The utility and interpretation of multiple breath washout in children with cystic fibrosis
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Abstract
Transformative changes in the health of children with cystic fibrosis (CF) mean that more sensitive outcome measures are needed to monitor paediatric CF lung disease. Multiple Breath Washout (MBW) and its primary readout Lung Clearance Index (LCI) are gaining increasing traction as an endpoint for clinical trials in the CF space and shows promise as a clinical investigation. In this article we use four clinically based questions to explore what MBW can and cannot (yet) do and highlight some of its strengths and weaknesses as an investigation. We end by discussing how we can increase the utility of MBW as an investigation in children with CF.

An introduction to multiple breath washout (MBW)
Cystic Fibrosis (CF) is a multisystem condition, with much of the disease burden in the lungs. Improvements in diagnostics, multidisciplinary management, and pharmacological treatments have seen transformative changes in the prognosis of CF(1). Many children transition to adult services with near-normal, or even normal spirometry results(2). However, even in children with “normal” spirometry, we know that early abnormalities in more sensitive outcome measures are predictive of poorer health later in life,(3) and that early intervention in CF disease can reduce disease progression(4). As such, more sensitive outcome measures are needed to monitor children with CF.  

Multiple Breath Washout (MBW) is a non-effort dependant, tidal breathing test in which either (i) an inert gas (e.g. SF6) is inhaled into the lungs to equilibrium then washed out with room air, or (ii) 100% oxygen is inhaled to washout the resident nitrogen (N2) in the lungs. Healthy airways are able to distribute gases (relatively) evenly and allow rapid, even gas clearance. Airway narrowing or obstruction (e.g. mucus plugging) leads to uneven gas distribution, requiring longer to clear the gas. MBW’s primary readout is lung clearance index (LCI). LCI2.5 is conventionally employed; the number of lung volume turnovers required to clear the tracer to 2.5% of its starting concentration. Lower values indicate healthier lungs that are able to distribute gases efficiently. Here, we explore what MBW can, and cannot (yet) do.
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Figure 1:  MBW trace from a healthy subject using 100% oxygen to ‘wash out’ resident nitrogen (N2). The top red line shows volume, the black shows the flow. The N2 trace is shown below by the burgundy line. To the left of this trace, the subject is breathing medical air containing ~78% N2. A switch to inspired 100% oxygen is indicated by the abrupt drop in N2 to 0%; thereafter expired N2 concentration decreases in a step like manner throughout the washout. In this healthy lung, 80 seconds of 100% oxygen breathing is required to reduce N2 down to the target concentration (dashed grey line = 2.5 % of the starting N2 concentration). Subject’s calculated LCI2.5 is 6.50, within the normal range.

How does MBW compare to spirometry when assessing lung disease in children with CF? 
Spirometry-derived forced expiratory volume in 1 second (FEV1) is traditionally employed for monitoring CF lung disease. Most early CF lung disease occurs in the peripheral airways(5,6). FEV1 is poor at detecting this, and most abnormalities in FEV1 in young children are secondary to poor technique(7). MBW’s signal better reflects the entire bronchial tree. LCI has been shown to correlate with abnormalities on high-resolution computer tomography (HRCT) as well as other outcome measures such as inflammatory markers in bronchoalveolar lavage fluid and symptom scores(8). LCI has been shown to be abnormal in young children with CF compared to healthy controls, even when corresponding FEV1 values are within normal range(9–11). This makes it an important tool to assess subtle disease, potentially identifying opportunities to intervene. 

The minimal clinically important difference (MCID) is a measure which determines the relevance of a given change of an investigation. The MCID for LCI2.5 is not yet defined for all age groups. However, for school age (6-11 years old) a change of >10% with a corresponding change in symptoms is thought to be clinically significant(12). In preschool, the clinically significant change is 15% regardless of symptoms change(13). Like spirometry, MBW does not provide any spatial data i.e. it cannot localise ‘patchy’ areas of lung damage. This can be supplemented by combination with imaging(14,15). 

However, MBW also poses logistical challenges which may be harder to solve. MBW is time consuming. Healthy lungs require around 3 minutes to washout, conventionally 3 repeats are required and lung gasses must have time to re-equilibrise between each test. Therefore, even for children with healthy lungs, performing perfect trials, the process takes around 15 minutes. This takes longer if the test has to be stopped and restarted which can often happen if children get bored, uncomfortable, distracted etc. Obtaining MBW becomes much more prolonged in more advanced disease where washout is slower. MBW also requires specialist equipment and skilled operators, thus is not available in all centres. Although MBW is not effort dependent, making it viable for younger children than spirometry, it is cooperation dependent. Experienced staff in a suitable environment may facilitate children as young as three, and possibly younger, to perform MBW, but it is challenging in infants and toddlers, and restricted to a small number of research laboratories. Data from studies using sedation for infant MBW have helped us to understand the early progression of CF(5,6,10), but sedation is undesirable in clinical practice. 
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Figure 2: MBW using 100% oxygen to washout resident N2, (a) shows a healthy volunteer, and (b) a person with CF. To the left of the traces, the subjects are breathing medical air containing ~78% N2. A switch to inspired 100% oxygen is indicated by the abrupt drop in N2 to 0%; thereafter expired N2 concentration decreases in a step like manner throughout the washout. 

What about MBW in severe CF lung disease?
Those with more severe disease or areas of collapse, may have completely obstructed, unventilated lung units or units with very prolonged time constraints(16). Because there is no gas flow to these regions, they contribute very little to the ventilation inhomogeneity signal. Thus, LCI may paradoxically underestimate severity in advanced disease. Additionally, MBW is very slow to perform in those with advanced disease. This is one of the reasons why in adult practice, spirometry is still far more commonly used than MBW.   

Can MBW be used in predicting or diagnosing pulmonary exacerbation in children with CF?
CF is punctuated by periods of pulmonary exacerbation (PEx) which impact on quality of life (QoL), and cause progressive worsening of disease(17). LCI has been shown to change in PEx(18), and those with higher baseline LCI have been shown to be at higher risk of exacerbation(19). A number of knowledge gaps must be highlighted to understand MBW’s utility in the context of PEx. The exact mechanism(s) driving PEx are still not fully understood, and there is no standardised PEx definition(17). “Real-world” PEx treatment decisions are generally based on symptoms alone(17). Given the challenges obtaining MBW, it seems reasonable to question what value LCI adds to the diagnosis and management of clinically apparent PEx. 

That said, using a sensitive, objective measure in PEx diagnosis may allow standardisation of research and clinical practice, for example informing the best ways to treat PEx or understanding the impact of novel therapeutics on rates of PEx. Again, the MCID in this context is not yet clear. Some hope that identifying early change in LCI may allow intervention for PEx before it is clinically apparent, with an aim to minimise impact on QoL and post-exacerbation stepwise decline(20). There is no agreement on how frequently LCI should be monitored to achieve this, and trials using LCI to trigger interventions for PEx have not yet proved fruitful(20).  

In children with CF, can LCI2.5 be more usefully employed than FEV1 as a clinical trial endpoint?
As CF primarily affects the lungs, pulmonary function tests are the obvious choice of endpoints in most clinical trials. FEV1 has been used traditionally, but, in an increasingly healthy paediatric population, it presents a number of problems(8,21). If the FEV1 is normal at baseline, it may be difficult to detect a signal, even if the intervention does have a positive effect. This may result in eligibility criteria requiring selection of children with lower FEV1, who are not necessarily representative of the typical population. Alternatively, trials may be underpowered or need very prolonged follow-up periods(22). This may delay effective drugs from reaching the clinic. LCI has been successfully used as the primary endpoint for several paediatric clinical trials in CF(8,23–27), optimising the speed of the paediatric drug development pipeline(22). Some of the initial problems with LCI in trials related to variability in methods, equipment, software and interpretation(8). The European Cystic Fibrosis Society’s LCI Core Facility is a centralised group who sets MBW standards, assesses LCI traces, provides centralised over-reading services and trains operators across Europe which has streamlined MBW in CF trials (https://www.ecfs.eu/ctn/lci/lci-core-facility-definition). Its use in trials is becoming increasingly common. 
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Figure 3: A preschool child performing MBW, parental permission obtained


Clinical Bottom Line 
MBW is a non-invasive test that allows sensitive detection of early lung disease in CF. With skilled operators, children as young as three years can be facilitated to perform MBW without sedation. As such, it is an extremely useful tool for monitoring CF in clinical trials and in specialist CF centres. However, MBW is time consuming, operator dependant, not available at all centres and the evidence is still not clear whether intervention based purely on its readout will alter clinical outcomes. It is an emergent test, and an MCID is needed for all age groups to maximise its potential. Its utility could be enhanced by combination with imaging(15,28), and groups are working on other MBW derived measures that could further increase its sensitivity(29). 
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