Draft 310717 for Physiological Measurement

The influence of dilution on the results of the offline measurement of exhaled nitric oxide
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ABSTRACT
Objective:  Measurement of fractional exhaled nitric oxide (FeNO) is used to determine the presence and severity of eosinophilic airway inflammation in asthma and other wheezing illnesses.  The gold standard of online measurement during a single prolonged exhalation is not suitable for use in young children.  The international guidelines for offline measurements recommend collection of exhaled gas in an appropriate reservoir for later analysis in young children.  The apparatus required for gas collection, however, creates dead space within the system, which may result in sample dilution and hence inaccuracy. Our objective was to investigate the effect such dilution might have on the accuracy of offline FeNO by comparing the results to online results.  
Approach:  Thirty five adult subjects without respiratory disease underwent online measurement of FeNO and, thereafter, undertook offline FeNO measurements  via exhalation into a collection reservoir using one, five or ten inhalation-exhalation cycles.  Fifteen of the subjects also exhaled using the five-breath technique via apparatus with additional dead space.  An equation incorporating dead space volume and the number of breaths was used to predict the degree of dilution; the predicted results were compared to the measured results.  
Main results:  The median (IQR) FeNO from a one-breath technique (22 (15 – 28)ppb was not significantly different to online values (19 (12 -27)ppb, p=1.00), but the results from the five-breath technique (11 (4 – 19)ppb, p<0.0001), the ten-breath technique (6 (4 – 15)ppb, p<0.0001) and the additional dead space experiment (6 (3 – 8)ppb, p=0.0006) were significantly lower than online FeNO.  Measured values were consistently significantly different to those predicted by the dilution equation, even when incorporating the exact exhaled volume of gas.  
Significance:  Offline FeNO results may be inaccurate when subjects are unable to fill the collection reservoir with a single exhalation, thus the technique may not be suitable for preschool children.
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Measurement of fractional exhaled nitric oxide (FeNO) in young children requires collection of exhaled gas in a reservoir for later analysis.  Young children may require more than one exhalation to fill the reservoir, this may result in dilution and inaccuracy of the FeNO result.  We investigated this by increasing the number of breaths to fill the reservoir and found it had a significant dilution effect, suggesting that FeNO measured via collected exhaled gas is unreliable when the reservoir cannot be filled with a single breath.  This has implications for clinical and research use of FeNO in young children.
INTRODUCTION
Nitric oxide (NO) is a highly bioactive molecule found in a range of tissues throughout the human body.  The roles of NO include mediation of bronchodilation, vasodilation, neurotransmission and inflammation 
 ADDIN EN.CITE 

(Forstermann & Sessa, 2012)
.  NO is a marker of eosinophilic airway inflammation, a hallmark of asthma (British Thoracic Society & Scottish Intercollegiate Guidelines Network, 2014).  The concentration of NO can be measured in exhaled gas (fractional exhaled NO, FeNO) 
 ADDIN EN.CITE 

(American Thoracic Society & European Respiratory Society, 2005)
.  Recent systematic reviews highlighted that FeNO-guided asthma management was associated with a decreased exacerbation risk in adults (Essat et al., 2016) and children 
 ADDIN EN.CITE 

(Lu et al., 2015)
, though the evidence was not yet strong enough for that approach to be recommended in national and international guidelines (British Thoracic Society & Scottish Intercollegiate Guidelines Network, 2014; Global Initiative for Asthma, 2017).  Nonetheless, the technique continues to receive substantial clinical and research interest.

A major advantage of FeNO measurement is its non-invasive nature.  The gold-standard approach requires maintenance of steady expiratory flow at 50ml/sec in order to ensure constant airway NO flux and measurement from the airway compartment only 
 ADDIN EN.CITE 

(American Thoracic Society & European Respiratory Society, 2005)
.  Airway pressure must exceed 5cmH2O throughout the measurement to ensure velum closure, preventing sample contamination with nasal NO.  Young children are unable to comply with such standards and international guidelines have suggested adapted measurement approaches for use in this population, involving collection of exhaled gas during tidal breathing.  That technique requires the use of a flow restrictor and one-way valves to separate inspired and expired gas flows.  This configuration will result in dead space between the child and the collection reservoir.  Furthermore, young children have a higher respiratory rate and lower tidal volume than adults (Robinson & Roberton, 2003) increasing further with respiratory ill-health.  This would result in several turnovers of equipment dead space being incorporated into the collection reservoir.  As a consequence, there may be dilution of the collected sample with non-exhaled gas, resulting in inaccurate values for FeNO and underestimation of disease severity.

We, therefore, conducted a study with the aim of examining the impact of dilution on collected offline FeNO samples under experimental conditions with different numbers of breaths and equipment dead spaces.  In addition, we hypothesised that it would be possible to calculate the extent of sample dilution using the equipment dead space and number of breaths and therefore to correct the measured offline value to the online technique result.

METHODS
Protocol

 Participants were recruited from staff and students of King’s College London and King’s College Hospital. The study was approved by the South East London Research Ethics Committee 3.  The research was conducted in accordance with the principles set out in the Declaration of Helsinki All participants gave informed, written consent.  Online measurements were made first to allow subjects to become acquainted with the respiratory manoeuvres.  Up to three practice measurements were allowed using the online system prior to data collection.  Following online measurements, participants performed the offline exhaled gas collection manoeuvres, with the one-, five-, ten-breaths and five breaths with additional dead space measurements performed in random order. Subjects were asked to refrain from consuming food or fluid for one hour prior to testing.  Anthropometric variables were measured prior to commencement of FeNO measurements.  

Online measurement of FeNO

FeNO was measured in accordance with American Thoracic Society/European Respiratory Society guidelines 
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(American Thoracic Society & European Respiratory Society, 2005)
 using a commercially-available system (Exp’Air 2001, Medisoft, Dinant, Belgium).  Measurements were made at a constant expiratory flow of 50ml/sec, with expiratory resistance provided to ensure velo-pharyngeal closure.  Visual guides were provided via the device software to assist the subject in maintaining appropriate flow and pressure (in the form of indicator dials showing “green zones” for expiratory flow 45-55ml/sec and mouth pressure above 5cmH2O).  Measurements were made without a noseclip and with the participant in a seated position.

Offline measurement of FeNO

The equipment for offline collection of exhaled gas incorporated a mouthpiece, bacterio-viral filter, pneumotachograph with an integrated pressure side-arm and a two-way valve box.  The expiratory port of the valve box was attached via a flow restrictor to a one-litre Supel NO-inert gas sampling bag (Supelco, Bellefonte, Pennsylvania, USA).  The deadspace of the apparatus was measured using water displacement and was calculated to be 128ml.  A further section of generic plastic tubing was added to the system for one measurement condition, increasing the total deadspace volume to 201ml.

All exhaled gas was collected and analysed upon completion of each participant’s measurement and within four hours of reservoir filling.  Each collection reservoir was attached to the offline measurement port of the Exp’Air device with at least three samples taken from each bag and the mean of these reported.

Measurement of respiratory flow and volume

Respiratory flow was measured using a pneumotachograph (4500 series, range 0-160l/min, Hans Rudolph Inc, Kansas City, USA) attached to a flanged mouthpiece.  The pressure drop across the pneumotachograph was measured using a differential pressure transducer (Spirometer, AD Instruments, Castle Hill, Australia).  The flow signal was digitised (PowerLab 8/35, AD Instruments, Castle Hill, Australia) with 100Hz analogue to digital sampling and displayed in real time on a laptop computer running LabChart software (Version 7.2, AD Instruments, Colorado Springs, Colorado, USA).  Volume was derived via digital integration of the flow signal. We were able to inspect the flow and pressure traces in order to quantify the amount of exhalation time during which the mouth pressure was below the required threshold.  
Measurement of airway pressure

Airway pressure was recorded from a side-arm incorporated into the pneumotachograph and measured using a differential pressure transducer (MP45, Validyne, Northridge, USA) and associated carrier amplifier (CD280, Validyne, Northridge, USA).  Signals were digitised at 100Hz (Powerlab 8/35) and displayed in real time alongside the flow and volume signals using the LabChart software.

Instructions for exhaled gas collection

The offline measurements were also made in a seated position.  The subject was asked to exhale fully and then immediately form a tight seal around the mouthpiece. The subject was then asked to inhale to total lung capacity via the apparatus.  The subject then exhaled to fill the reservoir using either one, five or ten breaths, inhaling via the apparatus in the case of multiple breath measurements.  The five-breath technique was also repeated using the apparatus incorporating additional deadspace.  Subjects were required to maintain a flow rate of 45-55ml/sec and a mouth pressure of at least 5cmH2O.  Visual aids were provided via the LabChart software display to aid subjects in meeting these requirements.

Expiratory flow and mouth pressure were examined in real time via the LabChart display throughout each manoeuvre to ensure the above standards were met, and the measurement was repeated if the procedure was not carried out correctly. A total of twelve offline measurements, three samples for each breath technique and for the added dead space study were taken.  The order in which the different breath techniques were performed was randomised.  Collection reservoirs were flushed twice with medical air between subjects to ensure no cross-contamination of samples.

Calculation of predicted FeNO reduction

In order to facilitate comparison between individuals, the reduction in measured FeNO from the online value was expressed as a percentage of the online value.  The predicted offline value was calculated by:
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With a known deadspace in the initial configuration of 128ml and a one litre collection reservoir, the offline FeNO was predicted to be 87.2% of online for the one-breath technique, 36% for the five-breath technique and -28% for the ten-breath technique (as the total deadspace contribution exceeded the reservoir volume).  Similarly, for the five-breath technique with added deadspace the predicted value was -0.5%.  The predicted values for the ten-breath and five-breath with added deadspace conditions were, therefore, corrected to zero.  During data acquisition it was noted that not all subjects exhaled sufficiently to fill the reservoir completely.  The prediction equation was therefore modified by replacing the known volume of the collection reservoir with the actual exhaled volume as recorded via LabChart.

RESULTS

A total of thirty five participants were recruited (Table 1), fifteen of whom undertook the five breath technique with additional dead space, as well as the one-, five- and ten-breath techniques.

	Age (years)
	27.0

(22.0 – 32.0)

	Sex (M : F)
	11 : 24

	Height (m)
	1.69

(1.62 – 1.77)

	Weight (kg)
	68.0

(61.5 – 72.0)

	BMI (kg.m-2)
	22.9

(21.8 – 25.9)



Table 1  Subject characteristics. Data are displayed as median (IQR) or n.

All measurements conformed to the quality control criteria, with flow being maintained between 45-55ml/sec and mean mouth pressure remaining above 5cmH2O throughout each manoeuvre. We noted that the total time below 5cmH2O was greater at the higher breath frequencies (data shown in the online supplementary material).  
Measured FeNO decreased significantly with increasing dilution (Figure 1).  In the full cohort of 35 subjects, the results of the one-breath technique was not significantly different to the online measurement result, but the five- and ten-breath techniques were significantly lower than online (Table 2).  The fifteen subjects who also undertook the additional dead space measurement had similar results to those from the whole cohort, with one-breath FeNO being not significantly different to the online m easure, but the results of the five-, ten- and five-breath with added deadspace techniques being significantly lower (Table 2).

	
	Online FeNO (ppb)
	One-breath offline FeNO (ppb)
	p value versus online
	Five-breath offline FeNO (ppb)
	p value versus online
	Ten-breath offline FeNO (ppb)
	p value versus online
	Five breaths with added deadspace (ppb)
	p value versus online

	Full cohort (n=35)
	19

(12 – 27)
	22

(15 – 28)
	1.00
	11

(4 – 19)
	<0.0001
	6

(4 – 15)
	<0.0001
	N/A
	N/A

	Subset with added deadspace measurement (n=15)
	13

(11 – 21)
	21

(14 – 27)
	1.00
	5

(3 – 11)
	0.004
	5

(2 – 7)
	0.0004
	6

(3 – 8)
	0.0006


Table 2 Fractional exhaled nitric oxide values at different breath frequencies. Data are displayed as median (IQR).

All measured values were significantly higher than the values predicted by the dilution equation.  Using the equation adapted for the measured volume of each technique gave very similar results, though the difference between predicted and measured FeNO was no longer significant for the five breath technique (p=0.083).  The differences for the other techniques remained significant.  Wide interquartile ranges were noted indicating heterogeneity of measured FeNO levels in response to the dilution (Table 3).

	
	Measured FeNO (% of online)
	Predicted FeNO using 1L equation (% of online)
	p value compared to measured value
	Predicted FeNO using measured volume equation (% of online)
	p value compared to measured value

	One breath
	100

(84.7 – 140.1)
	82.7
	0.0009
	87.6

(86.2 – 87.8)
	0.0012

	Five breaths
	50.5

(38.5 – 82.4)
	36.0
	0.0002
	34.9

(28.8 – 40.2)
	0.083

	Ten breaths
	39.1

(25.0 – 62.5)
	0.0
	<0.0001
	0.0

(0.0 – 0.0)
	0.0002

	Five breaths with added deadspace
	37.5

(16.7 – 72.7)
	0.0
	0.0001
	0.0

(0.0 – 17.6)
	0.0001


Table 3  Measured and predicted values for FeNO (expressed as a percentage of the online measured value), when using both the dilution equation assuming one litre of exhaled gas and the dilution equation using the measured exhaled volume. Data are displayed as median (IQR).
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Figure 1  Median and interquartile range of measured values (circles/solid lines) for FeNO (expressed as a percentage of measured online values) at different breath frequencies and deadspace volumes.  Triangles/dotted line show the predicted values based on the equation assuming one litre of exhaled gas.  1B: one breath; 5B: five breaths; 10B: ten breaths; 5BADS: five breaths with added deadspace.

DISCUSSION
We have demonstrated a significant dilution effect of equipment dead space during offline FeNO measurements when a number of breath were required to fill the external reservoir as would be required by young children. Furthermore, this could not be corrected by using an equation based on a combination of the exhaled volume, equipment dead space and number of breaths. While the apparatus designed for clinical use might have lower deadspace, a dilution effect would still be anticipated, impacting on the accuracy of measured FeNO.  The maximum number of breaths we tested was ten as ten tidal breaths would be required for a four year old child to fill a one litre bag, assuming  a weight of 16kg (approximately the fiftieth percentile for age (WHO Multicentre Growth Reference Study Group, 2006)) and tidal volume of 6 ml/kg.  Younger children would be expected to require more breaths to fill the collection reservoir, such that even very low equipment dead space would have a significant effect on the measured FeNO levels.  

While the median values for FeNO were numerically similar to the predicted values based on our dilution equation, a wide range of results was observed for all four measurement techniques. There is greater potential for nasal contamination of the exhaled breath sample with the multiple breath offline gas collection technique than with an online, single-breath technique.  When collecting exhaled breath for offline FeNO measurement there is no opportunity to compartmentalise the exhaled breath sample and discard the portion obtained when expiratory flow and mouth pressure are below the recommended levels.  A recent technical standard document produced by the European Respiratory Society 
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(Horváth et al., 2017)
 recommended that the first 150-200ml of exhaled gas be discarded during offline gas collection, which requires more complex equipment than advised for offline FeNO measurement in the previous guideline document 
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(American Thoracic Society & European Respiratory Society, 2005)
.  Online systems are able to discard the initial portion of the exhaled gas, ensuring that the entire analysed sample is obtained under the appropriate conditions.  In comparison to the online method, then, a simple offline technique carries much higher likelihood of nasal contamination.  We noted that the total time below 5cmH2O was greater at the higher breath frequencies (data shown in full within online supplementary material), which may have contributed to the greater difference between observed and predicted dilution at the higher breath frequencies.  Nasal NO levels are known to be substantially higher than airway NO, even in subjects with no history of rhinitis.  Lee et al (2012) reported mean nasal NO concentrations of 389ppb and 276ppb in allergic rhinitis patients and healthy subjects respectively.  Even brief communication with the nasal compartment then has the potential to increase the NO concentration in the reservoir.  We did not record nasal NO levels in our study; such data may have provided additional insight into the reasons for the higher than anticipated FeNO levels in some subjects.  Correcting the measured value for the combined effects of both dilution and nasal contamination, however, would be extremely complex, requiring quantification of the extent of gas mixing from nasal and lower airway compartments in addition to measurement of dead space and exhaled volume. 
Another consideration in clinical practice is the route of inhalation if multiple breaths are required to fill an offline collection reservoir.  In our study, we instructed subjects to inhale orally via the measurement apparatus and inspection of the flow traces validated that this had occurred.  If subjects were observed to have inhaled nasally, the result was discarded and the measurements were repeated after further coaching.  This would be more challenging with young children and nasal inspiration might result in further sample contamination and inaccuracy.  Noseclips or other methods that could prevent nasal inspiration are not advised for FeNO measurement 
 ADDIN EN.CITE 

(American Thoracic Society & European Respiratory Society, 2005)
, this warrants further consideration.

CONCLUSION

Based on our results we suggest that there are potential errors associated with the offline measurement of FeNO.  Whilst our data were obtained in an adult population, the findings are relevant to  paediatric populations.  We suggest, on the basis of the data presented here, that for studies requiring measurement of FeNO in young children unable to cooperate with the technical requirements of the standard single-breath online technique, devices designed for real-time measurement of FeNO during tidal breathing should be considered, rather than relying on collection of exhaled gas. 
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Supplementary data

	
	One breath
	Five breaths
	Ten breaths
	Five breaths with added deadspace

	Time with mouth pressure <5cmH2O (seconds)
	0.45

(0.30 – 0.54)
	1.90

(1.32 – 2.57)
	3.27

(2.63 – 4.97)
	1.59

(1.30 – 2.83)


Table OLS 1  Exhalation time with mouth pressure below 5cmH2O for different breath frequencies.
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