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Abstract

The sweat test (ST) is the gold standard for the diagnosis of cystic fibrosis. There are several reports in the literature regard-
ing conditions that are known to be associated with a false positive result. The aim of this article is to describe a previously
unreported cause of a false positive ST. An observational, cross-sectional single-center study was performed. We recruited
three patients with a neurosensory deafness caused by a deletion in both alleles of connexin 30. The first-degree relatives
of these three patients with hearing impairment due to other mutations were also included. A ST was performed in all the
selected cases. Among the three patients with a deletion in both connexin 30 alleles, two had a positive ST, whereas the third
patient had a close-to-positivity borderline result (57 mmol/L). Moreover, there were no positive sweat tests in individuals
with other mutation patterns.

Conclusion: Patients with affection of both alleles of connexin 30 were the only ones to show a positive ST, which may
translate to a higher risk of hyponatremic dehydration. The reason for the ST positivity remains unclear and may be related
to the fact that connexin 30 plays a role in modulating other molecules in both the inner ear and sweat glands.

What is Known:

o The sweat test is the gold standard for the diagnosis of cystic fibrosis. However, the causes of false positives in the test are increasingly
recognized.

What is New:

o This study describes a previously unreported cause of a false positive sweat test. Three patients with homozygous mutations in the connexin
30 gene are described. All of them had an abnormal sweat test, and two of them presented with severe hyponatremic dehydration.
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CFTR Cystic fibrosis transmembrane conductance
regulator

ENaC Epithelial sodium channels

GJB Gap junction beta

ICU Intensive care unit

MLPA Multiplex ligation-dependent probe
amplification

NSHI Nonsyndromic hearing impairment

ST Sweat test

Introduction

The sweat test (ST) consists of a measurement of chloride
concentration and conductivity in a sample of sweat. The
test is mainly used as the gold standard for the diagnosis of
cystic fibrosis (CF). CF is the most common life-threatening
autosomal recessive disease in the Caucasian population,
due to a multisystem disorder caused by mutations in the
gene encoding the CF transmembrane conductance regula-
tor (CFTR), which encodes a chloride channel [1]. When a
patient presents a positive newborn screen, clinical symp-
tomatology suggesting CF, or a positive family history, a
diagnosis of CF can be made if the ST is pathological. An
ST with a chloride concentration greater than 60 mmol/L is
considered pathological, whereas values between 30 and 60
mmol/L are borderline results [2].

However, there are several reports in the literature regard-
ing conditions that are known to be associated with false
positive or false negative ST results. The list of these con-
ditions has grown significantly over time. Some examples
include malnutrition, some metabolic disorders (such as
mucopolysaccharidosis, type I fucosidosis, or glycogen stor-
age diseases), dermatological diseases (as congenital ecto-
dermal dysplasia or atopic dermatitis), various endocrine
disorders (e.g., panhypopituitarism, Addison disease, iso-
lated adrenocorticoid deficiency, vasopressin-resistant dia-
betes insipidus, hypothyroidism, and hypoparathyroidism),
and carbonic anhydrase XII mutations [3, 4].

In this article, we describe a previously unreported cause
of false-positive ST: we identified three patients with a muta-
tion in both alleles of the Gap Junction Beta (GJB) 6 gene
(encoding connexin 30, which is responsible for hearing
impairment) in which no other potential causes of a posi-
tive result were found.

Globally, the prevalence of congenital hearing impair-
ment is 1-3 in 1000 children at birth or during early child-
hood [5]. Nonsyndromic hearing impairment (NSHI) is the
most common form of neurosensory deafness, account-
ing for almost 70% of inherited hearing impairments. The
majority of NSHI cases have an autosomal recessive pattern
of inheritance [6].
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The connexin gene family is the most prevalent gene that
contributes to NSHI. Connexins are membrane proteins
expressed throughout the body, including skin, cochlea,
or muscles. Six connexins form a connexon, which, when
aligned with another, allows the formation of gap junctions
that allow direct cell-to-cell communication [7].

Studies in European and Asian populations have identi-
fied pathogenic variants in GJB2 (encoding connexin 26)
and GJB6 (encoding connexin 30) as the major contribu-
tors to autosomal recessive NSHI (ARNSHI). Specifically,
GJB2-c35 delG is the most prevalent variant (20-50%)
found in cases of ARNSHI. The GJB6-D13S1830 deletion
was identified in up to 9.7% of cases and thus is the second-
largest contributor to the genetic etiology of NSHI in West-
ern European populations, either with homozygous presen-
tation or when present in addition to a GJ/B2 mutation on
the opposite allele [6, 8—11]. GIB-6 deletions remove large
segments of the gene and adjacent regulatory regions, even
affecting the neighboring GJB2 gene also, due to disruption
of shared cis-regulatory elements [12, 13]. The exact global
prevalence of deafness caused by two pathogenic variants
involving GJB6 is difficult to estimate. However, studies
suggest that GIB6 deletions account for approximately 5-9%
of cases of ARNSHI [6, 14].

On the other hand, mutations in the skin-expressed con-
nexin genes GJB2 (connexin 26), GJIB3, GJ/B4 (connexin 31
and 30.3), GJB6 (connexin 30), and Gap Junction Alpha 1
(connexin 43) have been linked to human hereditary diseases
affecting both the epidermis and cochlea [7].

Material and methods

This was an observational, cross-sectional single-center
study.

The first case was a 22-month-old female child with neu-
rosensory deafness due to a mutation in homozygosity of
both GJB6 alleles. She required multiple admissions due
to hyponatremic dehydration. Due to this, a ST was per-
formed in the context of clinical stability and after stopping
intravenous rehydration, which was positive. CF was ruled
out since she did not present other symptoms compatible
with CF, her neonatal screening was negative, and she had
a genetic test with no mutations in CFTR.

Four months later, a 13-month-old female child with
neurosensory deafness due to a mutation in the compound
heterozygosity of both GJB6 alleles was also admitted due to
a hyponatremic dehydration. Considering the previous case,
a ST was also performed once the dehydration had been
solved and while not being under rehydration therapy, result-
ing in a chloride concentration of 57 mmol/L. Similarly,
no other symptoms of CF were observed, and no mutations
were detected in the CFTR gene.
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Following these findings, the hospital’s genetic database
was accessed in order to search for other patients with neu-
rosensory deafness caused by a mutation in homozygosity
or compound heterozygosity for connexin 30. Although no
other pediatric patients were found, we identified an adult
man with deafness with a mutation in the compound hete-
rozygosity of both GJB6 alleles (third case). This patient was
examined in 2009 as part of a genetic study of his daughters,
who also have deafness.

The first-degree relatives of these three patients with
hearing impairment due to a mutation in both GJB6 alleles
were also included. Informed consent was obtained from
each participant. This study was approved by the Hospital
Sant Joan de Déu Ethics Committee (Esplugues, Spain, ref-
PIC-115-24) and was done in accordance with the Declara-
tion of Helsinki. Informed consent was obtained from the
individual participants included in the study or their parents.

A ST was performed in all the selected cases according
to current recommendations [15]. ST is a noninvasive test
that is used for the determination of chloride in sweat. In
these cases, iontophoresis was performed with the Webster
Sweat Inducer—Wescor® system. The sweat sample was col-
lected by Macroduct® system and immediately manipulated
to determine conductivity via Sweat-Check 3120, Wescor®,
and chlorimetry via Chloride Analyzer 926, Sherwood Sci-
entific Ltd.

In cases 1 and 2, genetic tests were performed in order
to rule out mutations in the CFTR gene. Initially, the Eluci-
gene CF-EU2 kit test was done. Then, a direct sequencing
of the coding region of the gene was performed. In addition,
deletions/duplications of the CFTR gene were analyzed by
Multiplex Ligation-dependent Probe Amplification (MLPA)

using the SALSA MLPA P091D2 kit (MRC Holland®). The
results were obtained in an automatic sequencer ABI3130.
This technique detects more than 99% of mutations in the
CFTR gene [16]. On the other hand, deletions in the G/B6
gene were obtained by using the SALSA MLPA P163-GJB-
WES1-POU3 F4 kit (MRC Holland®) and analyzed with
the Coffalyser program.

The Mann—Whitney U test was used to compare medians
between groups of patients. The statistical analysis was per-
formed via SPSS v.24, with statistical significance defined
as a p-value of <0.05.

Results

We recruited three patients with a neurosensory deafness
caused by a mutation in both alleles of connexin 30. A ST
was also performed in their five relatives with deafness
caused by other mutations. The results are described in
Table 1. Among the three patients with a deletion in com-
pound heterozygosis of connexin 30, two had a positive ST,
whereas the third patient had a close-to-positivity border-
line result (57 mmol/L). Moreover, there were no positive
sweat tests in individuals with other mutation patterns.
Patients with a deletion in both connexin 30 alleles presented
increased chloride concentrations (p-value 0.036) and con-
ductivity (p-value 0.035).

Patient 1 is a 22-month-old female child with severe
hearing impairment due to a mutation in homozygosis of
both GJB6 alleles [del(GIB6-D13S1830)]. She is a bilateral
cochlear implant recipient. Both the patient’s parents and her
brother (cases 4-6) experienced hearing impairment due to

Table 1 Descriptive features of patients with deafness in which a ST was performed

Patient Index case Age Sex Mutation pattern Sweat test
Chloride ~ Conductivity Interpretation

Casel Yes 22 months Female GJB6 homozygosis: 67 mmol/L 80 mmol/L ~ Abnormal
[del(GIB6-D13S1830)]

Case2 Yes 13 months Female GJB6 compound heterozygosis: 57 mmol/L 67 mmol/L  Borderline
[del(GJB6-D13S1830) +del(GJB6-D13S1854)]

Case3 Yes 48 years Male  GJB6 compound heterozygosis: 65 mmol/L 86 mmol/L  Abnormal
[del(GIB6-D13S1854) + del(GIB6-D1351830)]

Case 4 Case 1 brother 5 years Male  GJB6/GJB2 in heterozygosis: 10 mmol/L 44 mmol/L  Normal
[del(GJB6-D13S1830) + GJB2-c.35 delG]

Case 5 Case | father 35years Male  GJB6/GJB2 in heterozygosis: 23 mmol/LL 46 mmol/L  Normal
[del(GJB6-D13S1830) + GIB2-c.35 delG]

Case 6 Case 1 mother 38 years Female GJB6/GJB2 in heterozygosis: 12 mmol/L 45 mmol/L ~ Normal
[del(GJB6-D13S1830) + GJB2-c.35 delG]

Case 7 Case 3 daughter 14 years  Female GJB6 heterozygosity: [del(GIB6-D13S1854)] 20 mmol/L 43 mmol/LL  Normal

+unknown mutation
Case 8 Case 3 daughter 14 years  Female GJBG6 heterozygosity: [del(GIB6-D13S1854)] 25 mmol/L 45 mmol/L  Normal

+unknown mutation
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a combination of a mutation in the heterozygosity of GJ/B2
[(GJB2-c.35 delG)] and GJB6 [del(GIB6-D13S1830)].

The patient visited the emergency department for vomit-
ing, diarrhea, and fever for 48 hours. A blood test revealed
metabolic acidosis; intravenous rehydration was started, and
the patient was admitted. During hospitalization, a more
thorough anamnesis revealed that she had been admitted
four times in one year because of hyponatremia (up to 113
mmol/L) in the context of vomiting and diarrhea. Previously,
additional studies revealed no impairments in sodium frac-
tional excretion or in cortisol and renin levels. As part of
the study, a ST was performed, which yielded a positive
result on two occasions (with a chloride concentration of
67 mmol/L and conductivity of 80 mmol/L). A genetic test
ruled out CF and carbonic anhydrase XII mutations. She
never presented with respiratory symptoms or signs of pan-
creatic insufficiency. A ST was also performed on her par-
ents and brother, who were negative (Table 1).

Patient 2 is a 13-month-old child with severe neuro-
sensory deafness due to a mutation in the compound het-
erozygosity of GJB6 [del(GIB6-D13S1830) and del(GJB6-
D13S1854)] with no family history of deafness. Her father
is a carrier in heterozygosity of the mutation del(GJB6-
D13S1830) and her mother is a carrier in heterozygosity of
the mutation del(GJB6-D13S1854).

The patient was admitted directly to the intensive care
unit (ICU) due to hypovolemic shock caused by uncontrol-
lable vomiting and refusal to eat for 12 hours in the context
of high ambient temperature. Initially, a blood test revealed
metabolic acidosis and hyponatremia of 120 mmol/L. After
stabilization, and owing to a similar case (explained above)
that presented with the same mutation, a ST was performed
showing close-to-positivity results (chloride of 57 mmol/L
and conductivity of 67 mmol/L). Moreover, a genetic test
was performed and revealed no mutations related to CF.
During 18 months of surveillance, she did not have any res-
piratory or gastrointestinal symptoms.

Patient 3 is a 48-year-old man with neurosensory deaf-
ness caused by a mutation in the compound heterozygosity
of GJB6 [del(GJB6-D13S1830) and del(GJB6-D13S1854)]
who had been studied in 2009 after having had twins with
hearing impairment (cases 7-8) due to a GJB6 mutation
in heterozygosity. After observing the findings explained
above, the patient was recruited and a ST was performed,
showing a positive result (chloride of 65 mmol/L and con-
ductivity of 86 mmol/L). A thorough anamnesis was per-
formed, and neither the patient nor his parents remembered
any episode of dehydration. Moreover, the man — in his
fifth decade of life — was otherwise healthy, presenting only
with hearing impairment, and without any history of respira-
tory manifestations, gastrointestinal symptoms, infertility, or
other clinical features suggestive of CF. Considering that CF
is a progressive, severe, and multisystemic condition where
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the patient exhibited no related symptoms, the likelihood of
CF was deemed to be very low. Thus, after observing the
relationship between connexin 30 mutation and positive ST,
a genetic test to rule out CF was not performed.

Discussion

As previously mentioned, connexins are expressed not only
in the inner ear, but also in other tissues such as sweat glands
and the epidermis. There are multiple types of connexins
(such as 26, 30, 31, and 43), and they tend to show overlap-
ping expression patterns, and connexones formed by differ-
ent types of connexins exist [17].

The ways in which connexins interact with each other
and with other molecules are complex. They have paracrine
actions, regulating, for instance, calcium and sodium chan-
nels [17-19]. They also have mechanical functions, such as
allowing the contraction of the myoepithelial cells of the
sweat glands, thus enabling the excretion of sweat [20]. This
wide range of functions depends on subtle factors such as
the position of the molecule on the cell surface or how they
are placed in relation to other structures on which they exert
their effect. Indeed, different types of mutations in connexin
alleles affect how and where their molecules are expressed
in the cells, as well as how they are transported within them
[10]. This translates into a great variability at the phenotypic
level as well. For example, loss-of-function mutations are
more related to nonsyndrome deafness, whereas gain-of-
function mutations are described in diseases involving both
skin and deafness [21].

Although connexins are also expressed in sweat glands,
the literature concerning this phenomenon is scarce. In this
sense, it is important to highlight a paper describing some
patients with connexin 26-related genes [22]. The authors
examined histology and in vitro sweat production among
members of families affected by R143W, a GJB2 mutation.
They reported that both heterozygous and homozygous par-
ticipants had a significantly thicker epidermis. Interestingly,
only homozygotes presented relatively high concentrations
of sodium and chloride in the sweat, which may be inter-
preted as a biological disadvantage.

The reason why mutations in connexins could explain
the relatively high concentrations of chloride and sodium in
sweat is not clear. It is known that connexin 30 plays a role
as a modulator of the activity of epithelial sodium chan-
nels (ENaC) via multiple pathways, such as the paracrine
secretion of ATP or glutamate or the promotion of clathrin-
mediated ENaC endocytosis [23]. In relation to this fact,
Sipos et al. observed that mice with connexin 30 deficiencies
had a reduced natriuretic capacity in response to hyperten-
sion, as their ability to regulate sodium reabsorption was
limited [19].
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These observations emphasize that connexins play a role
in regulating sodium transport but would not justify a posi-
tivity in the ST. In this regard, the intrinsic actions of con-
nexin 30 are particularly complex and are closely linked to
the expression of connexin 26 in both inner ear and sweat
glands. What is more, it has been defined that deletions of
the GJB6 gene directly affect the expression of connexin 26
[13]. More specifically, Common et al. showed a case of a
deaf child with a del(GJB6-D13S1830) and GJB2-c.35 delG
constellation in which a skin biopsy was performed. The
authors compared his biopsy results with those of a healthy
control and a patient with a heterozygous mutation in the
connexin 26 gene. They observed that the case patient, but
not the others, showed a marked decrease in the expression
of connexin 26 in the duct, but not in the excretory portion
of the sweat gland, without affecting the expression of con-
nexin 30 itself — as well as an alteration of keratin expres-
sion, which acts supporting many other molecules [24].

In conclusion, although unable to give a definitive expla-
nation, we found that all patients with a mutation affecting
both alleles of connexin 30 presented concentrations of chlo-
ride in sweat higher than 55 mEq/L. However, those patients
with genetic deafness explained by other allelic constella-
tions presented with normal ST. It should be emphasized that
these results may be relevant from a clinical point of view.
Patients with these mutations could be exposed to a greater
risk of dehydration during the first months of life, especially
during the hot months in warm countries. In fact, two of
the patients described in this report experienced episodes
of hyponatremic dehydration that required repeated hospital
admissions, including stays in the ICU. The third patient
is an adult, and there is no evidence that he had suffered
similar episodes. In this regard, the clinical impact of this
mutation may vary between individuals. However, it does
appear to be more significant in younger patients, probably
due to a higher body surface area-to-volume ratio, a greater
total body water content, and a reduced voluntary access to
fluid intake. Additionally, external factors such as environ-
mental heat could also play an important role—something
especially relevant in the current context of global warming.

To the best of our knowledge, this is the first study in
which a mutation in connexin 30 has been described as a
possible explanation for the positivity of a ST in patients
with severe deafness. The most important limitation of our
study is the small sample size. In this sense, we think that
a multicenter study should be performed to confirm this
relationship.
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