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ABSTRACT: In cystic fibrosis (CF), the clinical condition of patients correlates
poorly with genotype. One possible explanation is that clinical status is influenced
by net preserved chloride secretion rather than the CF mutation. We tested the
relationships between residual chloride secretion, as measured by nasal potential
difference (PD) and the type of mutation (genotypes expressing apical cystic fibro-
sis transmembrane conductance regulator (CFTR) protein versus those that do
not) and clinical status.

Twenty two CF patients (mean age 25.7 yrs, 11 females and 11 males, mean
forced expiratory volume in one second (FEV1) 53.1% of predicted) with defined
genotypes were recruited. Nasal PD was measured using a standard protocol
involving the perfusion of the nasal epithelium with a sodium channel blocker
(amiloride), followed by a solution of low chloride and finally with isoprenaline.

Patients with apical CFTR protein showed higher residual chloride secretion
than those without (amiloride to isoprenaline value of 4.59 and 0.56 mV, respec-
tively, p=0.01). There was no correlation between mutation type and clinical con-
dition. When these patients were recategorized as "high" (>10 mV amiloride to
isoprenaline response) or "low" (10 mV or less) chloride secretors, we found that the
former group had a significantly higher FEV1 (67.7 versus 48.3% pred) and a bet-
ter pulmonary radiological score (4.14 versus 7.07, by Northern scoring system).

These results suggest that some cystic fibrosis patients, regardless of genotype,
have an ability to secrete chloride when stimulated with chloride secretatagogues,
and this is correlated with a better lung function. These results also have impli-
cations for the use of potential difference measurements in novel cystic fibrosis
transmembrane conductance regulator replacement trials.
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The major ion transport abnormality in cystic fibro-
sis (CF) airway epithelium results from the lack of a
correctly localized and fully functioning cystic fibrosis
transmembrane conductance regulator (CFTR) protein.
This protein functions primarily as a chloride channel
but also regulates sodium and other non-CFTR-mediated
chloride conductive pathways [1]. Hence, in CF patients,
there is an inability to secrete chloride ions from the
apical surface of the cell and an enhanced sodium ab-
sorption, contributing to dehydrated, viscous secretions.
In the lungs, the consequence is chronic bacterial col-
onization and repeated infections leading to bronchiec-
tasis and fibrosis. Respiratory failure is eventually the
cause of death for most of these patients.

Over 500 mutations of the CFTR gene have been
characterized to date. Most of these mutations can be
divided into either mislocalization of a dysfunctional or
partially functioning CFTR product or a properly local-
ized but dysfunctional CFTR protein. Numerous groups
have attempted to correlate the severity of the disease
with genotype, but often the association is poor. With-
in a genotype, the pulmonary function can be widely

variable. Homozygotes for ∆F508 mutation have been
found to have a greater incidence of pancreatic insuffi-
ciency, worse lung function and higher mortality com-
pared to other genotypes [2, 3] while isolated mutations
such as A455E are associated with a mild clinical course
[4]. However, a cohort study in Italy showed that pul-
monary status in 8.5–10 yr old ∆F508 homozyotes was
no different from that in other mutations [5]. Indeed, the
conclusion from a large phenotype genotype consor-
tium [6] was that the only prognostic value of genotypic
information is for the prediction of pancreatic sufficiency.

All this suggests that within any one genotype there
is variation in clinical condition between patients and
the phenotype of a patient may be influenced by other
transcriptional and/or post-translational effects which
determine the net function of the mutant protein, or by
variations between individuals in the activity of other
parallel ion transport systems. VEEZE et al. [7] showed
that in rectal epithelium of CF patients, residual chloride
secretion, determined by Ussing chamber short circuit
measurements, correlated with pancreatic sufficiency
and age of presentation of disease. A less invasive
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method of measuring chloride secretion is to measure
the transepithelial potential difference (PD) in the nose.
In this method, the nasal epithelium is first perfused
with amiloride which blocks sodium absorption, result-
ing in reduction of the negativity of the PD. This pro-
vides an electrical gradient for the secretion of chloride.
Chloride secretion is further stimulated by the bio-
chemical gradient provided by a low chloride solution
and then by isoprenaline which stimulates the cyclic
adenosine monophosphate (cAMP)-dependent pathway
of secretion. In CF, the inability to secrete chloride can
be demonstrated by a lack of change in PD in response
to isoprenaline and low chloride solution [8–10].

We examined the relationship between nasal PD mea-
surement, clinical condition and genotype in CF pa-
tients in order to evaluate nasal PD as a marker of CFTR
function and an index of clinical condition in patients
with CF.

Methods

Subjects

The nasal PD protocol was approved by the local Ethics
Committee and patients gave informed consent.

Twenty two cystic fibrosis patients (11 males, 11
females, mean (range) age 25.7 (17–45) yrs) of fully
defined genotype were recruited. All patients attend the
Scottish Adult CF Clinic in Edinburgh or the West of
Scotland CF Clinic in Glasgow. Patients on nasal med-
ication, those with nasal polyps, allergic rhinitis or nasal
surgery in the year preceeding the measurement were
excluded. Measurements during upper or lower respira-
tory tract infections were also excluded. Lung function
(mean of two most recent measurements of percentage
predicted forced expiratory volume in one second (FEV1)
when stable) in these patients ranged 20–97%, but all
patients were clinically stable during the study.

All patients had at least four measurements separat-
ed by at least 5 days. In certain patients of interest (high
secretors, see below) measurements were made on up
to 12 occasions. For comparison, 12 non-CF patients
were also tested on between one and six occasions.
There were six males and six females (mean (range)
age, 34.5 (26–41) yrs). The same exclusion criteria were
applied as for CF patients and measurements were made
under the same conditions.

Nasal PD measurement

Nasal PD measurements were performed using a method
as previously described by MIDDLETON et al. [9] and
used routinely by us [11]. Briefly, a modified Foley size
8 paediatric urinary catheter filled with diluted elec-
trode gel and containing a silver/silver chloride elec-
trode was used. This electrode was connected via an
isolated pre-amplifier and digitizer (Logan-Sinclair, Kent,
UK) to a palm top computer (Psion) which recorded
the voltage every second. A reference electrode was
attached to a lightly abraded area of the forearm.

The catheter was passed gently along the floor of the
nose and positioned at the point of maximal negative
voltage nearest the posterior end of the nasal floor. The
patient held the catheter and maintained this position
over 20–30 min. Recordings were made every second

while the nostril was perfused (4 mL·min-1) first with
the diluent (buffered Kreb's) solution, followed by dilu-
ent with 100 µM of amiloride (to block sodium current),
then, in order to drive chloride secretion, amiloride (100
µM) in low chloride diluent (low chloride solution) and
finally isoprenaline (10 µM) and amiloride (100 µM) in
low chloride diluent (isoprenaline solution) to stimulate
CFTR-dependent chloride secretion. Each solution per-
fused the nostril for a minimum of 180 s or until a steady-
voltage plateau of at least 1 min had been achieved. The
mean for the last 60 s (excluding the final 5 s before a
change of solution) was taken as the final reading for
each solution.

For ease of reading, "amiloride to low chloride",
refers to differences in nasal PD values from the plateau
achieved during amiloride in buffered Krebs Hepes
solution to that achieved during amiloride in low chlo-
ride solution. Similarly, "amiloride to isoprenaline" refers
to net change between amiloride in buffered Krebs Hepes
solution and amiloride and isoprenaline in low chloride
solution 

This method provides a profile of how nasal PD val-
ues change with different perfusates. The point of max-
imal CFTR stimulation was taken as the final plateau
reading achieved during perfusion with isoprenaline in
low chloride and amiloride solution. Hence the amil-
oride to isoprenaline difference represents the maximal
chloride secretion achieved using this protocol.

Data analysis

Patients were divided into two groups, according to
genotype: 1) mutations that fail to generate significant
apical membrane protein (∆F508/∆F508, ∆F508/ W1282X,
∆F508/Q493X) and 2) mutations where gene product is
present in the apical membrane (∆F508/G551D, ∆F508/
A455E, ∆F508/R117H, G551D/G551D) [12]. There were
143 measurements in 22 CF patients and 61 in normal
subjects. Each patient contributed between 4–8 indi-
vidual nostril measurements to the genotype/PD analysis.
There were 15 patients in genotype Group 1, con-
tributing 97 PD measurements, and seven patients in
Group 2, contributing 46 PD measurements. Analysis
of variance allowing for all contributing sources of vari-
ation (e.g. difference in number of measurements per
patient, number of patients per group) was carried out
on: 1) baseline; 2) change from amiloride to low chlo-
ride; and 3) change from amiloride to isoprenaline values.

In order to formulate a representative clinical picture
for each patient, the following data were recorded from
the case notes of the patients: age; mean of the two most
recent values of FEV1 and forced vital capacity (FVC)
when the patient was stable (both as % pred); highest
body mass index (BMI) within 6 months of PD mea-
surement; pancreatic sufficiency; absence or presence
of Pseudomonas colonization at time of PD meas-
urement; number of intravenous antibiotic courses ad-
ministered for infective exacerbations of pulmonary
disease within 12 months of PD measurements; and the
Northern radiological score [13] on chest radiographs
within 1 month of the measurements. The latter was
scored by two physicians according to standard proto-
col, where an increasing score indicates worsening radi-
ological appearance, up to a maximum score of 16.



Effect of genotype group on nasal PD

Dividing the patients into genotype groups as men-
tioned above, we found that there were statistically sig-
nificant differences in the amiloride to low chloride and
the amiloride to isoprenaline measurements between the
two groups (table 2)

For all three measurements, Group 2 (in whom api-
cal CFTR protein was retained) showed a larger capac-
ity to secrete chloride compared to Group 1.

Effect of genotype group on clinical parameters

Despite the statistically significant effect on CFTR-
related PD measurements, we found no statistically
significant difference in clinical parameters between
patients with mutations that lack (Group 1) and those
that retained an apical CFTR protein (Group 2) (table 3).

Correlation between chloride secretion and clinical para-
meters

In view of the above results, we examined whether
chloride secretion is a better determinant of clinical sta-
tus of CF patients than the genotype group. We divid-
ed the patients into two groups according to their ability
to secrete chloride in response to isoprenaline perfusion
(amiloride to isoprenaline values). An amiloride to iso-
prenaline value of ≤10 mV was arbitrarily chosen as
representative of "low" chloride secretion while patients
with values >10 mV were classed as "high secretors".
We found that patients in the "high" secretor group had
a significantly better FEV1 % pred (table 4 and fig. 1).

The two subjects with the highest chloride-secreting
nasal PD responses were pancreatic sufficient while the
rest were pancreatic insufficient.
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Table 1.  –  Comparison of mean baseline and stimu-
lated potential difference (PD) values obtained in nor-
mal and cystic fibrosis (CF) patients

Subjects Mean SD SEM 95% 
confidence 

n mV interval

CF patients
Baseline 22 43.3 10.5 0.9 22.5–64.1
Amiloride-Low Cl 22 3.2 5.6 0.5 -7.9–14.3
Amiloride-Isoprenaline 22 2.1 7.1 0.6 -12.0–16.2
Low Cl-Isoprenaline 22 -1.0 3.8 0.3 -8.5–6.5
Non-CF patients
Baseline 12 14.9 6.9 0.9 1.1–28.7
Amiloride-Low Cl 12 18.6 11.2 1.4 -3.8–41.0
Amiloride-Isoprenaline 12 29.0 12.6 1.6 3.8–54.2
Low Cl-Isoprenaline 12 10.3 5.4 0.7 -0.5–21.1

By convention, negative signs are ignored although all PD
values are negative. Mean values are of all values from both
nostrils in each patient.

Table 2.  –  Difference in mean values of baseline poten-
tial difference (∆PD) and stimulated values between two
genotype groups

Genotype Baseline PD ∆PD from ∆PD from
amiloride to amiloride to

mV low chloride mV  isoprenaline mV

Group 1 43.30 (10.70) 2.05+ (5.00) 0.56† (6.13)
Group 2 43.51 (10.00) 4.65+ (6.10) 4.59† (7.9)

Results are mean (SD), weighted statistically to allow for dif-
ferent number of patients between groups. Group 1: no or
minimal apical cystic fibrosis transmembrane regulator (CFTR)
protein, n=97 from 15 patients. Group 2: apical CFTR pro-
tein present, n=46 from seven patients. +: p=0.04; †: p=0.01,
analysis of variance (ANOVA), for comparison between groups. 

Table  3.  –  Comparison of clinical characteristics between
patients in Group 1 (no or minimal apical CFTR protein)
and Group 2 (apical CFTR protein present).

Group 1 Group 2

Patients  n 15 7
Amiloride to 0.56 (6.13) 4.59 (7.9)

isoprenaline value  mV
Age  yrs 25.4 (6.7) 31.6 (5.1)
FEV1 % pred 52.3 (18.8) 61.0 (19)
FVC  % pred 68.3 (15.6) 76.6 (10.2)
Patients with P. aeruginosa 60 71

colonization  %
i.v. antibiotics for 3.4 2.4

infective exacerbation
in last 12 months  n

Northern radiological score 6.6 (2.2) 5.3 (1.5)

Values are presented as mean, and SD in parenthesis, unless
otherwise stated. There were no significant differences between
groups (p>0.05, t-test). CFTR: cystic fibrosis transmembrane
conductive regulator; FEV1: forced expiratory volume in one
second; FVC: forced vital capacity.

Table  4.  –  Comparison of clinical characteristics between
patients with "low" or no stimulated chloride secretion
and patients with "high" (>10 mV) stimulated chloride
secretion

Amiloride to Amiloride to
isoprenaline isoprenaline
difference: difference:
0–10 mV 11–25 mV

Patients  n 15 7
Mean amiloride to 4.7 (3.1) 19.1 (4.9)

isoprenaline value  mV†

Mean age  yrs 25.5 32.1
Mean FEV1 % pred 48.3* (17) 67.7* (19.2)
Mean FVC  % pred 68.1 (15.3) 75.7 (9.9)
Patients with P. aeruginosa 75 86

colonization  %
i.v. antibiotics for 52 14

infective exacerbation (mean 3.5 per (mean 2 per
in last 12 months  n patient) patient)

Mean Northern 7.07‡ (2.02) 4.14‡ (1.6)
radiological score

Values in parentheses are standard deviations, unless other-
wise indicated. †: the highest amiloride to isoprenaline value
from repeated measurements in each patient is used as that
patient's value. *: p<0.05, ‡: p=0.03, with t-test. For defini-
tions, see legend to table 3.

Results

Comparison of PD measurements in CF and non-CF
subjects

The measurements in non-CF subjects and CF pa-
tients showed mean baseline values of 14.9 and 43.3
mV, respectively, with mean amiloride to low chloride
values of 18.6 and 3.2 mV and amiloride to isoprenaline
values of 29.0 and 2.1 mV (table 1).



NASAL PD, GENOTYPE AND CLINICAL CONDITION IN CF 2021

Reproducibility of high chloride secretion

In order to examine if high amiloride to isoprenaline
values were reproducible, we randomly chose three
patients within each of the "high" and "low" chloride
secretor groups and measured their nasal PD on 12 sep-
arate occasions, each measurement separated by 1–7
days. From our repeated measurements, we found that
although there was some variability over time within
each individual, patients who were "high chloride secre-
tors" tended to maintain their high secretion nasal PD
profile over time (fig. 2).

The mean of all 24 nasal PD measurements (right and
left nostrils) in "high" chloride secretors was statistically
significantly different to that of "low" secretors (mean
(SD) of 11.2 (7.6), 10.5 (6.5) and 10.5 (4.8) compared
to -1.4 (5.1), 1.1 (5.4) and 0.4 (2.9) mV; p<0.0001, t-
test; figs. 2 and 3).

Discussion

Nasal PD measurement has been put forward over
recent years as a method of measuring CFTR function
in CF patients. There is some evidence that it may be
useful in diagnosing CF patients [10] and, recently, as
an efficacy measure of gene expression in clinical stud-
ies of gene therapy for CF lung disease [14–16]. Several
points arose from our studies in relation to the use of
nasal PD measurements.

Firstly, there is a statistically significant correlation
between the genotype of a patient and the PD response
to chloride secretion stimulation. We divided the geno-
types into two groups as there were not enough patients
of each genotype to test individual genotype relation-
ships with PD measurements. These groups reflected
the postulated subcellular localization and residual func-
tional capacity of the CFTR protein. The results showed
that some CF patients have the ability to secrete chlo-
ride when stimulated with chloride secretagogue and
the amount of chloride secretion (measured as amilo-
ride to isoprenaline values) correlated with the type of
CFTR mutation of the patients. In addition, even for
the commonest genotype (∆F508/∆F508), we found
some consistent "high secretors" (fig. 3). These find-
ings have implications for the use of PD measurements
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Fig. 1.  –  Correlation between lung function, as represented by forced
expiratory volume in one second (FEV1) % pred, and ability to secrete
chloride, as measured by amiloride to isoprenaline values. r=0.48 on
linear regression; p=0.02 on Pearson's Moment Product correlation.

Fig. 3.  –  Potential difference (PD) measurements in the right nos-
tril of one patient with ∆F508/∆F508, classed as a "high" secretor, 9
days apart. Graphs show PD values as described in the legend to fig-
ure 2.

Fig. 2.  –  Repeated measurements of potential difference (PD) in a
nostril (left) in one patient classed as a "high" secretor on different
days (1–7 days apart), demonstrating reproducibility of increased
chloride secretion and low baseline PD. Graphs show PD values for
each second with sequential perfusion with solutions of amiloride in
buffer, amiloride in low chloride and, finally amiloride and isopre-
naline. The vertical lines show the start of each perfusion.



to measure functional correction in novel corrective
therapies. A small functional correction could be masked
by a large basal chloride secretion, but on the other
hand, an apparent correction could be due to an under-
lying ability to secrete chloride. It is thus imperative
that PDs should be measured repeatedly over a period
of time to detect the highest amiloride to isoprenaline
value.

Secondly, in our study, we found a group of CF patients
who appeared to be "high" secretors (amiloride to iso-
prenaline values >10 mV). Although we found no cor-
relation between CFTR mutation types (genotype Groups
1 and 2, see above) and clinical status of the patients,
when the patients were rearranged into groups of "high"
and "low" chloride secretors, the "high" secretors had
significantly better lung function as seen by better FEV1
and also a significantly better radiological score. This
suggests that lung function is influenced by net chlo-
ride secretion, which in turn depends not only on CF
genotype, but also on processing of the mutant CFTR
protein and on alternative parallel chloride secreting
mechanisms. Indeed, three patients with ∆F508/∆F508
genotype, in whom little residual chloride secretion is
expected, showed "high" chloride secretion (figure 3
shows the PD profile for one of these patients). All three
patients were relatively well clinically, one aged 31 yrs
with FEV1 91% pred, BMI 22, another aged 31 yrs with
FEV1 39% pred, BMI 20, and the last, aged 29 yrs, had
an FEV1 of 55% pred and BMI 23. All, however, were
pancreatic insufficient and were colonized by Pseudo-
monas spp.

The only two pancreatic sufficient subjects were those
who also showed the two highest values for chloride
secretion ( genotypes A455E/∆F508 and R117H/∆F508).
These patients had FEV1 of 95 and 60% pred, respec-
tively. This supports suggestions from other groups that
maintenance of pancreatic exocrine function requires a
lower level of chloride secretion than maintenance of
normal lung function.

The main limitations of the present study are the small
number of patients and the different numbers of patients
in the two genotype groups. We were constrained main-
ly by numbers of patients having different genotypes
within a limited geographical area. There is a case for
studying larger numbers of patients particularly within
the ∆F508/∆F508 group to determine if chloride secre-
tion could be used as a prognostic factor in the clinical
course of the disease.

In conclusion, we found that there is a correlation
between chloride secretion as measured by stimulated
transepithelial nasal potential difference and cystic
fibrosis genotype. Patients with mutations that retained
an apical cystic fibrosis transmembrane regulator pro-
tein were more likely to show partial chloride secretion.
Across these genotype groups, there was a smaller
group of patients that appeared to have a larger (>10
mV amiloride to isoprenaline values on nasal poten-
tial difference) capacity to secrete chloride and this

correlated with a better percentage predicted forced ex-
piratory volume in one second and chest radiograph score.
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