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4 .7H20 0.30 g/l) + amiloride 100 µM (solution 3), chloridefree solution + amiloride 100 µM + 106 isoprenalin 10 µM (solution 4), each at 5 ml/minute during 3 minutes and until a stable value is reached.

107

The final chloridefree solution containing amiloride, isoprenaline and ATP 100 µM (solution 5) is 108 perfused during 1 to 2 minutes and until a peak value is reached. The perfusion line passes through a 109 thermostatic bath set up at a temperature of 43°C, to heat the solutions to 35-37°C, measured at the tip 110 of the exploring catheters. The amiloride response is the potential difference between measurement at 111 the end of perfusion with solution 1 and the end of solution 2. Total chloride response is the difference 112 between potential at the end of perfusion with solution 2 and at the end of solution 4. ATP response is 113 the potential difference at the end of perfusion of solution 4 and the peak potential during solution 5,
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and is used as positive control. Ratio between amiloride response and total chloride response is 115 calculated as e (total chloride response/amiloride response) 10 . TransPD is the difference between potential at the end of 116 perfusion with solution 1 and at the end of perfusion with solution 4 (figure 1 CF and control subjects. Using the classical cut-off of -5 mV, sensitivity and specificity were 94.6 % and 175 97.1% under the nasal turbinate, and 94.1 % and 98.2 % on the nasal floor. To reach a sensitivity of 176 100%, the cut-off for total chloride response would be -8 mV for the floor (with a specificity of 82.1 %) 177 and -10 mV for the turbinate (with a specificity of 78.5 %).
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To assess repeatability, the measurement was repeated in 41 controls and 16 CF patients, resulting in 180 two acceptable tracings in 34 controls and 14 CF patients for the nasal floor and 38 controls and 16 CF 181 patients under the turbinate. Median and IQR of differences between first and second measurement are 182 given in Table 1. Correlation between first and second measurement was adequate to excellent, with a 183 Spearman r coefficient for total chloride response of 0.71 (p<0.001) for the nasal floor and 0.78 184 (p<0.001) for the turbinate. Assessment of repeatability for total chloride response between the first and 185 second measurement by the Bland and Altman method is shown in figure 3. There was no correlation 
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and the power to discriminate between controls and CF subjects was equivalent.

206

Measurements on the floor of the nose resulted in a small but significant increase in non-interpretable 207 tracings, mainly because of more frequent tracings with low potential changes (amplitude of both 208 response to amiloride and total chloride response less than 5 mV). Low total chloride response is 209 suggestive of CF, and a cut-off of 5 mV has been chosen to differentiate control patients from CF, based 210 on earlier publications 17 . However, if both the amiloride response and the total chloride response are 211 weak, the latter is possibly the result of an overall poor mucosal ion transport or a poor contact of the 212 electrode with the mucosa, and not of a defective CFTR protein. Therefore, we chose to consider such 213 tracings with weak potential changes as non-interpretable. Further supporting this approach, 214 hyperpolarization during perfusion with ATP was also low (less than 5 mV) in all of these 'flat' tracings.

215

The reasons for more frequent flat tracings from the nasal floor could be diverse. The nasal floor is more 216 exposed to temperature changes, dry air or chemical irritants. The proportion of ciliated cells is lower in 217 mucosae from the nasal floor (around 50%) than at the inferior surface of the turbinate (75%) 6 .
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Therefore, reduction of the number of 'functional' ciliated cells below a critical number leading to 219 changes in NPD is likely to occur earlier on the nasal floor.

221

If nasal potential difference is to be used in clinical studies of CFTR modulators, efforts should be made 
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patients harbouring a nonsense mutation 15 . This suggests correction in treated CF subjects to 226 approximately 40 % of the total chloride response in control subjects (-12 +/-7 mV) 15 . The number of 227 patients to be included in a placebo controlled study of a CFTR modulator would be slightly lower if 228 measurements were done on the nasal floor, even after correction for the higher number of non-229 acceptable tracings (Table 2). 
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Measurements from the inferior turbinate benefit from a higher rate of interpretable tracings, which 
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However, a small number of patients have an inconclusive sweat test and only one or even no mutation 26 found after genetic analysis. For these patients, further assessment of CFTR function is indicated 2,3 .

28

The initial pathophysiological step leading to the multi-organ clinical manifestations of cystic fibrosis (CF) 
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following the methods previously published 18,19 . To minimize movement, the subject sits upright with his 85 chin on a headrest. The head is in flexion to allow the perfused solutions to drip out of the nose. 
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Ability to discriminate between CF and control subjects was examined with ROC curves and optimal cut-169 offs were calculated separately for each measurement technique. e (total chloride response/amiloride response) and 170 transPD discriminate best. Cut-offs were similar for both methods, with a cut-off of 0.75 for e (total chloride 171 response/amiloride response) , and 7.5 mV for transPD resulting in a sensitivity and a specificity of 100% . Area and the power to discriminate between controls and CF subjects was equivalent.
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Measurements on the floor of the nose resulted in a small but significant increase in non-interpretable 207 tracings, mainly because of more frequent tracings with low potential changes (amplitude of both 208 response to amiloride and total chloride response less than 5 mV). Low total chloride response is 209 suggestive of CF, and a cut-off of 5 mV has been chosen to differentiate control patients from CF, based 210 on earlier publications 17 . However, if both the amiloride response and the total chloride response are 211 weak, the latter is possibly the result of an overall poor mucosal ion transport or a poor contact of the 212 electrode with the mucosa, and not of a defective CFTR protein. Therefore, we chose to consider such 213 tracings with weak potential changes as non-interpretable. Further supporting this approach, 214 hyperpolarization during perfusion with ATP was also low (less than 5 mV) in all of these 'flat' tracings.
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The reasons for more frequent flat tracings from the nasal floor could be diverse. The nasal floor is more 216 exposed to temperature changes, dry air or chemical irritants. The proportion of ciliated cells is lower in 217 mucosae from the nasal floor (around 50%) than at the inferior surface of the turbinate (75%) 6 .
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Therefore, reduction of the number of 'functional' ciliated cells below a critical number leading to 219 changes in NPD is likely to occur earlier on the nasal floor. 
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patients harbouring a nonsense mutation 15 . This suggests correction in treated CF subjects to 226 approximately 40 % of the total chloride response in control subjects (-12 +/-7 mV) 15 . The number of 227 patients to be included in a placebo controlled study of a CFTR modulator would be slightly lower if 228 measurements were done on the nasal floor, even after correction for the higher number of non-229 acceptable tracings (Table 2). 
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  , panel a and b) 117 At the end of the measurement, position of the catheters is checked visually. For quality control, skin 118 potential and offset of the electrodes and of the closed circuit are measured at the start and the end of 119 the procedure. Only skin potentials more negative than -30 mV and electrode or circuit offsets below 5 120 mV are allowed. Tracings were discarded if the response to amiloride and total chloride response were floor tracings (first measurement in each subject) were not interpretable, 13 because of a
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  between time elapsed between measurements and differences in NPD values obtained.In 8 control 187 subjects, measurements were repeated 4 times over 4 to 8 days. Values obtained for total chloride 188 response are shown in figure 4. Mean coefficient of variation of the total chloride response was similar 189 with both methods (37 % on the nasal floor and 41 % under the inferior turbinate). 190 191 In 43 evaluated subjects, measurement was perceived as more convenient on the nasal floor by 17 192 subjects, under the turbinate by 11, and 15 reported no difference between techniques (p=0.5). 193 194 Total chloride response means and standard deviations in controls and CF subjects were used to 195 calculate the number of patients needed to include in each arm of a placebo controlled study with a 196 CFTR modulator. Power calculations were assuming correction of chloride response to 10, 35, 50 or 100 197 % of the values observed in control subjects with power of 80% at an alpha-level of 0.05 (

  of transepithelial nasal potential difference has gained interest because of its 201 potential to evaluate responses to CFTR modulators in vivo. This study aimed at exploring the influence 202 of the site of the measurement in the nostril as one of the major methodological differences between 203 techniques in use. The setup was identical for both techniques, except for the different site of 204 measurement and catheter. Main results are that mean NPD values were similar with both techniques,
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  222towards using the endpoints with the highest ability to detect changes in CFTR function. A few trials 223 of CFTR modulators by their effect on nasal potential. Applying topical gentamicin 224 on the nasal epithelium, mean total chloride response increased from 0±3.6 to -5±2.7mV in treated CF
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  Patients' and physicians' preference should be taken into account. For measurements under the 231 turbinate, more technical skills are needed to visualize the turbinate and to place the catheter at the 232 right location in the nose. Displacement of the catheter is also more likely while securing the catheter to 233 the nose. None of the techniques is accessible without experience and learning time. Our centre has 234 several years of experience measuring NPD on the nasal floor. More recently, measurement under the 235 turbinate was introduced to anticipate participation to international studies. More than 20 236 measurements per technique were performed by each operator before the start of the study, to ensure 237 expertise in both techniques. Measured values and success rate did not change over time, showing 238 absence of a 'learning effect' during the data collection.
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  This head-to-head comparison illustrates that simultaneous measurements taken from the nasal floor 240 and from the inferior turbinate do not differ much. Mean NPD values are similar, as is their 241 discriminating power between CF and controls and their repeatability. From the patients' perspective, 242 both techniques cause similar discomfort. Measurement taken from the nasal floor have the advantages 243 of an easier technique, less risk of catheter displacement during the test, and a lower number of patients 244 to include in trials of CFTR modulators, but more frequent flat tracings could obscure this advantage.
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 116234117 Figure 1: NPD tracings in a healthy (panel a) and CF (panel b) subject. CF subjects have a more 259

11 Results:

 11 More interpretable tracings were obtained under the turbinate (120/124) than on the nasal 12 floor (109/124), p=0.015. Within each subject group, mean values obtained were similar for maximal 13 basal potential, response to amiloride and total chloride response. Both techniques discriminate well 14 between CF and controls. Repeatability was similar with both methods: mean differences between 2 15 measurements approximated zero for most values. 16 Also after correction for different number of interpretable tracings, simulation of sample size 17 calculation for use in CFTR corrective trials was slightly in favour of measurements obtained on the 18 nasal floor.

19 Conclusion:23

 19 NPD measurements under the inferior turbinate and on the nasal floor have similar 20 discriminative power for diagnostic use. Measurements under the turbinate result in a slightly higher 21 proportion of interpretable tracings but sample size calculation slightly favours the nasal floor method.Most patients with CF have a typical clinical picture of multi-organ disease, and the diagnosis is 24 confirmed by high sweat chloride concentration. In addition, genetic testing shows 2 CFTR mutations 1 .
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  29 is dysfunction of a single protein, the Cystic Fibrosis Transmembrane Regulator (CFTR). The protein is a c-30 AMP activated chloride channel, located at the apical membrane of the respiratory epithelia. In the 31 airways, absence or dysfunction of the CFTR protein leads to decreased chloride secretion and increased 32 sodium absorption. The latter is caused by loss of inhibition of the epithelial sodium channel (ENaC) by 33 the absent or dysfunctional CFTR 4 . This disturbed salt transport results in a dehydrated surface liquid 34 layer and viscous secretions, defective mucociliary transport, chronic infection and inflammation and 35 eventually lung destruction and respiratory insufficiency 5 . 36 37 CFTR function can be assessed in vivo by measurement of transepithelial nasal potential difference 38 (NPD). The electrical potential difference between the surface and the subepithelial layer arises from ion 39 transport through the epithelia 6 . This potential is measured in vivo between a surface electrode placed 40 on the nasal epithelium and an electrode in connection with the subcutaneous space. Under basal 41 conditions, net absorption of sodium through the ENaC channel results in a negative basal potential at 42 the epithelial surface. Addition of amiloride to the perfusion fluid inhibits ENac, making the surface 43 potential less negative. Perfusion with a chloridefree solution promotes chloride secretion through CFTR, 44 thereby generating a more negative surface potential. Adding isoprenalin to the perfusion fluid further 45 activates protein-kinase A regulated chloride channels, mainly CFTR, leading to a more negative Nasal potential difference was measured simultaneously under the nasal turbinate and on the nasal floor

86A 6 MgS0 4 .

 64 PE90 tubing exploring bridge is inserted under the inferior turbinate under direct visualisation by a 87 nasal speculum plus a frontal light. In the opposite nostril, a modified 8 Fr Foley bladder catheter is 88 inserted along the nasal floor, close to the septum, with a side hole facing down. Both exploring bridges 89 are connected to an Ag/AgCl electrode through a continuous perfusion with Ringer solution (NaCl 833 g/l, KCl 0.3 g/l, K2HPO4 0.42 g/l, KH2PO4 0.05 g/l, MgCl2.6H20 0.24 g/l) at 0.1 91 ml/minute. The reference bridge is a 23 G subcutaneous needle flushed with identical Ringer solution, 92 connected to an Ag/AgCl electrode. Two high impedance voltmeters (Knick Portamess®, Elektronische 93 Meβgeräte, Berlin, Germany) connected to a computer recorded the potential at a frequency of 1 Hz.94The nasal mucosae is perfused with different solutions through a PE50 tubing attached to the PE90 95 tubing with a silicone sheath (under the turbinate), or via the second channel of the Foley catheter (nasal 96 floor) (figure1, panel c).97Sequence of test procedures was standardized as follows: maximal basal potential at the inferior surface 98 of the inferior turbinate was measured, followed by the maximal basal potential on the nasal floor in the 99 other nostril. The Foley catheter is then inserted to the place of maximal potential, and secured with 100 tape on the nose. The procedure is repeated in the other nostril under the turbinate, with the PE50/PE90 101 catheter. Continuous recording is done during perfusion with Ringers solution (solution 1 at 5 ml/min) 102 during 1-3 minutes, until a stable value is reached (<1 mV drift over 30 seconds). Sequential perfusion is 103 then started with Ringers + amiloride 100 µM (solution 2), chloridefree sodium gluconate solution (Na 104 gluconate 32.26 g/l, Ca gluconate 0.97 g/l, K gluconate 0.95 g/l, K 2 HPO 4 0.42 g/l, KH 2 PO 4 0.05 g/l, 7H20 0.30 g/l) + amiloride 100 µM (solution 3), chloridefree solution + amiloride 100 µM + 106 isoprenalin 10 µM (solution 4), each at 5 ml/minute during 3 minutes and until a stable value is reached.107The final chloridefree solution containing amiloride, isoprenaline and ATP 100 µM (solution 5) is 108 perfused during 1 to 2 minutes and until a peak value is reached. The perfusion line passes through a 109 thermostatic bath set up at a temperature of 43°C, to heat the solutions to 35-37°C, measured at the tip 110 of the exploring catheters. The amiloride response is the potential difference between measurement at 111 the end of perfusion with solution 1 and the end of solution 2. Total chloride response is the difference 112 between potential at the end of perfusion with solution 2 and at the end of solution 4. ATP response is 113 the potential difference at the end of perfusion of solution 4 and the peak potential during solution 5, 114 and is used as positive control. Ratio between amiloride response and total chloride response is 115 calculated as e (total chloride response/amiloride response)10 . TransPD is the difference between potential at the end of 116 perfusion with solution 1 and at the end of perfusion with solution 4 (figure 1, panel a and b) 117 At the end of the measurement, position of the catheters is checked visually. For quality control, skin 118 potential and offset of the electrodes and of the closed circuit are measured at the start and the end of 119 the procedure. Only skin potentials more negative than -30 mV and electrode or circuit offsets below 5 120 mV are allowed. Tracings were discarded if the response to amiloride and total chloride response were 121 both less negative than -5 mV ('flat tracings') or if technical problems occurred (drift, large artefacts, 122 position of the catheter changed during the procedure).
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 1237 Patient preference for one of the methods was assessed by a visual analogue scale. Nasal potential 125 measurement was not done during periods of exacerbation of nasal symptoms. Nasal medication other 126 than irrigations with normal saline and topical steroids were not allowed in the 24 hours preceding the 127 test. All tests were performed by two experienced operators. The study was approved by the IRB of the 128 University Hospital of Leuven, and informed consent was obtained from all participants. Nasal potential difference was measured in 61 non-smoking healthy subjects, without significant 131 respiratory or upper airway morbidity (median age 30 years, range 20-57), 37 CF patients (median age 18 132 years, range 10-35) and 26 known or obligate heterozygotes (siblings or parents of CF patients with 133 median age 43 years, range 8-56). All but one of the CF patients carried two severe CFTR mutations, with 134 the exception of one patients compound heterozygote for G551R/3849+10 kB. The latter had a sweat 135 chloride of 30 mEq/l, while the other patients had a median sweat chloride of 105 (range 86 to 124 136 mEq/l). In 41 control patients and 16 CF patients, a second measurement was done after a median delay 137 of 57 days.

SPSS 15 (

 15 SPSS Inc) was used for statistical analysis. Number of successful tracings with each method is 140 compared with McNemar's test, difference of proportion of successful tracings between operators with 141 Fisher's exact test. Patient preference for one of the methods was assessed with a chi square test. NPD 142 variables are presented as median and interquartile range (IQR). Differences between the controls, 143 heterozygotes and CF subjects were assessed pairwise with the Mann-Whitney U test. Difference 144 between paired measurements on the nasal floor and under the nasal turbinate were assessed by the 145 Wilcoxon test, as were differences between repeated measurements, together with the Bland and 146 Altman method 20 . The ability to discriminate between normal subjects and CF patients was assessed 147 with the area under the curve(AUC) of the ROC-curves 21 . Power calculations were done using Statistica 8 148 (Statsoft, Inc), with a power of 80%, 2-tailed, p<0.05. Linear regression was used to explore trends over floor tracings (first measurement in each subject) were not interpretable, 13 because of a 153 'flat tracing', two because of a technical problem. Under the turbinate, 4 of 124 tracings were not 154 interpretable. Two tracings were discarded because of a technical problem and two because of catheter 155 displacement to the medial part of the nose. Less tracings taken from the inferior turbinate were 156 rejected (p=0.015). The proportion of rejected tracings was similar for both operators.

157 158

 157 To compare values obtained with each technique, only paired acceptable measurements were assessed.159Median and IQR of NPD values are given in table1. No significant differences were found between values 160 measured on the nasal floor and under the nasal turbinate, with only a slightly more negative maximal 161 potential in heterozygotes and a trend towards a more negative maximal potential under the inferior 162 nasal turbinate in CF patients. CF patients had significantly different mean values for all NPD parameters 163 compared to control subjects and heterozygotes. Significant difference between heterozygotes and 164 controls were only found for ATP response (p=0.023) and e (total chloride response/amiloride response) (p=0.048) 165 measured under the turbinate. There was no consistent trend over time in the measurements, and no 166 systematic difference between operators.
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  under the curve (AUC) of the ROC curve for total chloride response (figure2) was 0.99, both on the nasal 173 floor and under the nasal turbinate (p=0.72), making this parameter also very suitable for differentiating 174 of transepithelial nasal potential difference has gained interest because of its 201 potential to evaluate responses to CFTR modulators in vivo. This study aimed at exploring the influence 202 of the site of the measurement in the nostril as one of the major methodological differences between 203 techniques in use. The setup was identical for both techniques, except for the different site of 204 measurement and catheter. Main results are that mean NPD values were similar with both techniques,
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 220 If nasal potential difference is to be used in clinical studies of CFTR modulators, efforts should be made 222 towards using the endpoints with the highest ability to detect changes in CFTR function. A few trials 223 of CFTR modulators by their effect on nasal potential. Applying topical gentamicin 224 on the nasal epithelium, mean total chloride response increased from 0±3.6 to -5±2.7mV in treated CF
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  Patients' and physicians' preference should be taken into account. For measurements under the 231 turbinate, more technical skills are needed to visualize the turbinate and to place the catheter at the 232 right location in the nose. Displacement of the catheter is also more likely while securing the catheter to 233 the nose. None of the techniques is accessible without experience and learning time. Our centre has 234 several years of experience measuring NPD on the nasal floor. More recently, measurement under the 235 turbinate was introduced to anticipate participation to international studies. More than 20 236 measurements per technique were performed by each operator before the start of the study, to ensure 237 expertise in both techniques. Measured values and success rate did not change over time, showing 238 absence of a 'learning effect' during the data collection.
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 116234 Figure 1: NPD tracings in a healthy (panel a) and CF (panel b) subject. CF subjects have a more 261

Figure 3 :

 3 Figure 3: Left : Bland and Altman plot showing limits of agreement between the first and the second measurement for total chloride response on the nasal floor (left) and under the inferior turbinate (right) in controls and CF patients Right : comparison of total chloride response in the first and second measurement on the nasal floor (closed symbols) and under the inferior turbinate (open symbols) for control subjects (circles) and CF patients (triangles) 451x177mm (96 x 96 DPI)

  

  

Table 2 )

 2 .

249 250 Page 15 of 46 John Wiley & Sons, Inc.

  

		Pediatric Pulmonology
	248	define in CF patients than in controls. Incorrect placement of the catheter is more likely to occur, Aknowledgments :
		especially in non-experienced hands, resulting in increased variability of measurements.
		F o F o
		r r
		P P
		e e r e e r
		R e v i e w R e v i e w
	246	
	247	could improve the data analysis for studies of CFTR modulators, as flat tracings are more difficult to
		13 14

Table 1 :

 1 Median (IQR) NPD values measured on the nasal floor and under the inferior turbinate in normal subjects, CF patients and heterozygotes.

	% correction of	n of subjects in each
	total chloride response	arm
		Floor	Turbinate
	100 %	5	5
	50%	14	16
	35%	32	37
	20%	95	114
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Table 2 :

 2 Number of patients to be included in each arm of a placebo controlled trial of a CF disease modifying treatment, taking the different number of rejected tracings into account. Power calculations (1-β at 80%, α at 0.05, 2-tailed) are based on mean and standard deviations of total chloride response in control subjects and CF patients with each method, assuming correction of total chloride response in CF patients to 20, 35, 50 and 100% of the values found in control subjects.
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100%, the cut-off for total chloride response would be -8 mV for the floor (with a specificity of 82.1 %) 177 and -10 mV for the turbinate (with a specificity of 78.5 %).
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To assess repeatability, the measurement was repeated in 41 controls and 16 e (total chloride response/amiloride response) 0,14 (0,07 ; 0,24) 0,3 (0,08 ; 0,41) p=0,144

Transnasal PD (mV) -7 (-10 ; -2) -4 (-11 ; 1) p=0,843