducted by the Agency for Healthcare Research and Quality [14] concluded that “as yet there is no definitive diagnostic test for OA” and considered SIC to be a “reference standard” rather than the “gold standard”. The expert-based consensus statement issued by the American College of Chest Physicians [2] recommended that: “In individuals with suspected sensitizer-induced OA, conducting SIC (where available) is suggested when the diagnosis or causative agent remains equivocal”.

This Task Force agreed that the broad categories of indications for performing SIC with an occupational agent include: 1) confirmation of the diagnosis of occupational asthma when other objective methods are not feasible, are less efficient or have failed to provide definitive results; 2) identification of the cause of occupational asthma when other objective methods are not feasible, are less efficient or have failed to provide definitive results; 3) the identification of a new (not formerly described) specific cause of occupational asthma; and 4) research into the mechanisms of work-related asthma.

The place of SIC in the diagnostic evaluation of a patient with suspected occupational asthma is summarised in figure 1. Within these indications, the use of SIC is influenced by the final purpose of the diagnostic evaluation. For instance, the desired level of diagnostic accuracy may be different for clinical, research, compensatory or occupational health surveillance purposes. The use of SIC should also take into account patient important and societal outcomes. All of these may vary between jurisdictions and different countries.
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Figure 1– 
The place of specific inhalation challenge (SIC) in the diagnosis of occupational asthma. In some centres it is the first-choice technique, in others it is used selectively in the context of other diagnostic approaches (white boxes). PEF: peak expiratory flow; FEV1: forced expiratory volume in 1 s; NSBHR: nonspecific bronchial hyperresponsiveness.






Methodology of specific inhalation challenges

Key messages for performing reliable and safe SICs with occupational agents are summarised in table 1.
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Table 1– 
Key messages for performing and interpreting specific inhalation challenge (SIC) with occupational agents




General safety requirements

SIC should only be carried out in hospital-based specialised centres [13]. Patients may be admitted to hospital for the duration of the SIC; where they are not, facilities for their management in the case of excessive reactions, including those in the late-phase, must be readily available. SIC should be conducted by trained personnel who have received precise training in the challenge protocol including when and how to stop further exposure, and in emergency procedures [13, 26]. SIC should be closely supervised by physicians who have expertise in the field and are readily available to manage acute asthmatic or anaphylactic reactions according to current guidelines [27, 28].

SIC should be performed in enclosed challenge rooms equipped with an adequate exhaust ventilation system or using closed-circuit devices [29–32], in order to prevent inadvertent exposure of the technicians and the tested patient after discontinuation of the challenge. Some patients with occupational asthma are extremely sensitive to very small quantities of the agent to which they are sensitised. During SIC, patients should wear protective overalls, caps, eye protection, shoes and non-latex gloves to avoid, as far as possible, direct skin exposure to the tested agent.

The patient should receive detailed information on the purpose and procedures of the tests and on their potential adverse effects. Females of child-bearing age should be clearly informed that SIC is not advised during pregnancy. There is a consensus that subjects undergoing an SIC procedure should be asked to sign a statement of informed consent.



Contraindications

It is generally agreed that SIC is contraindicated in patients with severe airway obstruction. However, the threshold value of forced expiratory volume in 1 s (FEV1) below which a SIC should not be performed remains controversial, mainly because of a lack of evidence-based information. For inhalation challenges with common inhalant allergens, the European Academy of Allergology and Clinical Immunology Subcommittee on provocation tests with allergens recommended that baseline FEV1 should be ≥70% predicted [33]. The Delphi exercise undertaken by members of the Task Force concluded that SIC with occupational agents can be performed safely and validly in subjects with an FEV1 >60% predicted. SICs should only be performed in subjects with stable asthma as ascertained by FEV1 monitoring on a control day.

Other (absolute or relative) contraindications to SIC include: any recent or unstable cardiovascular disease, uncontrolled epilepsy, pregnancy, recent (<4 weeks) respiratory tract infection, and a patient’s inability to understand the procedures [13, 26, 33].



Precautions


Medications

Prior to SIC, inhaled bronchodilators, theophyllines, leukotriene receptor antagonists, cromoglycate and antihistamines should be withdrawn according to their durations of action. Preferably, inhaled corticosteroids should also be stopped. Previous studies indicate that inhaled and oral corticosteroids significantly attenuate, in a dose-dependent manner, the bronchial response to allergens, especially the late phase component and the associated increase in nonspecific bronchial hyperresponsiveness (NSBHR), but that they do not completely inhibit the bronchial response [34–48]. The protective effect of inhaled steroids against allergen-induced early responses, airway eosinophilia and increases in NSBHR is partially or completely lost as early as 12 h after discontinuation of therapy [48]. This Task Force recommends withholding corticosteroid treatment (inhaled and/or oral) for at least 72 h before the test, whenever feasible. Nevertheless, it has been suggested that their total daily dose can be administered in the evening at the end of each challenge day, if required to maintain asthma control. Such an approach should be considered, particularly when SIC is carried out over prolonged periods, in order to minimise the risk of asthma worsening. Patients should be asked to refrain from smoking during the period of SIC, although an impact of tobacco smoke on specific bronchial reactivity to occupational agents has not been clearly identified [49].

Removal of patients from their workplace exposure for several days before SIC is not mandatory, and may lead to adverse employment consequences for them. Nevertheless, avoidance of exposure before testing should be considered when asthma is not functionally stable. Removal may also be useful for the assessment of the variability in FEV1 over several days that is required for the statistical method of evaluation of asthmatic reactions [50].



Patient surveillance

Patients should be monitored in the laboratory for 6–8 h after the end of the control and active challenge exposures. Thereafter, they should, while awake, make self-measurements of FEV1 or peak expiratory flow (PEF) using portable instruments until the following morning in order to detect relapsing bronchoconstriction. Asthmatic reactions in patients who failed to show significant changes in FEV1 during the 6–8 h follow-up period in the laboratory seem to be rare (e.g. three out of 335 SICs) (unpublished data). Changes in airway calibre that have not been documented through supervised spirometry measurements should lead to a repeat of the challenge on a subsequent day. The subjects should be allowed to leave the laboratory at the end of the follow-up period provided that their FEV1 is within 10% of its baseline value, either spontaneously or after administration of an inhaled bronchodilator. If they are not to be kept in hospital overnight, they should receive contact information and be carefully instructed on how they should treat relapsing bronchoconstriction based on self-recorded FEV1/PEF values. As a result, SIC can be performed on an outpatient basis, but patients who develop severe/persistent asthmatic reactions should be hospitalised for overnight surveillance. Patients who develop marked late reactions should be treated with inhaled corticosteroids for a few days after the challenge in order to minimise the risk of transient worsening of asthma symptoms [33].




Procedure

A flowchart summarising the main steps in performing SIC with an occupational agent is presented in figure 2.
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Figure 2– 
Schematic flowchart for performing specific inhalation challenge with an occupational agent. The timing of some measurements varies between centres. FEV1: forced expiratory volume in 1 s; NSBHR: nonspecific bronchial hyperresponsiveness; FeNO: exhaled nitric oxide fraction. #: proceed to additional active challenge(s) when the changes in FEV1 on day 2 are equivocal or negative and challenge with a higher dose is considered appropriate, or when there is a significant increase in sputum eosinophils or in FeNO post-day 2 challenge. ¶: NSBHR can be measured in the morning before the control and active challenge exposures provided that no inhaled bronchodilator is administered.





Control day

Prior to the challenge with the suspected occupational agent, a “control” day should be performed by exposing the patient to a control substance, usually for 30–60 min. Functional outcome parameters should be monitored for 6–8 h afterwards, as with the follow-up period after challenge with the suspected “active” agent [5, 13, 33]. The purpose of this control day is two-fold. 1) To verify the functional stability that is crucial for the correct interpretation of changes in FEV1 after exposure to the suspected occupational agent. When the changes in FEV1 after exposure on the “control” day exceed 10% of the baseline value the subject should not be challenged with an occupational agent until their asthma has been stabilised through the use of anti-asthma medication or removal from suspected offending exposure. 2) To provide a point of comparison for any reactions to the active test agent and to identify nonspecific irritant reactions to the control agent which would suggest that any response to an occupational agent may also be irritant and does not meet the definition of specific bronchial hyperreactivity [51].

The “control” substance is usually selected with reference to the nature of the occupational agent suspected of causing occupational asthma. The control substance may be equally irritant and/or may have the same physical appearance as the tested occupational agent. The most commonly used control substances include: lactose powder for SIC with agents in powder form (flour, drugs and persulfate); pine dust for SIC with wood dusts; vinyl gloves for SIC with latex gloves; and solvents for polyurethane products and other resins.

In order to maintain objectivity, it is good practice not to inform the patient whether they are undergoing “control” or “active” exposure during SIC, although effective “blinding” of patients is not always possible.



Methods for delivering occupational agents

The basic principle of SIC is to deliver the suspected occupational agent in the same conditions as those that prevail in the workplace in terms of its physical characteristics (i.e. gas, fumes, liquid or particles aerosols) and its chemical form (e.g. monomer versus polymer), preferably on the basis of a detailed workplace exposure assessment [5]. The bronchial response to an occupational agent may vary according to its physicochemical characteristics [52–54]. Nebulising saline solutions of water-soluble HMW agents has limitations since standardised solutions of occupational agents are lacking (except for latex), and some relevant allergens may not be water soluble [55, 56].

Thus, exposure to occupational agents in SIC should be produced in various ways, depending on the nature of the agent suspected of causing occupational asthma. A practical handbook describing the methods that are currently used for generating the most commonly tested agents has been prepared by a Technical Group of the Task Force and is available in the online supplement. The methodology, limitations and indications of supervised workplace challenges are addressed in Appendix B in the online supplement.



Concentration of exposure

The concentration of the occupational agent in the air during SIC should be based on the estimated level in the workplace but should not exceed relevant occupational exposure limits (OEL). Ideally, the concentration and, when relevant, particle size should be continuously monitored during SIC and the concentration kept below the OEL in order to avoid irritant responses and/or severe asthmatic reactions. In practice, appropriate techniques for measuring the wide variety of agents causing occupational asthma are seldom available. However, provision should be made for the online measurement of chemical agents with a high potential for inducing severe reactions, especially diisocyanates.



Duration of exposure

The duration of exposure to the suspected occupational agent should only be increased very gradually (e.g. 10 s, 1 min, 5 min, 10 min, 15 min, 30 min and 60 min) and especially when the subject reports a history of severe acute reactions at work or has marked NSBHR (e.g. histamine/methacholine provocation concentration causing a 20% fall in FEV1 (PC20) ≤0.25 mg·mL−1) and when the challenge involves a LMW agent [57] or one with a high allergenic potential (e.g. enzymes). For HMW agents, the duration of exposure can be increased progressively on the same day until an immediate reaction occurs or until the maximum duration of exposure is reached. For LMW agents that are more likely to cause isolated late and atypical reactions [58], the duration of exposure should preferably be increased from one day to the next with, for instance, a cumulative exposure limited to <30 min on the first challenge day [11, 13, 57].

Since dose (concentration × time) is the main determinant of the bronchial response [59, 60], an alternative approach is to increase the concentration of the agent, rather than the duration of exposure. Determining the initial concentration/dilution of the delivered agent can be guided by the level of specific IgE sensitisation to this agent. Thus, studies have documented that the concentration of common allergens required to induce a 20% fall in FEV1 can be derived from the baseline degree of NSBHR to histamine/methacholine and the level of IgE sensitisation to the allergen, [61, 62]. However, these relationships are still under debated [63] and, with the exception of flour [64], have never been established for occupational sensitisers. It is recommended that the starting concentration of nebulised allergen be set at the lowest concentration producing a threshold response on skin-prick testing (the “skin end-point” concentration) [5, 65] or at three doubling concentrations below the predicted concentration derived from the formula [33, 65]. The concentration of agents administered in powder form can also be progressively increased by using progressive dilutions in lactose powder (e.g. from 1/1000 to 1/10); the starting concentration is usually a dilution 10 times lower than that inducing a positive skin-test response to the saline dilution. Such strategies are particularly important in enhancing the safety of SIC with previously unknown sensitising agents [66, 67].

It remains unclear how long a subject should be exposed to the suspected agent before the test can be considered negative. A retrospective review of 335 positive SICs showed that the threshold duration of challenge exposure required to induce an asthmatic reaction was >2 h in 25% of the subjects [49]. A multivariate linear regression analysis showed that a longer duration of exposure was associated with challenge exposure to LMW agents, a lower level of baseline NSBHR, increasing age, and a shorter duration of asthma symptoms at work. Other individual characteristics that could affect specific bronchial reactivity to occupational agents have not been thoroughly explored.

When SIC is performed sequentially to more than one occupational agent, exposure to the second or subsequent agent should not be started before a patient’s FEV1 and NSBHR have returned to pre-SIC levels.





Assessment of bronchial response

SIC aims to verify that exposure to a suspected occupational agent induces the characteristic features of asthma, i.e. airway obstruction, development or increase in NSBHR, and/or airway inflammation. A positive test is one from which it can reasonably be concluded that exposure actually caused the response, rather than the response being due to confounding factors.


Airway obstruction

The FEV1 remains the primary physiological outcome measure for assessing changes in airway calibre. This parameter is well standardised and reproducible [68, 69]. No other functional parameters have been demonstrated to be superior to FEV1 in the evaluation of bronchial response to SIC. Peak expiratory flow shows reproducibility and sensitivity that are similar to FEV1 [70], but this test is more dependent on muscular effort and has no benefit over FEV1 for use during supervised measurements in hospital [71]. Measurements of airway resistance or conductance by body plethysmography [65, 72–74] and respiratory resistance by the forced oscillation technique [75] are not affected by inspiratory manoeuvres and are not effort-dependent, but they are less reproducible and require more expensive equipment. Nevertheless, these parameters may be useful in subjects who are not able to perform reproducible spirometric manoeuvres and may provide useful complementary evidence of a significant bronchial response during SICs that produce equivocal changes in FEV1 [76].

Parameters of airway obstruction should be measured after each incremental exposure to the occupational agent. When the FEV1 falls by >10% from baseline, it should be re-assessed 10–20 min later, before re-exposing the subject [77]. After the end of a challenge any airway obstruction should be assessed at 10–15 min intervals during the first hour, and then every 30–60 min for the next 6–8 h. Assessment of FEV1 the next morning (i.e. ∼24 h after the end of challenge exposure) is helpful to disclose a “day-to-day” pattern of reactions [78].



Nonspecific bronchial hyperresponsiveness

The Delphi exercise of the Task Force concluded that any validated test to detect NSBHR (methacholine, histamine, adenosine monophosphate and mannitol) can be used in SIC [13, 26]. At a minimum, NSBHR should be measured at baseline and re-assessed after the SIC, especially when there have been no significant changes in airway calibre. A significant increase in post-challenge NSBHR to histamine or methacholine (i.e. more than two- to three-fold reduction in post-challenge PC20/provocation dose causing a 20% fall in FEV1 (PD20) values compared to baseline) [73, 79, 80] means that the subject should be further challenged before excluding the diagnosis of occupational asthma. Among 50 subjects who failed to develop significant changes in FEV1 after a 2-h challenge exposure to occupational agents, 11 (22%) showed a post-challenge increase in NSBHR, of whom nine (i.e. 18% of all negative responses) developed an asthmatic reaction on subsequent challenge(s) [79, 80].



Airway inflammation


Sputum eosinophils

Sputum eosinophil counts may be evaluated at baseline and after SIC that has resulted in no changes in FEV1. Recent prospective data indicate that an increase in sputum eosinophils is an early marker of specific bronchial reactivity to occupational agents and may help to identify subjects who will develop an asthmatic reaction after repeated challenge exposure [81]. A >3% absolute increase in sputum eosinophils as compared to baseline after a 2-h challenge yielded a sensitivity of 67% and a specificity of 97% in predicting the development of an asthmatic response on subsequent challenge(s) [81]. A post-challenge increase in sputum neutrophil count has also been documented [81, 82], especially after exposure to LMW agents [83, 84]. However, the interpretation of changes in sputum neutrophil counts has not yet been further validated.



Exhaled nitric oxide

Assessment of changes in exhaled nitric oxide fraction (FeNO) level during SIC may be useful in subjects who fail to provide suitable sputum samples [85, 86]. There have been conflicting data on the changes in FeNO after SIC with occupational agents [87–95]. A significant increase in FeNO level was observed only 24 h after positive challenges, while there was a significant increase in sputum eosinophil at 7 h [92, 96]. Changes in FeNO were less discriminant than the changes in sputum eosinophils [96].




Other outcome parameters

Body temperature and measurement of the diffusing capacity of the lung for carbon monoxide can be measured during SIC when there is a clinical suspicion of hypersensitivity pneumonitis-like reaction [97–99].

Assessment of nasal response during SIC may be useful for confirming associated occupational rhinitis. The assessment of nasal symptoms is not always sufficient to document a nasal reaction; symptom scores should be combined with objective measurements, i.e. demonstration of a significant decrease in nasal patency and/or evidence of nasal inflammation [100–103].




Interpretation of specific inhalation challenge results


Airway obstruction

A SIC is generally considered positive when there is a sustained (i.e. recorded on two consecutive assessments) fall in FEV1 of at least 15% from pre-challenge value, provided that fluctuations in FEV1 are <10% during a 6–8 h follow-up on a control day. This threshold value is arbitrary and a more rational approach would be to take into account the subject’s variability in FEV1 when not exposed to the suspected agent. Such statistical methods are likely to be more sensitive than a fixed threshold value [50] but they require serial measurements of FEV1 on several (at least three) unexposed days in order to obtain an adequate estimate of the variance of the FEV1 [50, 104–106]. There is no consensus on the interpretation of PEF changes after SIC but their assessment should similarly take into consideration the natural (“unexposed”) variability of a subject’s measurements; this is likely to be higher than the variability in measurements of FEV1.

A decrease of >50% in specific airway conductance from baseline (combined with a decline below 0.5 kPa·s−1) or an increase in specific airway resistance of >100% (exceeding the threshold value of 2 kPa·s−1) are usually regarded as positive bronchial responses to allergens and occupational agents [65, 107].



Nonspecific bronchial hyperresponsiveness

When changes in FEV1 are indeterminate, a significant increase in post-challenge NSBHR provides further evidence for a positive response, although these changes are not constantly observed after asthmatic reactions due to sensitising agents [3]. It remains debatable whether an isolated (i.e. in the absence of ≥15% fall in FEV1) increase in post-challenge NSBHR to histamine/methacholine (i.e. more than two- to three-fold decrease in the PC20 or PD20 compared to baseline value) can be considered a positive SIC. Available data suggest that such changes have a high (>90%) predictive value for the development of an asthmatic reaction on subsequent challenges and indicate the need for additional challenges before excluding a diagnosis of occupational asthma [79, 80].



Airway inflammation

In cases where the changes in FEV1 are equivocal, the following would support a positive SIC response: 1) a post-challenge increase in sputum eosinophils of >3% compared to baseline value; or 2) an increase in FeNO 24 h after the challenge. Several threshold values for a significant increase in FeNO have been proposed: an increase of >30–40% compared to pre-challenge value [94, 95] and an increase >20% for baseline values over 50 ppb or >10 ppb for values lower than 50 ppb [108]. It remains uncertain whether a significant increase in post-challenge airway inflammation parameters can be considered a positive SIC result in the absence of significant changes in airway calibre; nevertheless, the absence of change in airway inflammation parameters cannot be used to support a negative SIC.

A diagnosis of occupational eosinophilic bronchitis should be considered when SIC results in increased sputum eosinophils without changes in FEV1 and the absence of NSBHR [109–115].



Other parameters

An increase in body temperature >0.5°C during SIC showed a sensitivity of 100% and a specificity of 82% in the diagnosis of hypersensitivity pneumonitis [98]. Criteria for identifying hypersensitivity pneumonitis based on a combination of clinical and physiological parameters have also been proposed [97, 99].



Patterns of asthmatic reactions

SIC with occupational agents can induce typical and atypical patterns of asthmatic reactions [5, 58]. Isolated late reactions and atypical reactions occur more frequently during SIC with LMW agents [58, 116, 117]. Isolated early responses have been more frequently documented in females, smokers, workers with a higher FEV1 % predicted and lower level of NSBHR, and in those with longer asthma duration [117].


Typical patterns

The typical patters are as follows. 1) Immediate/early reaction: onset during exposure or a few minutes after the end of exposure and recovery over 1–2 h. 2) Late reactions: onset later than 2 h after exposure. 3) Dual/biphasic reactions: a combination of immediate and late reactions.



Atypical patterns

The atypical patterns are as follows. 1) Prolonged immediate reaction: similar to immediate but slower recovery over several hours. 2) Progressive reaction: onset within minutes after the end of exposure with a progressive decline in FEV1 over the following hours. This may require repeated administration of inhaled bronchodilator and often oral corticosteroids. 3) Square-waved reaction: similar to a dual reaction but without recovery between the immediate and late components of the reaction.





Limitations of specific inhalation challenges


False-negative results

False negative SIC results may occur when the subject has not been challenged with the agent that actually caused their asthma at work or when the amount or form (particle size, temperature, etc.) of the relevant agent has been insufficient or inappropriate. This issue can be minimised by obtaining a careful occupational history and collecting detailed information on the compounds to which the patient is directly or indirectly exposed at the workplace. The history can be fruitfully supplemented by job analysis performed by industrial hygienists and measurements at the workplace whenever available.

False-negative results may also occur when the specific bronchial reactivity to the causal agent has decreased or has been lost after lengthy removal from exposure. Few studies have evaluated the outcome of specific bronchial reactivity after cessation of exposure to the sensitising agent [118–123]. Lemière et al. [122] found that only 7% of the subjects lost their specific bronchial responsiveness to the causal agent, although the duration of exposure required to elicit a positive SIC response significantly increased (3.4-fold on average) after removal from the offending exposure. Most studies, with one exception [118], found that there was no relationship between the changes in NSBHR and specific reactivity to occupational agents [119, 121–123]. These data indicate that false-negative SIC results, due to a decrease of the specific bronchial reactivity to the causal agent, can be markedly reduced by applying the following measures. 1) The duration of the challenge exposure should be sufficiently prolonged [49]. 2) The level of NSBHR [79] and/or sputum eosinophils [81] should be assessed after SICs that do not induce a significant fall in FEV1; significant post-challenge changes in these sensitive markers should lead to further challenge before excluding the diagnosis of occupational asthma.

When a SIC test in the laboratory is negative despite prolonged exposure and use of sensitive indices of bronchial response, but there is a high clinical suspicion of occupational asthma, the subject should be returned to work while monitoring FEV1 or PEF.



False-positive results

A false-positive reaction may theoretically result from a nonspecific irritant bronchoconstriction which does not fit the definition of occupational asthma due to specific bronchial hypersensitivity to an occupational agent [1–3, 124]. Immediate bronchial responses to irritant stimuli cannot be easily distinguished from those caused by sensitising agents, since their temporal patterns are very similar. Such false-positive SIC results can be reduced by the following measures. 1) Exposure to a control substance may allow the identification of subjects who are likely to develop nonspecific reactions on subsequent challenge with occupational agents. 2) The occurrence of nonspecific reactions should theoretically be prevented by exposing the subjects to concentrations below the OEL. Most controlled experiments in asthmatic volunteers have failed to demonstrate a physiologically relevant effect of exposure to irritant substances at permissible levels [125–130], although some individuals developed minimal changes in airway calibre [126, 127]. Some irritant substances, such as sulfur dioxide [131] and chlorine [132, 133], can induce a transient decrease in lung function in asthmatic subjects. However, maintaining the level of exposure below the OEL would imply monitoring the concentrations of a wide variety of compounds during SICs, which is generally not feasible. Devices that allow continuous concentration measurement and regulation of the products generated during SIC could be helpful in reducing nonspecific reactions [29–32].



Adverse effects


Excessive asthmatic responses

The experience of specialised centres indicates that SIC are associated with only minimal risk of inducing severe asthmatic reactions provided that safety requirements are stringently respected, risk factors are taken into account, exposures to occupational agents are only progressively increased, and bronchial responses are carefully monitored [19]. A recent review of 335 positive SICs performed in a single centre using realistic methods of exposure showed that 12% required repeated administration of an inhaled short-acting bronchodilator, while few (3%, 95% CI 1–5%) induced an asthmatic reaction that required additional oral or intravenous corticosteroids [57]. A multivariate analysis showed that the risk of a moderate or severe reaction was increased when the subjects were challenged with a LMW agent and when they were using an inhaled corticosteroid. Notably, the baseline level of NSBHR and a history of severe exacerbation at work were not predictive for the development of a severe reaction during the SICs.



Exacerbation of asthma

SICs have been reported to induce transient exacerbations of asthma with recurrent nocturnal symptoms [134], although this seems to be a rare occurrence in clinical practice. We recommend starting or increasing inhaled corticosteroids for a short period (e.g. 4–6 days) in subjects who develop marked late reactions in order to minimise the associated increase in inflammatory processes and NSBHR [33], although the evidence supporting this recommendation is currently lacking.



Fever and systemic symptoms

Fever and systemic flu-like symptoms may occur in about 5% of patients with a positive SIC [135]. Fever seems to occur more frequently among subjects who show a late or an atypical reaction and when a LMW agent is involved (e.g. diisocyanates and metals).



Cutaneous and anaphylactic reactions

Cutaneous and anaphylactic reactions have occasionally been reported during SICs [136–140]. Skin contact with occupational agents should be reduced as much as possible during SIC by using protective clothes or closed-circuit delivery systems. In a series of 335 positive SICs, an urticarial reaction was recorded in five (1.5%) patients (unpublished data). Urticaria was localised to the face in four subjects, while there was only one case of extensive urticaria and hypotension caused by phthalic anhydride, which resolved after sub-cutaneous administration of adrenalin.




Cost of the procedure

There are very few data on the relative cost-effectiveness of the various procedures that can be used to diagnose occupational asthma. Using Canadian and US cost estimates, Kennedy et al. [141] found that the SIC, used as the gold standard with an assumed 100% accuracy, was the most expensive technique, but correctly diagnosed 28% more occupational asthma patients than the analysis of sputum cells collected at work and off work, and 48% more patients than PEF monitoring. The costs resulting from an incorrect diagnosis of occupational asthma have never been evaluated, but are likely to outweigh the additional cost of the SIC procedure.




Research needs

The Task Force identified that the major research needed was the investigation and development of improved methods of distinguishing bronchial responses to irritant stimuli and sensitising agents.



Conclusion

Although SIC with occupational agents is regarded as the reference method for diagnosing occupational asthma, the test is probably underused and facilities for its performance are not widely available. The main objective of this Task Force was to harmonise occupational SIC testing in Europe and to provide guidance to physicians who wish to develop SIC testing in new centres. The guidance provides consensus statements on the essentials of practise and interpretation of SIC testing and practical recommendations on the minimum requirements for performing safe and reliable SIC tests in order to assist clinicians who wish to offer SIC tests in the diagnosis of work-related asthma.
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