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Gain-of-function variants in the voltage-gated sodium 
channel Nav1.7, encoded by the SCN9A gene, have pre-
viously been identified in patients with erythromelal-
gia, a clinical diagnosis defined by intermittent attacks 
of painful, hot, swollen, and red skin, predominantly 
involving the hands and feet. Symptoms are induced 
or aggravated by warming and relieved by cooling. In 
primary erythromelalgia there is no known underly-
ing disease. This study investigated the frequency of 
SCN9A variants in a cohort of primary erythromelalgia 
patients collected at a single centre, and examined the 
clinical signs and symptoms associated with identified 
variants. One hundred patients with possible erythro-
melalgia were collected prospectively and evaluated 
by clinical examination. Thirty-five patients fulfilling 
the clinical criteria of primary erythromelalgia were 
screened for variants in SCN9A. Five were found to 
carry likely causal variants, including a variant found 
in 2 related individuals and a variant not previously 
described in patients with erythromelalgia. The clini-
cal findings differed significantly between the patients. 
Overall, in this cohort only 4/34 (11.7%) of unrelated 
patients had erythromelalgia likely caused by gain-of-
function variants in SCN9A. Variants in SCN9A are the-
refore likely to cause or contribute to primary erythro-
melalgia in only a small proportion of patients.
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Channel; primary erythromelalgia.
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Erythromelalgia (EM) is a rare, debilitating, neuro-
vascular disorder, defined by spontaneous or easily 

evoked attacks of burning pain accompanied by increased 
temperature, swelling, and redness of affected skin areas. 
The condition predominantly involves the skin on the 
hands and feet. Cooling relieves the burning pain, often 
induced or aggravated by warming, exercise, or wearing 
tight shoes and gloves. In primary EM there is no known 
underlying disease. The severity of symptoms varies 
from mild discomfort (most common) to disabling pain 
and eventually gangrene (1). 

Patients with EM represent a heterogeneous group in 
relation to aetiology, severity, prognosis, and response 
to therapy (2–4). EM is either a primary condition, or 
secondary to a wide variety of conditions. The diagnosis 
is based on the medical history and clinical findings and 
there are no objective laboratory criteria. Regardless of 
aetiology, there is evidence of a final common pathway 
of pathogenesis, which includes maldistribution of skin 
perfusion with increased perfusion in the deep thermore-
gulatory plexus and a relative lack of papillary nutritive 
perfusion causing skin hypoxia (1, 5). The incidence of 
both primary and secondary EM has been estimated to 
range from 0.36 to 1.3 per 100,000 persons (6, 7), and 
the prevalence estimates range from 2 to 15 per 100,000 
(1, 8).

Primary EM was the first human disorder to be linked 
to genetic variants within the SCN9A gene encoding for 
Nav1.7, a voltage-gated sodium channel involved in noci-
ception. Rare, heterozygous missense variants in SCN9A 
identified in EM patients have been demonstrated to 
cause a gain-of-function of Nav1.7 leading to nociceptive 
dysfunction in in vitro electrophysiology experiments (6, 
9). Pathogenic variants in SCN9A have also been repor-
ted in several other pain-related conditions (10–12). In 
familial cases of EM, there can be considerable clinical 
heterogeneity between family members with the same 
variant in SCN9A, particularly regarding the severity 
and age of onset (13, 14). While the genetic evidence 
for variants n SCN9A causing EM is compelling, only 
a relatively small proportion of primary EM cases have 
been shown to have variants in this gene (10, 15, 16). As 

SIGNIFICANCE
Erythromelalgia is a condition that is characterized by 
marked redness, increased skin temperature, and burning 
pain in the hands and feet. The condition is classified into 
primary (inherited) and secondary erythromelalgia. The 
role of genetic mutations in primary erythromelalgia is not 
fully documented. We have studied variants in the NAV1.7 
protein, which is encoded by the SCN9A gene. The NAV1.7 
protein is believed to have an important role in amplifying 
pain signals. A small number of the examined patients had 
mutations in this gene that could explain their erythrome-
lalgia condition.
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EM is a rare condition, publications on the underlying 
genetics of the condition are often based on relatively 
few examined cases. In this study we have examined the 
frequency of SCN9A variants in a cohort of 35 patients 
suffering from primary EM, collected at a single centre. 
We also explore the relationship between the clinical 
presentation of these patients and their SCN9A genotypes.

MATERIALS AND METHODS

Study cohort

Erythromelalgia (EM) is a condition with intermittent attacks 
of painful, hot, swollen, and red extremities. EM is defined by 
spontaneous or easily evoked attacks of burning pain accompanied 
by increased temperature, swelling, and redness of affected skin 
areas. Cooling relieves the burning pain, often induced or aggra-
vated by warming and exercise. In primary EM there is no known 
underlying disease. The diagnosis is based solely on the history 
and clinical findings and is often under-recognized by physicians. 
In Norway, there is greater awareness of the condition due to a 
number of publications, lectures, and media presentations by our 
research group attached to the Oslo University Hospital (OUH), 
Norway. Over a period of 34 years we have collected a cohort of 
272 patients suffering from EM (2), mostly referred from general 
practitioners and dermatologists. 

Following a presentation of EM on the Norwegian Broadcasting 
Corporation (NBC) in March 2014 (https://www.nrk.no/livsstil/
fotter-som-brenner-1.11636326), individuals with “burning feet” 
were invited to respond to an e-mail address. Five hundred and 
twenty-nine respondents were invited to complete a questionnaire 
regarding their EM symptomatology. Of the 125 subjects who 
completed the questionnaire, 100 subjects with possible EM were 
evaluated at our clinic. Standard biochemical tests including full 
blood count with white cell differential count, level of blood su-
gar, antinuclear antibody, and relevant rheumatologic testing (17) 
were performed for all participants in order to exclude cases of 
secondary EM. Chest X-rays or CT scans were taken to exclude 
lung disease (n = 12). Small-fibre neurography was performed 
in a subset of 8 cases with symptoms suggestive of small-fibre 
neuropathy (i.e., numbness, tingling or, allodynia). 

Sequencing of SCN9A

EDTA blood (20 ml) was collected and stored at –70 °C. Genomic 
DNA was extracted from whole blood using the PureGene DNA 
extraction kit (Qiagen, Redwood City, CA, USA). Whole genome 
sequencing was performed by Macrogen Inc. (Seoul, South Korea) 
by generating paired-end (2 × 150 bp) sequence reads using the 
Illumina HiSeq X Ten platform (https://www.illumina.com/). For 
all samples the entire SCN9A gene including introns, exons, and 
UTRs was captured at mean depth of > 30X. 

Reads were aligned to UCSC Genome Browser build hg19 
(https://genome.ucsc.edu/) with the Burrows-Wheeler Aligner 
(BWA-MEM v.0.7.12; https://bio-bwa.sourceforge.net/), and 
variants were called with the Genome Analysis Toolkit Hap-
lotypeCaller (v.2.3; https://gatk.broadinstitute.org/hc/en-us/
articles/360037225632-HaplotypeCaller) and annotated using 
Variant Effect Predictor (VEP-75; https://www.ensembl.org/
info/docs/tools/vep/index.html). Visual validation of coverage, 
sequence quality, alignment, and variant calling was performed 
using the Integrative Genomics Viewer (https://igv.org/).

All SCN9A rare coding variants with a minor allele frequency 
(MAF) of less than 0.01 that were identified by next-generation 
sequencing were confirmed by Sanger sequencing using standard 

protocols. Briefly, oligonucleotide primers were designed to cap-
ture 200–300 bp of unique sequence flanking the target variant. 
Amplicons were sequenced on an ABI 3730XL DNA sequencer 
(Beckman Genomics, Danvers, MA, USA). Sequences were 
analysed using Sequencher 5.0 software (Gene Codes, Ann Arbor, 
MI, USA).

RESULTS

Patient characteristics
The diagnosis of primary EM was confirmed in 47 of 
100 patients evaluated at our clinic. The remaining 53 
individuals did not meet the diagnostic criteria. The 
study population showed large heterogeneity with regard 
to age at onset and severity of symptoms. Thirty-five 
predominantly Caucasian patients with primary EM con-
sented to participate in the genetic screening, including 
27 females and 8 males, with a mean age of 46.1 years 
(range 23–78 years) (Fig. 1). 

Genetic screening of SCN9A
Of the 35 patients screened, 15 (2 males and 13 fema-
les) had coding variants identified in the SCN9A gene 
(Table I). Five of the 15 patients with a variant in SCN9A 
reported a family history of EM. Two of these variants 
(I228M, I848T) have been previously described as 
pathogenic in patients with EM and 1 variant (V1820F) 
has not been previously reported in patients with EM. In 
addition, 3 common coding variants were also observed 
among the 35 patients: P610T, R1110Q, and W1150R, 
which were observed in 2, 1, and 7 patients respectively. 
Based on the observed rate of how often these variants 
occur in the general population without EM, none of 
these common variants occurred in the EM cohort more 
frequently than was expected by chance.
I228M variant. The I228M variant in the SCN9A gene is 
suspected to be causal for EM and has been previously 

Fig. 1. Patients evaluated for primary EM at Oslo University Hospital 
and analysed for potentially pathogenic variants in SCN9A. Genetic 
screening of SCN9A variants was performed using whole genome sequencing. 
*Two patients with variants were a mother and daughter. 
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described in patients suffering from EM and small fibre 
neuropathy (19–21). This variant was identified in 2 un-
related female patients (Subjects 14 and 24) in this study. 
I848T variant. Two related patients (mother and daugh-
ter) had an I848T variant in the SCN9A gene (Subjects 
01 and 02) and have been described previously (1, 22). 
The I848T variant is typically associated with early-onset 
EM and is the most common causal variant associated 
with EM (22–24). 
V1820F variant. The variant V1820F has not been pre-
viously reported in EM, but was identified in 1 patient 
(Subject 27). This variant is likely to be causative or 
contributing to EM in this patient due to the rarity of the 
variant in the general population, and predictions from 
in silico algorithms. 
R1110Q variant. The R1110Q genetic variant was found 
in 1 patient (Subject 26). 
P610T variant. Two patients (Subjects 19 and 28) had 
the P610T variant in the SCN9A gene. 
W1150R variant. Seven patients were found to be hete-
rozygous carriers of the W1150R variant in the SCN9A 
gene. Based on the allele frequency of this variant 
(0.127), we expected to see approximately 8.9 alleles by 
chance. The variant is therefore considered to be both 
common and not enriched in EM patients, and is therefore 
unlikely to cause or contribute to EM.

Appendix S1 provides detailed description of medical 
history and phenotypes for different mutations within 
the SCN9A gene.

DISCUSSION

In this cohort of 47 patients with primary EM, 35 patients 
consented to participate in genetic testing for variants in 
the SCN9A gene. Five patients had variants likely to be 
causative for EM. Excluding 1 of the relatives of these 
carriers (carriers of I848T were mother–daughter), this 
represents 4 proband cases in 34 unrelated subjects, the-

refore 11.7% of EM cases in this cohort can be explained 
by likely causal variants in SCN9A.

Ten further subjects were carriers of more common 
coding variants, none of which appear to be enriched in 
our EM patients relative to the expected allele frequen-
cies of those variants in non-EM populations. 

Selection and population
The majority of patients in this study were recruited by 
self-referrals after a television presentation. EM is des-
cribed in all age groups, but all participants in this study 
were adults and Caucasians, reflecting the Norwegian 
population. 

In the present cohort female EM sufferers were domi-
nant. Previous reports have also shown a female majority 
among primary EM patients (2). The patients with va-
riants thought to be causal for EM (I484T and V1820F) 
all describe heredity of EM, through only female family 
members. One of the 2 patients with I228M variant, 
which is suspected to be causal of EM, also describes 
her mother as having had EM symptoms. 

All female patients had a gradual onset of symptoms, 
in contrast to the only male participant who could specify 
the exact month when symptoms started at the age of 30.

The mother and daughter with the I848T variant have 
constant symptoms with fluctuating intensity. All other 
patients describe intermittent EM symptoms. For some 
periods they are free from pain, while during attacks 
they may feel intense burning pain and needs to cool 
affected extremities.

I848T variant 
The mother and daughter with I848T variant have pre-
viously been reported in the literature (22). This variant 
is thought to cause hyper-excitability and may lead to 
premature depolarization of the neuronal cell membrane, 
lowering the threshold for activation of other sodium 
channels located in the vicinity (10).

Table I. Patients with variants identified in SCN9A

Subject, sex Age, years Family history Onset of EM symptoms Cooling category VAS Nav1.7 variant MAF (%)

14 (F) 77 Yes Childhood 3 0–8 I228M 0 Likely causal
24 (F) 73 No 30 years of age 1–2 0–4 I228M 0
01 (F)* 58 Yes Early childhood 8 10 I848T 0
02 (F)* 34 Yes Early childhood 3 4–7 I848T 0
27 (F) 41 Yes Late teens 3 0–7 V1820F 0.000014
19 (M) 37 No 30 years of age 4 4–9 P610T 0.024 Common variants
28 (F) 28 No Childhood 2–3 0–8 P610T 0.024
26 (F) 34 No Early teens 1 0–5 R1110Q 0.020
02 (F)* 34 Yes Childhood 3 4–7 W1150R 0.127
18 (M) 38 No Unknown W1150R 0.127
20 (F) 46 No 33 years of age W1150R 0.127
26 (F) 33 No 20 years of age W1150R 0.127
30 (F) 35 No 32 years of age W1150R 0.127
33 (F) 44 No 42 years of age W1150R 0.127
37 (F) 46 No 45 years of age W1150R 0.127

MAF: Minor allele frequencies as listed in the gnomAD database v2.1.1 (http://gnomad.broadinstitute.org). Age: In years at examination. Cooling category: According to 
an eight-category cooling scale describing the extent of cooling as a sign of disease activity during the last week before examination (Kalgaard et al. 1997 [2]). VAS: Ten-
category scale of intensity was used to assess the minimal and maximal level of pain (Hawker et al. 2011 [32]). *Carriers of the I848T variant are a mother and daughter.

http://medicaljournalssweden.se/actadv
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V1820F variant 
The V1820F variant in Nav1.7, encoded by the SCN9A 
gene, has not previously been described. This amino acid 
residue is located in the C terminus intracellular part of 
the protein, which is not typically associated with EM. 
However, it is most probably causative or contributing 
to EM, based on its high conservation across all human 
voltage-gated sodium channels and in silico predictions.

The SCN9A gene codes for the sodium voltage-gates 
channel Nav1.7 and gain of function variants have been 
associated with pain disorders such as EM, paroxysmal 
extreme pain disorder (PEPD), and small-fibre neu-
ropathy. These 3 disorders are categorized as painful 
neuropathies and may share overlapping symptoms (25). 
Previous reports on PEPD describe this as a very rare 
condition with onset in the neonatal period or infancy, 
with persistence throughout life. PEPD is characterized 
by attacks of excruciating deep burning pain, often 
in the rectal, ocular, or mandibular areas. Autonomic 
manifestations predominate initially, with skin flushing 
in all and harlequin colour change and tonic attacks in 
most. Dramatic syncopes have been described (26). The 
V1820F variant has not previously been described to be 
associated with EM or PEPD. Our patient has symptoms 
that resemble PEPD as well as EM. In addition to burning 
pain from the hands and feet, she describes rectal and jaw 
pain, but does not recall pain attacks as a child, which 
most PEPD patients do. Flushing in affected areas is not 
observed. She has fainted during rectal pain attacks on 2 
occasions. She also described continuous vestibular pain 
over a period of 2 years, a symptom that is not connected 
to PEPD in the literature. Her pain symptoms may be 
an expression of dysfunctional neurological regulation.

I228M variant
The I228M variant has been described in patients with 
small-fibre neuropathy and EM. One of the 2 participants 
with an I228M variant has axonal neuropathy according 
to neurography examination. The other has not been 
examined for neuropathy. 

This variant has been known to result in reduced length 
of neurites from neurons with the I228M variant in the 
Nav1.7 channel (27). The I228M variant has also been 
shown to have impaired slow-inactivation, and hyper-
excitability in both trigeminal ganglion and dorsal root 
ganglion neurons (20). 

The 2 patients with I228M variants describe, in cont-
rast to the other patients in this study, worsening of EM 
symptoms when drinking alcohol, which may underline 
that these patients are sensitive to neuroactive substances. 
One of these patients experiences pain relief from using 
lidocaine patches, whereas the other patient experiences 
relief with gabapentin. Both lidocaine and gabapentin 
have direct effects on nerve impulse transmission be-
cause lidocaine inhibits such impulses and gabapentin 

is thought to reduce excitatory neurotransmitters within 
the CNS (28, 29). 

Remarkably, these 2 patients have been active athle-
tes all their lives, in contrast to most EM patients, who 
usually provoke symptoms through activity. One of 
the 2 patients in this study experienced a late onset of 
EM symptoms in her early thirties. This concurs with a 
previous report that refers to late onset of EM with this 
variant (22).

R1110Q and P610T variants 
The P610T allele occurs at a rate of 0.025 in the general 
population, and therefore we expected to see ~1.75 in-
dividuals carrying this variant by chance. Similar to the 
R1110Q, the variant is therefore considered to be both 
common and not enriched in EM patients, and is therefore 
unlikely to cause or contribute to EM.

The R1110Q variant has an allele frequency of 0.02 
in the general population and based on 35 sequenced 
patients (70 alleles) we expected this variant to be pre-
sent in ~1.4 patients by chance. The variant is therefore 
considered to be both common and not enriched in EM 
patients and is therefore unlikely to cause or contribute 
to EM.

The P610T variant in the SCN9A gene is a variant of 
unknown significance. One study reports a prevalence of 
P610T of 10 out of 210 control Caucasian chromosomes 
(30). The same study states that the P610T is shared 
by the proband and an unaffected, but not an affected 
sibling. The limited number of reports on this specific 
variant makes it difficult to assess the true prevalence. 
Probably the variant itself is too common to be causal. 

Both the patients with the P610T variant had elevated 
blood sugar values and insulin resistance at a young age. 
Diabetes is known to be a separate cause for neuropathy 
but is seldom a cause of EM. Both patients also suffer 
from recurrent depressive episodes, which could theo-
retically be linked to a nerve dysfunction.

The aetiology of EM has been debated for a number 
of years. Some authors have proposed that most cases of 
EM are caused by haematological conditions (31). Others 
have argued that the condition is caused by variants and 
accompanying dysfunction in autonomous nerves (25). 
In previous publications we have argued that EM is not 
a separate disease entity, but a symptom complex caused 
by dysregulation of microvascular perfusion in affected 
skin (1, 32). The dysregulation causes maldistribution of 
perfusion with increased thermoregulatory flow in the 
deep skin plexus (arterio-venous shunting), and with a 
relative reduction of nutritive perfusion in papillary capil-
laries, causing sub-epidermal areas with hypoxia. Such 
maldistribution can be caused by (i) autonomous nerve 
dysfunction secondary to variants in SCN9A, thin fibre 
neuropathy, diabetes, nerve injury etc.; (ii) haematolo-
gical conditions such as polycythaemia and leukaemia 

http://medicaljournalssweden.se/actadv
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affecting hemorheology; (iii) Pathological blood–tissue 
diffusion barrier (e.g., diabetes) or (iv) drugs or other 
chemical substances that affect regulation of microvas-
cular perfusion. 

In summary, 35 patients with primary EM were screen-
ed for variants in SCN9A. Five individuals were found 
to carry variants likely to cause EM, including 1e novel 
variant and a variant found in 2 related individuals. Over-
all, 4/34 (11.7%) unrelated individuals studied had EM 
likely caused by gain-of-function variants in the Nav1.7. 
The results show that variants in SCN9A are likely to 
cause or contribute to primary EM in a relatively small 
proportion of patients. 
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