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Nasal airway ion transport is linked to the cystic fibrosis
phenotype in adult patients
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Background: This study was conducted to determine whether the major nasal airway ion transport
abnormalities in cystic fibrosis (that is, defective cAMP regulated chloride secretion and basal sodium
hyperabsorption) are related to the clinical expression of cystic fibrosis and/or to the genotype.
Methods: Nasal potential difference was measured in 79 adult patients with cystic fibrosis for whom
clinical status, respiratory function, and CFTR genotype were determined.
Results: In univariate and multivariate analysis, patients with pancreatic insufficiency were more likely to
have low responses to low chloride (odds ratio (OR) 8.6 (95% CI 1.3 to 58.5), p = 0.03) and isoproterenol
(OR 11.2 (95% CI 1.3 to 93.9), p = 0.03) solutions. Similarly, in univariate and multivariate analysis,
patients with poor respiratory function (forced expiratory volume in 1 second ,50% of predicted value)
were more likely to have an enhanced response to amiloride solution (OR 3.7 (95% CI 1.3 to 11.0),
p = 0.02). However, there was no significant relationship between nasal potential difference and the
severity of the genotype.
Conclusions: Nasal epithelial ion transport in cystic fibrosis is linked to the clinical expression of the
disease. The pancreatic status appears to be mostly related to the defect in epithelial chloride secretion
whereas the respiratory status is mostly related to abnormal sodium transport and the regulatory function
of the CFTR protein.

T
he cystic fibrosis transmembrane conductance regulator
(CFTR) protein plays a key role in the electrolyte
transport across the epithelium via its function as a

cAMP dependent chloride channel1 2 and its regulatory roles
on other chloride and sodium channels.3–5 The two major ion
transport abnormalities in cystic fibrosis (CF) respiratory
epithelium are a defect in cAMP regulated chloride secretion
and an acceleration of the rate of basal sodium absorption.6–8

Each component of the airway epithelial ion transport can be
assessed easily in vivo by measuring the nasal potential
difference (PD) under different conditions.9–12 Increased
sodium absorption is reflected in an increase in basal nasal
PD together with an increased response to the sodium
channel blocker amiloride. The defect in chloride movement
is demonstrated after perfusion with a low chloride solution
in the presence of amiloride and subsequent perfusion with
the cAMP increasing agent isoproterenol. Both agents induce
a small and transient response in CF patients which is in
contrast to the rapid and sustained response observed in non-
CF subjects.
As nasal PD reflects the expression and function of the

various airway ion channels including CFTR, it might be
associated with CF clinical outcome. We have previously
shown in a group of 95 adult patients with CF that patients
with the lowest basal nasal PD had better respiratory
function, irrespective of the severity of the genotype.13

Other groups have suggested some correlation between the
severity of lung disease and cAMP mediated chloride
secretion.14 15 Moreover, in 114 twins and siblings homo-
zygous for the F508D mutation, the most common CFTR
mutation, the expression of basal chloride conductance was
identified as a positive predictor of milder respiratory
disease.16 In contrast, in 51 young CF patients, a recent study
showed no correlation between any component of ion
transport measurement and respiratory function.17 In the
present study we examined whether some components of
nasal epithelial ion transport were associated with the

pancreatic and respiratory expression of the disease and/or
the genotype in adults with CF.

METHODS
Patients
Seventy nine adult patients with CF who regularly attended
the adult CF centre at Cochin Hospital, Paris, France between
1 January 2000 and 30 June 2003 were included in the study.
A definitive diagnosis of CF was confirmed by two abnormal
sweat chloride measurements (>60 mmol/l) and/or the
identification of two mutations in the CFTR gene. Exclusion
criteria included acute rhinitis over the previous 4 weeks,
nasal polyposis, topical or oral steroids, and long term nasal
oxygen therapy. Clinical assessment and nasal PD studies
were undertaken when patients were in a stable condition.
Pancreatic status was determined by measuring the fat or
elastase content of stool samples collected over 3 days:
patients with faecal fat ,6 g/day and currently not treated
by pancreatic enzyme replacement or with faecal elastase
above 200 mg/g faeces were defined as pancreatic sufficient,
and the others as pancreatic insufficient. Values of forced
expiratory volume in 1 second (FEV1) and forced vital
capacity (FVC) were determined on the day of nasal PD
measurements and expressed as percentages of predicted
values. Arterial oxygen and carbon dioxide tensions (PaO2,
PaCO2) were measured at rest.
The study was approved by the ethical committee of our

hospital.

Nasal PD measurement
Nasal PD was measured by a technician blind to the clinical
status of the patients. The method, based on two silver/silver
chloride electrodes connected to a high impedance voltmeter,
was adapted from Alton et al.10 The following nasal PD
measurements were recorded: (1) the stable maximal base-
line PD; (2) the response to superfusion with 1024 M
amiloride, a blocker of epithelial sodium channel (Damil);
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(3) the change in PD following a perfusion of a low chloride
solution (DCl2/amil) to allow the determination of basal
chloride conductance (in this solution the chloride contained
in the amiloride solution was replaced by gluconate); and (4)
the response to the b adrenergic agonist isoproterenol
(1025 M) (Diso/Cl2) which was added to the low chloride
solution containing amiloride. Isoproterenol induces cAMP
dependent chloride conductance and determines the pre-
sence of CFTR. Superfusion of the nasal epithelium with each
solution was continued until a steady state was reached, or
for at least 3 minutes.
Twenty six non-CF subjects with bronchiectasis were

studied to determine control values. All subjects had a
normal sweat test and no mutation in the CFTR gene. The
median (range) results were as follows: basal nasal PD
–18 mV (–30 to –11); Damil 13 mV (2–26); DCl2/amil
–12 mV (–36 to –5); Diso/Cl2 –6 mV (–15 to 7) (fig 1).

Deoxyribonucleic acid (DNA) analysis and
classification of mutations
For all patients, all 27 exons and flanking regions of the CFTR
gene were screened for mutations, either with a commercially
available kit (Cystic Fibrosis Assay, Applied Biosystems,
Foster City, CA, USA) for the 31 most frequent mutations in
the CFTR gene or, for totally or partially uncharacterised
samples, by denaturing gradient gel electrophoresis (DGGE)
on genomic DNA amplified by the polymerase chain
reaction.18 Patients were classified into two genotype groups
according to the probable effect of their mutations on CFTR
function, regardless of clinical features, using the classifica-
tion of CFTR mutations proposed by Welsh and Smith19 and
expanded by Zielenski and Tsui.20 The ‘‘severe’’ genotype
group included patients with two CFTR mutations belonging
to class I, II or III, while the ‘‘mild’’ genotype group included
patients with at least one mutation belonging to class IV or V.

Statistical analysis
Continuous variables were expressed as median (range).
Univariate correlations between continuous variables were
explored using Spearman’s rank correlation. Comparisons
were tested using Spearman’s rank correlation test or the
non-parametric Mann-Whitney U test. Multivariate analysis
of factors associated with pancreatic status, respiratory

function, and genotype were performed as follows. All
continuous variables were dichotomised according to the
median or to a cut off point of 50% of the predicted value for
FEV1. The cut off point of 50% of the predicted value for FEV1

was chosen because it is usually the cut off point below
which an obstructive abnormality is considered ‘‘severe’’.21 A
univariate analysis was first performed using the Fisher’s
exact test. Thus, multivariate logistic regression models were
built first including variables when the univariate p value
was less than 0.2 and finally keeping variables in the model
by a backward stepwise regression and by maximising the
likelihood of the model with the likelihood ratio test. Stata/
SE 8.0 software was used. p values of (0.05 were considered
statistically significant.
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Figure 1 Nasal PD measurements in CF patients and controls. Basal PD
was measured with a Kreb’s HEPES solution, after which the responses to
superfusion with 1024 M amiloride (Damil), a low chloride solution
(DCl2/amil) and isoproterenol (1025 M) (Diso/Cl2) were recorded.
Each box plot is composed of five horizontal lines that display the 10th,
25th, 50th, 75th and 90th percentiles of the variable. All values for the
variable above the 90th percentile and below the 10th percentile are
plotted separately.

Table 1 Clinical and genotype data of the CF
patients

Variable CF patients (n = 79)

Age (years) 26 (19–58)
Male sex (n) 45
Age at diagnosis (years) 3 (0–54)
Sweat chloride (mmol/l) 100 (13–142)
BMI (kg/m2) 20 (15–28)
Symptoms at diagnosis

Respiratory (n) 43
Digestive (n) 48

Meconium ileus (n) 5
Pancreatic insufficiency (n) 62
Diabetes (n) 13
FEV1 (% pred) 57 (17–119)
FVC (% pred) 70 (32–120)
PaO2 (kPa) 10.4 (7.3–13.7)
PaCO2 (kPa) 5.5 (4.4–8.1)
P aeruginosa colonisation* (n) 53
Courses of antibiotics/year 1 (0–5)
Genotype

Group ‘‘severe’’ (n) 51
Group ‘‘mild’’ (n) 22

Basal nasal PD (mV) –47 (–91 to –19)
Damil (mV) 29 (4–68)
DCl2/amil (mV) –5 (–16 to 4)
Diso/Cl2 (mV) 2 (–8 to 17)

Results are expressed as median (range).
BMI, body mass index; FEV1, forced expiratory volume in
1 second; FVC, forced vital capacity; % pred, percentage of
predicted value; PaO2, arterial oxygen tension at rest; PaCO2,

arterial carbon dioxide tension at rest.
*Patients with Pseudomonas aeruginosa growth for at least
6 months were considered to be colonised with this
microorganism.
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Figure 2 Pancreatic status and epithelial chloride secretion in CF
patients. Responses to superfusion with a low chloride solution (DCl2/
amil) and isoproterenol (1025 M) (Diso/Cl2) are shown in patients with
pancreatic sufficiency (PS) and insufficiency (PI). Each box plot is
composed of five horizontal lines that display the 10th, 25th, 50th, 75th
and 90th percentiles of the variable. All values for the variable above the
90th percentile and below the 10th percentile are plotted separately.
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RESULTS
Patients
Four of the 79 CF patients included in the study had a normal
sweat test; three were compound heterozygous for the F508D
mutation and the R117H, D1152H and R347H mutations,
respectively, and one patient was compound heterozygous for
the G542X and 3849+10 kb (C)R (T) mutations. The sweat
chloride levels for these patients were 40, 13, 49 and
52 mmol/l, respectively. All patients had bronchiectasis
confirmed by computed tomographic (CT) scanning. Table 1
shows the clinical characteristics of the patients. In six
patients only one mutation was identified. The 73 patients for
whom two mutations were identified were classified into two
genotype groups: the ‘‘severe’’ genotype group included 51
patients of whom 25 were homozygous for the F508D
mutation, and the ‘‘mild’’ genotype group comprised 22
patients.

Nasal PD measurements
Nasal PD measurements in the 79 CF patients are shown in
table 1 and fig 1. They were different from those observed in
our non-CF control group: CF patients had increased sodium
transport, as shown by increased basal PD and increased
response to amiloride perfusion (p,0.0001 for both), and a
low response to perfusion with low chloride solution and
isoproterenol (p,0.0001 for both; fig 1). Six CF patients had,
in absolute value, a basal PD of (31 mV which represents
the mean+2SD of our control group. However, all had a
typical CF response to pharmacological solutions with an
absence or a very low response to low chloride solution,
isoproterenol, or both.

Relationships between nasal PD, phenotype and CFTR
genotype
No difference in sodium transport was observed between
patients with pancreatic sufficiency or insufficiency.
However, patients with pancreatic sufficiency had a higher
response to low chloride solution and isoproterenol than
patients with pancreatic insufficiency (p=0.003 and
p=0.01, respectively, table 2, figs 2 and 3).
There was no difference in basal PD and in the response to

the different solutions between patients with or without
P aeruginosa colonisation (table 2). Basal nasal PD and
responses to amiloride were both correlated with FEV1

(p=0.04 and p=0.009, respectively, table 2) and FVC
(p=0.03 and p=0.01, respectively, table 2). When FEV1

was classified into two groups of severity with a cut off point
of 50% of the predicted value, severe respiratory function was
similarly associated with a high basal nasal PD and a high
response to amiloride (p=0.005 and 0.003, respectively,
table 2, figs 3 and 4). No correlation was observed between
the indicators of pulmonary function and the responses to
low chloride solution or isoproterenol, except for PaCO2 and
the response to isoproterenol (p=0.04, table 2).
No relationship was observed between nasal PD and

all other clinical characteristics (sex, age and symptoms at
diagnosis, sweat chloride concentrations, BMI, the pre-
sence of meconium ileus or diabetes). Patients with the
‘‘mild’’ genotype had a lower basal nasal PD than those
with the ‘‘severe’’ genotype (p=0.01, table 2). No difference
was observed between the severity of the genotype and
the responses to amiloride, low chloride solution, or
isoproterenol.
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Figure 3 Nasal PD tracings in four patients with CF. Basal PD was measured with a Kreb’s HEPES solution (KH), after which the nasal epithelium was
superfused with 1024 M amiloride (Amil), a low chloride solution (0 Cl2), and 1025 M isoproterenol (Iso). Tracings are shown for two CF patients with
pancreatic insufficiency (top panels) and FEV1 ,50% pred (left panel) or FEV1 .50% pred (right panel), both of whom were homozygous for the
F508D mutation and belonged to the ‘‘severe’’ genotype group; and two CF patients with pancreatic sufficiency (bottom panels) and FEV1 ,50%
pred (left panel) or FEV1 .50% pred (right panel), both of whom were compound heterozygous for the F508D mutation and the R117H and G85E
mutations, respectively, and belonged to the ‘‘mild’’ genotype group. The two patients with FEV1 ,50% pred had a higher basal nasal PD and a higher
response to amiloride than the two patients with FEV1 .50% pred, and the two patients with pancreatic sufficiency had a higher response to low
chloride solution and isoproterenol than the patients with pancreatic insufficiency.
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Factors associated with a severe phenotype or a
severe genotype
In order to evaluate which data were associated with the
pancreatic status, quantitative data were classified into two
groups of severity and a multivariate analysis was performed
(table 3). Patients with pancreatic insufficiency were more
likely to have a ‘‘severe’’ genotype (odds ratio (OR) 28.2 (95%
confidence interval (CI) 4.5 to 178.1), p,0.001), a ‘‘low’’ BMI
(OR 8.8 (95% CI 1.3 to 58.3), p=0.03), and low responses to
low chloride (OR 8.6 (95% CI 1.3 to 58.5), p=0.03) and
isoproterenol (OR 11.2 (95% CI 1.3 to 93.9), p=0.03)
solutions.
In order to evaluate which data were associated with the

respiratory function as assessed by FEV1, a similar analysis
was performed (table 4). Patients with FEV1 ,50% predicted
were more likely to be colonised with P aeruginosa (OR 13.8
(95% CI 2.8 to 68.6), p=0.001) and to have an enhanced
response to amiloride solution (OR 3.7 (95% CI 1.3 to 11.0),
p=0.02).
Using a similar multivariate analysis we studied which

data were associated with the genotype. There was no
significant relationship between nasal PD measurements
and the severity of the genotype. The only parameter linked
to the ‘‘severe’’ genotype group was pancreatic insufficiency
(OR 15.7 (95% CI 4.0 to 61.6), p,0.0001).

DISCUSSION
In this study we have shown that the basic defects in CF—
that is, the two major ion transport abnormalities—are
associated with the two major clinical components of the
disease: pancreatic insufficiency and lung disease. The
pancreatic status is mostly related to epithelial chloride
secretion whereas the severity of lung disease is linked to
abnormal sodium transport.
In univariate analysis the pancreatic status was related to

both basal and cAMP regulated chloride secretion. This was
confirmed by the multivariate analysis which showed that
patients with pancreatic insufficiency were more likely to
have a severe genotype, low BMI, and decreased basal and
cAMP regulated chloride permeabilities across the nasal
airway epithelium. The relationship between the genotype
and the pancreatic status is well established.22 Similarly, the
link between exocrine pancreatic insufficiency causing
maldigestion and malabsorption of fats and proteins and a
low BMI is obvious. In this study we show that there is also a
link between nasal airway chloride secretion and pancreatic
status. A relationship between residual chloride transport in
intestinal tissue and a mildly affected phenotype, as assessed
by the predicted weight for height and the FEV1, has
previously been described in F508D homozygous twins and
siblings by Bronsveld et al16 but the reverse—that is, the
relationship between nasal airway ion transport and the
nutritional status—was not examined by these researchers
nor in a recent study of 51 young CF patients of whom only
three were pancreatic sufficient.17

The relationship we have observed after both low chloride
and isoproterenol solutions may reflect the fact that the
pancreatic status in CF is related to the residual function of
CFTR. Such a relationship is in keeping with the well known
relationship between CFTR genotype and pancreatic status.
CF pancreatic insufficiency is thought to be due mainly to
abnormal bicarbonate secretion in which CFTR plays a critical
but poorly defined role.23 In epithelial cells the cAMP
stimulated chloride current is conducted by both CFTR and
the outwardly rectifying chloride channel.24 Hence, the
relationship we observed between responses to low chloride
and isoproterenol solutions and pancreatic status raises the
question of a possible role for other chloride channels
regulated by CFTR in CF pancreatic insufficiency.
Univariate analysis showed that, in adults with CF,

irrespective of the severity of the genotype, the severity of
the respiratory function is related to the extent of sodium
hyperabsorption as assessed by basal nasal PD and response

Table 2 Nasal PD measurements, clinical data and genotype: univariate analysis

Variable
Basal nasal PD
(mV)

Damil
(mV)

DCl2/amil
(mV)

Diso/Cl2

(mV)

Pancreatic status
PI 248 (291 to 219) 29 (10 to 68) 24 (216 to 4) 2 (25 to 17)
PS 246 (263 to 220) 27 (4 to 45) 27 (216 to 23) 1 (28 to 4)

P aeruginosa colonisation
Yes 250 (291 to 219) 28 (10 to 59) 24 (216 to 4) 2 (28 to 17)
No 245 (275 to 220) 28 (4 to 68) 25 (214 to 0) 1 (23 to 10)

FEV1 (% pred)* 0.24 (0.01 to 0.44) 20.29 (20.49 to 20.08) 0.01 (20.21 to 0.23) 20.13 (20.34 to 0.10)
FVC (% pred)* 0.25 (0.03 to 0.45) 20.28 (20.48 to 20.06) 20.09 (20.31 to 0.13) 20.11 (20.33 to 0.11)
PaO2 (kPa)* 0.09 (20.14 to 0.31) 20.17 (20.38 to 20.06) 0.03 (20.19 to 0.26) 20.09 (20.31 to 0.14)
PaCO2 (kPa)* 0.10 (20.13 to 0.32) 0.03 (20.23 to 0.23) 0.04 (20.19 to 0.26) 0.24 (0.01 to 0.44)
FEV1r

,50% pred (n = 30) 254 (291 to 222) 36 (16 to 59) 25 (215 to 1) 2 (28 to 15)
>50% pred (n = 49) 245 (275 to 219) 26 (4 to 68) 25 (216 to 4) 1 (23 to 17)

Genotype
‘‘Severe’’ (n = 50) 250 (291 to 222) 34 (13 to 59) 24 (215 to 4) 2 (25 to 17)
‘‘Mild’’ (n = 22) 242 (263 to 219) 26 (4 to 51) 26 (216 to 0) 1 (28 to 5)

Data are expressed as median (range) or as *Spearman’s correlation coefficient (r) with 95% confidence intervals.
PI, pancreatic insufficiency; PS, pancreatic sufficiency; FEV1r, FEV1 classified into two groups of severity with a cut off point of 50% of the predicted value (% pred)).
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Figure 4 Respiratory status as assessed by FEV1 and epithelial sodium
absorption in patients with CF. The basal PD and response to superfusion
with 1024 M amiloride (Damil) are shown in patients with FEV1 >50%
and ,50% of the predicted value (pred). Each box plot is composed of
five horizontal lines that display the 10th, 25th, 50th, 75th and 90th
percentiles of the variable. All values for the variable above the 90th
percentile and below the 10th percentile are plotted separately.
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to the sodium blocker amiloride. In order to perform a
multivariate analysis, the respiratory function, as assessed by
FEV1, was classified into two groups of severity according to a
cut off point of 50% of the predicted value. FEV1 was chosen
because it is the variable that best reflects the status of lung
function throughout the course of CF lung disease,25 26 and
the cut off point of 50% of the predicted value is usually the
point below which an obstructive abnormality is considered
‘‘severe’’.21 Multivariate analysis showed that the severity of
the respiratory function as assessed by FEV1 is linked to P
aeruginosa colonisation, a well known factor linked to poor
respiratory prognosis, but also to the magnitude of the
response to amiloride. In multivariate analysis, respiratory
function was not linked to basal nasal PD, the other index of
sodium transport rate. This discrepancy, which was not
found in univariate analysis, is likely to be due to the small
sample size. The relationship we found between respiratory
function and sodium transport confirms and expands our
previously published data showing that, in adult CF patients,
normal sodium absorption is related to milder respiratory
disease, irrespective of the severity of the genotype.13 In a
recent study Wallace et al did not observe any relationship
between nasal airway ion transport and lung function.17

However, this study was conducted in 51 young CF patients
which included only three patients with an FEV1 less than
50% of the predicted value, making it difficult to draw
conclusions on the influence of ion transport on the severity
of lung disease.
In contrast to our results, Bronsveld et al found that, in 114

F508D homozygous twins and siblings, the expression of
basal chloride conductance was a positive predictor of milder
respiratory disease.16 The discrepancies between our study

and that of Bronsveld et almight be due to the different study
populations: the respiratory function appears to be related to
chloride transport in a highly selected and defined population
such as the one studied by Bronsveld et al.16 However, in a
population with a wide range of genotypes such as ours, the
pulmonary outcome appears to be mostly influenced by
increased sodium absorption in the airway epithelium. These
results suggest that the severity of pulmonary disease is more
closely associated with the regulatory than with the chloride
channel function of CFTR. They are in accordance with the
‘‘low airway surface liquid volume hypothesis’’ currently
proposed as one possible mechanism for CF airway disease
which states that hyperabsorption of sodium observed in CF
would result in a viscous and dehydrated airway surface
liquid that impairs mucociliary function and facilitates
bacterial adherence and colonisation.27 They are also in
accordance with recent data showing that transgenic mice
overexpressing the b subunit of the epithelial sodium channel
exhibit a CF-like lung disease.28

In univariate analysis the severity of the genotype was
linked to defective nasal sodium transport. This was not
confirmed by multivariate analysis in which, as previously
reported,22 the genotype was only linked to the pancreatic
status. A number of studies have found an association
between some genetic variants and respiratory function in
CF. In particular, polymorphisms affecting the function of
genes that mediate innate immunity and other inflammatory
processes have been highlighted.29 Our data further empha-
sise that factors other than the CFTR gene contribute to
airway epithelial ion transport measured by nasal PD. They
also point to the importance of measuring nasal PD in
patients with CF since it reflects not only CFTR function and

Table 3 Analysis to determine which parameters are associated with pancreatic insufficiency

Variable

Univariate analysis Multivariate analysis

OR (95% CI) p value OR (95% CI) p value

Severe genotype 16.0 (3.2 to 80.9) ,0.001 28.2 (4.5 to 178.1) ,0.001
BMI ,20 2.9 (0.9 to 9.6) 0.1 8.8 (1.3 to 58.3) 0.03
P aeruginosa colonisation 2.8 (0.9 to 9.0) 0.08
FEV1 ,50% pred 3.3 (0.8 to 13.4) 0.09
FVC ,70% pred 2.5 (0.8 to 8.3) 0.16
PaO2 ,10.4 kPa 2.7 (0.8 to 9.0) 0.16
PaCO2 >5.5 kPa 0.8 (0.3 to 2.4) 0.78
Basal nasal PD (247 mV 1.6 (0.5 to 4.9) 0.42
Damil >29 mV 1.2 (0.4 to 3.5) 0.79
DCl2/amil .25 mV 5.0 (1.2 to 20.3) 0.01 8.6 (1.3 to 58.5) 0.03
Diso/Cl2 .2 mV 5.8 (1.1 to 29.5) 0.02 11.2 (1.3 to 93.9) 0.03

All quantitative variables were dichotomised according to the median or to a cut off point of 50% of the predicted value (% pred) for FEV1. Fisher’s exact test was
used for univariate analysis and a logistic regression was performed for multivariate analysis.
OR, odds ratio; CI, confidence interval; BMI, body mass index; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; PaO2, PaCO2, arterial
oxygen and carbon dioxide tensions.

Table 4 Analysis to determine which parameters are associated with respiratory insufficiency as assessed by FEV1 ,50% of
predicted value

Variable

Univariate analysis Multivariate analysis

OR (95% CI) p value OR (95% CI) p value

Severe genotype 2.3 (0.8 to 6.7) 0.14
BMI ,20 3.1 (1.1 to 8.3) 0.04
Pancreatic insufficiency 3.3 (0.8 to 13.4) 0.09
P aeruginosa colonisation 11.4 (2.1 to 62.7) ,0.001 13.8 (2.8 to 68.6) 0.001
Basal nasal PD (247 mV 3.6 (1.3 to 9.9) 0.01
Damil >29 mV 3.1 (1.1 to 8.3) 0.04 3.7 (1.3 to 11.0) 0.02
DCl2/amil .25 mV 1.1 (0.4 to 2.8) 0.8
Diso/Cl2 .2 mV 0.8 (0.3 to 2.0) 0.6

All quantitative variables were dichotomised according to the median. Fisher’s exact test was used for univariate analysis and a logistic regression was performed
for multivariate analysis.
OR, odds ratio; CI, confidence interval; BMI, body mass index.
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its regulation of other channels but also the impact of other
genetic or environmental factors affecting the disease
phenotype.
We conclude that, in a population of CF adults, the clinical

outcome is associated with expression of the basic ion
transport defects. Pancreatic insufficiency is linked to highly
defective epithelial chloride secretion, whereas the severity of
lung disease is associated with the extent of sodium
hyperabsorption. This is one of the few reports to link the
major ion transport abnormalities in CF with the major
clinical components of the disease.13–16 These findings suggest
that measurement of nasal PD is useful not only for CF
diagnosis, but also to gain more insight into the patient’s
electrophysiological characteristics in correlation with disease
severity.
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D Hubert, I Honoré, D J Dusser, Service de Pneumologie, CHU Cochin,
AP-HP-Université, Paris, France
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This study was supported by the Association Vaincre la Mucoviscidose.

REFERENCES
1 Anderson MP, Gregory RJ, Thompson S, et al. Demonstration that CFTR is a

chloride channel by alteration of its anion selectivity. Science
1991;253:202–5.

2 Bear CE, Li CH, Kartner N, et al. Purification and functional reconstitution of
the cystic fibrosis transmembrane conductance regulator (CFTR). Cell
1992;68:809–18.

3 Egan M, Flotte T, Afione S, et al. Defective regulation of outwardly rectifying
Cl2 channels by protein kinase A corrected by insertion of CFTR. Nature
1992;358:581–4.

4 Gabriel SE, Clarke LL, Boucher RC, et al. CFTR and outward rectifying chloride
channels are distinct proteins with a regulatory relationship. Nature
1993;363:263–8.

5 Stutts MJ, Canessa CM, Olsen JC, et al. CFTR as a cAMP-dependent regulator
of sodium channels. Science 1995;269:847–50.

6 Knowles M, Gatzy J, Boucher R. Increased bioelectric potential difference
across respiratory epithelia in cystic fibrosis. N Engl J Med
1981;305:1489–95.

7 Boucher RC, Stutts MJ, Knowles MR, et al. Na+ transport in cystic fibrosis
respiratory epithelia. Abnormal basal rate and response to adenylate cyclase
activation. J Clin Invest 1986;78:1245–52.

8 Boucher RC. Human airway ion transport. Am J Respir Crit Care Med.
1994;150: 271–81, 581–93).

9 Knowles MR, Carlson JL, Collier AM, et al. Measurements of nasal
transepithelial electric potential differences in normal human subjects in vivo.
Am Rev Respir Dis 1981;124:484–90.

10 Alton EW, Currie D, Logan-Sinclair R, et al. Nasal potential difference: a
clinical diagnostic test for cystic fibrosis. Eur Respir J 1990;3:922–6.

11 Middleton PG, Geddes DM, Alton EWFW. Protocols for in vivo measurement
of the ion transport defects in cystic fibrosis nasal epithelium. Eur Respir J
1994;7:2050–6.

12 Knowles MR, Paradiso AM, Boucher RC. In vivo nasal potential difference:
techniques and protocols for assessing efficacy of gene transfer in cystic
fibrosis. Hum Gene Ther 1995;6:445–55.

13 Fajac I, Hubert D, Bienvenu T, et al. Relationships between nasal potential
difference and respiratory function in adults with cystic fibrosis. Eur Respir J
1998;12:1295–300.

14 Ho LP, Samways JM, Porteous DJ, et al. Correlation between nasal potential
difference measurements, genotype and clinical condition in patients with
cystic fibrosis. Eur Respir J 1997;10:2018–22.

15 Thomas SR, Jaffe A, Geddes DM, et al. Pulmonary disease severity in men
with deltaF508 cystic fibrosis and residual chloride secretion. Lancet
1999;353:984–5.

16 Bronsveld I, Mekus F, Bijman J, et al. Chloride conductance and genetic
background modulate the cystic fibrosis phenotype of delta F508 homozygous
twins and siblings. J Clin Invest 2001;108:1705–15.

17 Wallace HL, Barker PM, Southern KW. Nasal airway ion transport and lung
function in young people with cystic fibrosis. Am J Respir Crit Care Med
2003;168:594–600.

18 Fanen P, Ghanem N, Vidaud M, et al. Molecular characterization of cystic
fibrosis: 16 novel mutations identified by analysis of the whole cystic fibrosis
conductance transmembrane regulator (CFTR) coding regions and splice site
junctions. Genomics 1992;13:770–6.

19 Welsh MJ, Smith AE. Molecular mechanisms of CFTR chloride channel
dysfunction in cystic fibrosis. Cell 1993;73:1251–4.

20 Zielenski J, Tsui L-C. Cystic fibrosis: genotypic and phenotypic variations.
Annu Rev Genet 1995;29:777–807.

21 American Thoracic Society. Lung function testing: selection of reference values
and interpretative strategies. Am Rev Respir Dis 1991;144:1202–18.

22 Rowntree RK, Harris A. The phenotypic consequences of CFTR mutations. Ann
Hum Genet 2003;67:471–85.

23 Bornstein JD, Cohn JA. Cystic fibrosis in the pancreas: recent advances
provide new insights. Curr Gastroenterol Rep 1999;1:161–5.

24 Schwiebert EM, Flotte T, Cutting GR, et al. Both CFTR and outwardly rectifying
chloride channels contribute to cAMP-stimulated whole cell chloride currents.
Am J Physiol 1994;266:C1464–77.

25 Taussig LM, Kattwinkel J, Friedewald WT, et al. A new prognostic score and
clinical evaluation system for cystic fibrosis. J Pediatr 1973;82:380–90.

26 Kerem E, Reisman J, Corey M, et al. Prediction of mortality in patients with
cystic fibrosis. N Engl J Med 1992;326:1187–91.

27 Boucher RC. Molecular insights into the physiology of the ‘thin film’ of airway
surface liquid. J Physiol 1999;516:631–8.

28 Mall M, Grubb BR, Harkema JR, et al. Increased airway epithelial Na+

absorption produces cystic fibrosis-like lung disease in mice. Nat Med
2004;10:487–93.

29 Salvatore F, Scudiero O, Castaldo G. Genotype-phenotype correlation in
cystic fibrosis: the role of modifier genes. Am J Med Genet 2002;111:88–95.

976 Fajac, Hubert, Guillemot, et al

www.thoraxjnl.com

http://thorax.bmj.com

