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Summary

Clinical characteristics

Hypokalemic periodic paralysis (hypoPP) is a condition in which affected individuals may experience paralytic
episodes with concomitant hypokalemia (serum potassium <3.5 mmol/L). The paralytic attacks are
characterized by decreased muscle tone (flaccidity) more marked proximally than distally with normal to
decreased deep tendon reflexes. The episodes develop over minutes to hours and last several minutes to several
days with spontaneous recovery.

Some individuals have only one episode in a lifetime; more commonly, crises occur repeatedly: daily, weekly,
monthly, or less often. The major triggering factors are cessation of effort following strenuous exercise and
carbohydrate-rich evening meals. Additional triggers can include cold, stress/excitement/fear, salt intake,
prolonged immobility, use of glucosteroids or alcohol, and anesthetic procedures. The age of onset of the first
attack ranges from two to 30 years; the duration of paralytic episodes ranges from one to 72 hours with an
average of nearly 24 hours. Long-lasting interictal muscle weakness may occur in some affected individuals and
in some stages of the disease and in myopathic muscle changes. A myopathy may occur independent of paralytic
symptoms and may be the sole manifestation of hypoPP.

Diagnosis/testing

The diagnosis of hypoPP is established in a proband who meets the consensus diagnostic criteria based on a
history of attacks of muscle weakness associated with documented serum potassium <3.5 mmol/L during attacks
and/or the identification of a heterozygous pathogenic variant in CACNAIS or SCN4A. Of all individuals
meeting diagnostic criteria for hypoPP, approximately 30% do not have a pathogenic variant identified in either
of these known genes.

In the case of long-lasting interictal flaccid muscle weakness, imaging techniques can inform on the
pathogenesis, potential therapy, and prognosis. Muscle ultrasound and muscle 1H-MRI are reliable image
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techniques with high accuracy for the disease. The weakness can be caused by edemas, fatty muscle
degeneration, and muscle atrophy or a combination of these pathologies.

Management

Treatment of manifestations. Treatment varies depending on the intensity and duration of the paralytic attack.
Minor attacks may resolve spontaneously. Moderate attacks may be self-treated in a non-medical setting by
ingestion of oral potassium salts. Severe attacks typically require more intensive medical management with
intravenous potassium infusion, serial measurement of serum potassium concentration, clinical evaluation of
possible respiratory involvement, and continuous electrocardiogram monitoring. There is no known curative
treatment for hypoPP-related myopathy; physiotherapy may help to maintain strength and motor skills.

Prevention of primary manifestations. The goal of preventive treatment is to reduce the frequency and intensity of
paralytic attacks. This may be achieved by avoidance of triggering factors, adherence to a diet low in sodium and
carbohydrate and rich in potassium, and with the use of oral potassium supplementation. If dietary intervention
and oral potassium supplementation are not effective in preventing attacks, treatment with a carbonic anhydrase
inhibitor (acetazolamide or dichlorphenamide) may be necessary. If carbonic anhydrase inhibitors are not
tolerated or not effective after prolonged use, alternatives include potassium-sparing diuretics such as
triamterene, spironolactone, or eplerenone.

Prevention of secondary complications. Creating a safe environment, getting help in case of paralytic attack, and
preventing falls and accidents are critical; an affected person experiencing a paralytic attack must have access to
potassium as well as physical assistance and companions must be informed of the risk in order to enable rapid
treatment. Anesthetic complications should be prevented by strict control of serum potassium concentration,
avoidance of large glucose and salt load, maintenance of body temperature and acid-base balance, and careful
use of neuromuscular blocking agents with continuous monitoring of neuromuscular function. It is unknown
whether prevention of paralytic attacks also prevents the development of myopathy. Individuals with known
pathogenic variants in one of the genes associated with hypoPP who developed myopathy without having
experienced episodes of weakness have been reported.

Surveillance. The frequency of consultations is adapted to the individual's signs/symptoms and response to
preventive treatment. Periodic neurologic examination with attention to muscle strength in the legs should be
performed to detect long-lasting weakness associated with myopathy. For those taking acetazolamide, the
following are indicated every three months: complete blood count; electrolytes; and glucose, uric acid, and liver
enzyme levels. Renal ultrasound should be performed annually.

Agents/circumstances to avoid. Factors that trigger paralytic attacks (e.g., unusually strenuous effort,
carbohydrate-rich meals or sweets, cold, stress/excitement/fear, high salt intake, prolonged immobility, oral or
intravenous glucosteroids, certain anesthetic procedures, alcohol) should be avoided when possible.

Evaluation of relatives at risk. When the family-specific pathogenic variant is known, molecular genetic testing of
at-risk asymptomatic family members can identify those at risk for unexpected acute paralysis and/or possible
anesthetic complications.

Genetic counseling

HypoPP is inherited in an autosomal dominant manner. Most individuals diagnosed with hypoPP have an
affected parent. The proportion of cases caused by a de novo pathogenic variant is unknown. Offspring of a
proband are at a 50% risk of inheriting the pathogenic variant. Penetrance is about 90% in males and reduced in
females. Once the pathogenic variant has been identified in an affected family member, prenatal testing for a
pregnancy at increased risk and preimplantation genetic testing are possible.
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Diagnosis

Hypokalemic periodic paralysis (hypoPP) can be a primary condition or a symptom of an overarching syndrome
or disease (see Differential Diagnosis). This GeneReview focuses on primary hypoPP resulting from a genetic ion
channel abnormality.

Suggestive Findings

HypoPP should be suspected in individuals who describe episodic paralytic attacks with the following
symptoms and signs (Note: Strictly speaking, "periodic” is a misnomer, as the attacks do not occur at regular
intervals; "episodic" is a better descriptor.):

« Decreased muscle tone (flaccidity)

« Bilateral, symmetric, ascending (lower limbs affected before upper limbs) paralysis that is more marked in
proximal than in distal muscles with sparing of the cranial muscles

o Deep tendon reflexes that are normal or decreased and plantar reflexes that are normal (downward
movement of toes)

« Concomitant hypokalemia that is usually pronounced (0.9-3.5 mmol/L)

The typical evolution of symptoms is as follows:

 Rapid installation (over minutes or over hours)
 Duration of several minutes to several days
 Spontaneous recovery

Symptoms tend to occur under the following circumstances:

o At rest after strong physical exertion

« With fever

« At times of mental stress

» On awakening after a carbohydrate-rich meal the previous evening
o After prolonged immobility (e.g., with long-distance travel)

Suspicion for hypoPP is also raised in individuals who have

« A familial history of paralytic attack in earlier generations (father or mother, grandfather or grandmother)
and in sibs;

A personal history of previous spontaneously regressive episodes of paralysis or acute muscle weakness
with the above-mentioned characteristics;

« Long-lasting flaccid weakness, especially if the weakness is only moderate and is prevalent in the family.

Establishing the Diagnosis

The diagnosis of hypoPP is established in a proband who meets the consensus diagnostic criteria for primary
hypokalemic periodic paralysis as published in a Cochrane review [Sansone et al 2008] and/or with the
identification of a heterozygous pathogenic variant in one of the genes listed in Table 1.

Consensus diagnostic criteria

« Two or more attacks of muscle weakness with documented serum potassium <3.5 mEq/L
OR
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o+ One attack of muscle weakness in the proband and one attack of weakness in one relative with
documented serum potassium <3.5 mEq/L

OR

o Three or more of the following six clinical/laboratory features:

o Onset in the first or second decade

o Duration of attack (muscle weakness involving >1 limbs) longer than two hours

o The presence of triggers (previous carbohydrate rich meal, symptom onset during rest after exercise,
stress)

o Improvement in symptoms with potassium intake

o A family history of the condition or genetically confirmed skeletal calcium or sodium channel
mutation

o Positive long exercise test (see Clinical Testing Available; pdf)

AND

« Exclusion of other causes of hypokalemia (renal, adrenal, thyroid dysfunction; renal tubular acidosis;
diuretic and laxative abuse)

In individuals who have had one or more paralytic episodes, several tests can be used to differentiate between
primary hypoPP and the other possible causes.

See Clinical Testing Available (pdf) if the diagnosis is less apparent.

Atypical clinical presentation. In some individuals, hypoPP may present solely as long-lasting weakness due to
a progressive limb-girdle myopathy with no history of paralytic episodes. The diagnosis may be considered if
paralytic episodes are present in family members, whereas in simplex cases (i.e., a single occurrence in a family)
the diagnosis is often revealed only after muscle biopsy (see Clinical Description).

Molecular genetic testing approaches can include a combination of gene-targeted testing (multigene panel) and
comprehensive genomic testing (exome sequencing, genome sequencing) depending on the phenotype.

Gene-targeted testing requires that the clinician determine which gene(s) are likely involved, whereas genomic
testing does not. Because the phenotype of hypoPP is broad, individuals with the distinctive findings described
in Suggestive Findings are likely to be diagnosed using gene-targeted testing (see Option 1), whereas those in
whom the diagnosis of hypoPP has not been considered are more likely to be diagnosed using genomic testing
(see Option 2).

Option 1

When the phenotypic and laboratory findings suggest the diagnosis of hypoPP, the recommended approach is
the use of a multigene panel.

A multigene panel that includes CACNA1IS, SCN4A, and other genes of interest (see Differential Diagnosis) is
most likely to identify the genetic cause of the condition at the most reasonable cost while limiting identification
of variants of uncertain significance and pathogenic variants in genes that do not explain the underlying
phenotype. Note: (1) The genes included in the panel and the diagnostic sensitivity of the testing used for each
gene vary by laboratory and are likely to change over time. (2) Some multigene panels may include genes not
associated with the condition discussed in this GeneReview. (3) In some laboratories, panel options may include
a custom laboratory-designed panel and/or custom phenotype-focused exome analysis that includes genes
specified by the clinician. (4) Methods used in a panel may include sequence analysis, deletion/duplication
analysis, and/or other non-sequencing-based tests. Given the dominant-negative mechanism of disease and lack
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of reported large deletions or duplications in the genes associated with hypoPP, a multigene panel that also
includes deletion/duplication analysis is not typically recommended.

For an introduction to multigene panels click here. More detailed information for clinicians ordering genetic
tests can be found here.
Option 2

When the diagnosis of hypoPP is not considered because an individual has atypical phenotypic features,
comprehensive genomic testing (which does not require the clinician to determine which gene[s] are likely
involved) is the best option. Exome sequencing is the most commonly used genomic testing method; genome
sequencing is also possible.

For an introduction to comprehensive genomic testing click here. More detailed information for clinicians
ordering genomic testing can be found here.

Table 1. Molecular Genetic Testing Used in Hypokalemic Periodic Paralysis

Proportion of Pathogenic Variants 3 Detectable by Method

Gene 12 Proportion of HypoPP Attributed ‘
to Pathogenic Variants in Gene  Sequence analysis 4 dGlfnlci-tTgeted c}elétlgn/
plication analysis
CACNAIS ~40%-60% © ~100% Unknown 7
SCN4A 7%-14% © ~100% Unknown 7
Unknown ~30% 8 NA

1. Genes are listed in alphabetic order.

2. See Table A. Genes and Databases for chromosome locus and protein.

3. See Molecular Genetics for information on allelic variants detected in this gene.

4. Sequence analysis detects variants that are benign, likely benign, of uncertain significance, likely pathogenic, or pathogenic. Variants
may include small intragenic deletions/insertions and missense, nonsense, and splice site variants; typically, exon or whole-gene
deletions/duplications are not detected. For issues to consider in interpretation of sequence analysis results, click here.

5. Gene-targeted deletion/duplication analysis detects intragenic deletions or duplications. Methods used may include quantitative
PCR, long-range PCR, multiplex ligation-dependent probe amplification (MLPA), and a gene-targeted microarray designed to detect
single-exon deletions or duplications.

6. Miller et al [2004], Jurkat-Rott et al [2009], Matthews et al [2011]

7. No data on detection rate of gene-targeted deletion/duplication analysis are available.

8. Author, personal observation

Clinical Characteristics

Clinical Description

Large-scale studies of the natural history of primary hypokalemic periodic paralysis (hypoPP) have not been
performed. Thus, knowledge of the natural history relies largely on personal observations and on individual
cases that have been published with a retrospective description of the individual disease history.

Pattern of attacks. The natural history and expressivity vary greatly over time. Frequency ranges from a single
occurrence of a paralytic attack that may be triggered by exceptional circumstances (extreme physical effort,
specific medical intervention) to spontaneous recurrent attacks of variable frequency (ranging from multiple
attacks daily to less frequent attacks). The pattern of recurrent attacks may be linked more or less to identifiable
temporal and behavioral circumstances, and may evolve over years.


https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels_FAQs
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing_1
https://www.ncbi.nlm.nih.gov/books/n/gene/app2/
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Triggers of paralytic attacks. There may be identifiable triggers for paralytic attacks in hypoPP. In cohort studies
by Miller et al [2004] and Cavel-Greant et al [2012], affected individuals were given a list of triggers and asked
which trigger applied to their own case:

« Cessation of effort following strenuous exercise (e.g., football match) may trigger a paralytic attack.
Approximately 67% of affected individuals identified exercise as a trigger.

« Carbohydrate-rich evening meals followed by nocturnal rest may result in an immobilizing paralytic
attack in the morning. Approximately 45% of affected individuals identified heavy meals or sweets as a
trigger.

« Cold. In ~24%. Re-warming usually recovers muscle strength.

« Stress/excitement/fear/epinephrine. In ~12%. Stress, excitement, or fear results in the body producing
epinephrine, which makes episodes of paralysis more likely in some individuals. This appears to be due to
the effect of epinephrine in reducing blood potassium.

« Salt intake. In ~11%. One of the most potent triggers of hypokalemic periodic paralysis is consumption of
sodium chloride. The salt effect is far less known than the carbohydrate trigger. For many people it is
easier to reduce salt than it is to reduce carbohydrates. Many foods contain huge amounts of salt,
particularly snacks and tomato sauce. Soda drinks that contain both sodium and sugar are a particular
problem.

 Prolonged immobility is a trigger for most affected individuals. "To keep moving" is the general clinical
recommendation.

« Use of glucosteroids, especially parenterally, can trigger an attack.

 Anesthesia/ICU. During anesthesia there are many changes that can contribute to paralysis, including
cooling, glucose, mannitol, sodium, and certain anesthetics such as succinylcholine, the risk for which
requires preventive measures and careful anesthetic follow up (see Management). It is not clear that people
with hypoPP are at any increased risk for malignant hyperthermia.

 Alcohol. It is unclear why alcohol sometimes triggers periodic paralysis. It could be from electrolyte
imbalance, dehydration, or increased exercise or dietary indiscretion that often accompanies the
inebriated state.

Age of onset of paralytic attacks. Three cohort studies have addressed this issue [Sternberg et al 2001, Miller et
al 2004, Cavel-Greant et al 2012].

o The age of the first paralytic attack in affected individuals who develop repetitive attacks ranges from age
two years to 30 years, with a mean age of onset of 14 years. Occasionally, clinical manifestations can be
present at birth [Chabrier et al 2008].

« Disease onset is not likely after age 30 years.

« Age of symptom onset is correlated with sex (younger age of onset for girls than for boys).

Frequency of paralytic episodes

« In a cohort study by Miller et al [2004], the mean frequency of paralytic attacks was seven per month (2/
week), with a range of one attack per day to one attack every four months.

o It was formerly assumed that the frequency of attacks peaks and then decreases with age, but in a recent
survey only 21% of the patients reported decreased frequency with age [Cavel-Greant et al 2012].

Duration of paralytic episodes

« In the cohort study by Miller et al [2004], the duration of a paralytic episode ranged from one hour to 72
hours, with a mean duration of nearly 24 hours.
« Paralytic episodes may be followed by a period of weakness, obscuring the precise resolution of the attack.

Potassium levels during paralytic episodes


https://www.ncbi.nlm.nih.gov/books/n/gene/mhs/
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o The mean level of serum potassium during attacks was reported as 1.8 mmol/L in a cohort study by
Sternberg et al [2001] and as 2.3 mmol/L in a cohort study by Miller et al [2004]. The lowest reported
value was 1.2 mmol/L.

o Occasionally, normal potassium values are noted. The ictal potassium level depends on the pathogenic
variant (see Molecular Pathogenesis).

Respiratory involvement and fatal outcome. The involvement of respiratory muscles during paralytic attacks is
a rare but life-threatening complication of primary hypoPP. There are three possible life-threatening elements of
paralytic attacks:

» Hypokalemia leading to possible cardiac dysrhythmia

» Weakness or paralysis of respiratory muscles leading to acute respiratory insufficiency

« Inability to move that can lead to death if it occurs in a hostile environment (i.e., drowning if the paralytic
attack occurs in a swimming pool)

Long-lasting interictal flaccid weakness. Most individuals have normal muscle strength and physical activity
during the interictal period (i.e., between paralytic attacks), but in some affected individuals and in some stages
of the disease, there may be long-lasting weakness manifesting as abortive paralytic attacks occurring in rapid
succession over a long period (weeks, months). Such attacks may respond to treatment with carbonic anhydrase
inhibitors or aldosterone inhibitors (see Treatment of Manifestations).

« The frequency of long-lasting interictal muscle weakness is not known with certainty. It was present in all
11 affected individuals from the same family ranging from age 33 to 74 years [Links et al 1990] and in 28%
of a study group with a mean age of 39 years (range 8-66 years) [Sternberg et al 2001]. It is suspected that a
long-lasting interictal weakness is the result of a permanent increased Na+ uptake of the muscle fibers due
to the omega current, the leak current that passes through the voltage sensor domain of an abnormal
voltage-gated cation channel.

« From a survey in which participants were recruited by a patient support group, Cavel-Greant et al [2012]
found that 90% of 46 individuals (mean age 55 years) with a clinical diagnosis of hypoPP reported fatigue
and difficulties with daily activities and mild exercise. Sixty-seven percent of these individuals had
incurred injuries due to falls and nearly 50% needed mobility aids.

 Asno longitudinal prospective study has been performed, the risk for long-lasting interictal muscle
weakness as it pertains to age and the particular pathogenic variant present is unknown.

Myopathy. The development of more permanent fixed weakness due to myopathic muscle changes (fibrosis and
fatty replacement) appears to vary widely from one individual to another. The myopathy may occur independent
of paralytic attacks. Rarely, early signs of myopathy (e.g., Achilles' tendon shortening or scoliosis) may be present
in childhood - possibly the result of more severe pathogenic variants.

In the case of long-lasting interictal flaccid muscle weakness, imaging techniques can inform on the
pathogenesis, potential therapy, and prognosis. Muscle ultrasound and muscle 1H-MRI are reliable image
techniques with high accuracy for the disease. The weakness can be caused by edemas, fatty muscle
degeneration, and muscle atrophy or a combination of these pathologies.

Muscle histology. Typically, a muscle biopsy is not performed in the evaluation for hypoPP and histologic
findings associated with the myopathy in hypoPP may depend on the specific pathogenic variant. In individuals
with the p.Arg528His CACNA S variant, the usual finding is vacuoles. Two male members of a family with the
p.-Arg672Gly SCNA4 variant presented only with tubular aggregates [Sternberg et al 2001].

Weakness without paralytic attacks. In some individuals, hypoPP may present solely with long-lasting
weakness due to a progressive limb-girdle myopathy with no history of paralytic episodes.
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Additional symptoms that can co-occur with hypokalemic periodic paralysis. People with genetically proven
hypoPP often have other symptoms in addition to the paralysis:

« Pain (by some reports, more commonly associated with sodium-triggered episodes)
o Cramps

Among the 30% of people who appear to have hypoPP but do not have pathogenic variants in either of the genes
known to be associated with hypoPP, the following are often noted:

« Migraines

 Heart rhythm abnormalities

o Attention deficit disorder (ADD, ADHD)

« Relative insensitivity to the local anesthetic lidocaine and "dental anxiety”
« Severe premenstrual syndrome

Genotype-Phenotype Correlations

There are no clear cut genotype-phenotype correlations for either of the genes known to be associated with
hypoPP.

Penetrance

In general, the penetrance of this disorder is high (290%) in males and reduced in females. An exception to this
occurs with pathogenic variants with an arginine-to-glycine substitution for which high penetrance in males and
females is noted [Kim et al 2005, Wang et al 2005, Winczewska-Wiktor et al 2007].

Nomenclature
Names for hypokalemic periodic paralysis no longer in use include the following:

 Cavaré-Romberg syndrome
 Cavaré-Westphal syndrome

« Cavaré-Romberg-Westphal syndrome
o Westphal's disease

o Westphal's neurosis

Hypokalemic periodic paralysis was formerly most often known as Westphal's disease, as Karl Friedrich Otto
Westphal (1833-1890) first described extensively and convincingly the main characteristics of the disease, which
had previously been described as "periodic palsy" by Musgrave in 1727, Cavaré in 1853, and Romberg in 1857.
Hartwig reported a case of palsy with muscle inexcitability provoked by rest after exercise in 1875. Westphal
described a simplex case (i.e., single occurrence in a family); it was not until 1887 that a dominant pedigree was
described by Cousot.

Familial versus sporadic hypoPP. Hypokalemic periodic paralysis may be familial (f-hypoPP) or sporadic (s-
hypoPP), meaning that the affected individual has no known family history of hypoPP. Sporadic cases may be
the result of a de novo variant, of pathogenic variants with incomplete penetrance in other family members with
the variant, or of other as-yet unexplained factors. Pathogenic variants in the same genes may lead to either f-
hypoPP or s-hypoPP.

HypoPP1 versus hypoPP2. HypoPP1 and hypoPP2 are hypokalemic periodic paralysis linked respectively to
CACNA1S and SCN4A pathogenic variants. Some authors use the terms "hypoPP type 1" and "hypoPP type 2."
However, this could wrongly suggest that there are two clinical types of hypoPP. In fact, hypoPP1 and hypoPP2
are not distinct clinically.



Hypokalemic Periodic Paralysis

Prevalence

The prevalence of hypoPP is unknown but thought to be approximately 1:100,000 [Statland et al 2018]. However,
a demographic survey in England, relying on the data of the national specialist channelopathy service, reported a
minimum point prevalence of 0.13:100,000 (95% CI 0.10-0.17) [Horga et al 2013].

Genetically Related (Allelic) Disorders

CACNALIS. Pathogenic missense variants in CACNA1S may lead to malignant hyperthermia susceptibility
(MHS). However, CACNA 1S-related MHS represents less than 2% of all MHS [Carpenter et al 2009]. The
pathogenic variants that lead to CACNA1S-related MHS differ from those that cause primary hypoPP; they
include: p.Argl74Trp (affecting innermost arginine) in IS4 [Carpenter et al 2009]; p.Argl1086His, p.Arg1086Cys,
and p.Argl1086Ser in III-IV loop; and p.Thr1354Ser in IVS4-S5 loop [Pirone et al 2010]. In addition, pathogenic
variants in CACNAIS, the pore-forming subunit of the dihydropyridine receptor in skeletal muscle, can cause
congenital myopathy [Schartner et al 2017].

SCN4A. In addition to hypoPP, pathogenic variants in SCN4A cause other excitability disorders such as hyperPP,
normoPP, and essential tremor [Bergareche et al 2015] and can lead to complex forms of paramyotonia
congenita and periodic paralysis [Poulin et al 2018] (see Differential Diagnosis).

Table 2. Main Phenotypes Related to Pathogenic Variants in SCN4A

Phenotype

Hypokalemic periodic paralysis

Normokalemic periodic paralysis

Hyperkalemic periodic paralysis

Paramyotonia
congenita
(OMIM 168300)

Sodium channel myotonias known as
potassium-aggravated myotonia

Tremor

Main SCN4A Pathogenic Variants

p.Arg222Gly, p.Arg222Trp, p.Arg669His,
p-Arg672Cys, p.Arg672Gly, p.Arg672His,
p-Arg672Ser, p.Argl129Gln, p.Argl132Gln,
p-Argl135His

See Table 7.

p-Arg675Gly, p.Arg675Gln, p.Arg675Trp
See footnote 1.

p-Asn440Lys, p.Ile692Met, p.lle693Thr,
p-Thr704Met, p.Alal1156Thr, p.Met1360Val,
p.Argl451Cys, p.Argl451Cys, "p.Ile1490Leu-
p-Met14931le" 2, p.Ile1495Phe, p.Met1592Val
See footnote 1.

p-Leu266Val, p.Val1293lle, p.Thr1313Met,
p-Met1370Val, p.Ile1433Arg, p.Argl448His,
p-Arg1448Cys, p.Argl1448Pro, p.Arg1448Ser,
p-Ile1455Thr, p.Gly1456Glu, p.Val1458Phe,
p-Phel473Ser, p.Phel17051le

See footnote 1.

p-Val445Met, p.Val12931le, p.Gly1306Ala,
p-Gly1306Val, p.Gly1306Glu
See footnotes 1 and 3.

p-Gly1537Ser (pore region)
One case reported

Mechanism

Proton-selective or cation-selective
gating pore current at resting potential

Gating pore current at depolarized
potentials & in slow-inactivated state

Disrupted slow inactivation

Disrupted fast inactivation & disrupted
slow inactivation w/cold

Disrupted fast inactivation or enhanced
recovery from inactivation

Altered ion selectivity


https://www.ncbi.nlm.nih.gov/books/n/gene/mhs/
https://www.ncbi.nlm.nih.gov/books/n/gene/hyper-pp/
http://omim.org/entry/168300
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Table 2. continued from previous page.
Phenotype Main SCN4A Pathogenic Variants Mechanism
Congenital myasthenic syndrome One case reported

1. See Table A, Locus-Specific Databases and HGMD.

2. Complex allele ¢.4468 4479del12insCTCCTGGTCATA reported as p.lle1490Leu-p.Met14931le [Bendahhou et al 2000]

3. p.Gly1306Glu: Glu causes myotonia permanens with neonatal laryngospasms; also other SCM-causing variants (e.g., p.Gly1306Ala)
may be responsible for neonatal respiratory insufficiency (i.e. myotonia fluctuans).

4. Bergareche et al [2015]

5. Tsujino et al [2003]

Differential Diagnosis
The following signs and symptoms suggest a diagnosis other than hypokalemic periodic paralysis (hypoPP):

 Associated sensory symptoms, including pain or tenderness
o Sensory loss could suggest polyneuropathy such as Guillain-Barré syndrome.
o Pain could suggest myositis; however, some individuals with hypoPP report paralytic episodes as
painful.
« Urinary retention or constipation, which may be observed in other causes of acute or subacute paralysis,
but can occur rarely in hypoPP
 Associated symptoms that suggest myasthenia or involvement of the neuromuscular junction, including:
o Ptosis
o Diplopia
o Dysphagia
o Dysarthria
o Alteration or loss of consciousness
» Abnormal movement
« History of fever days before an attack, which could suggest poliomyelitis or other virus-caused paralysis
« History of back pain days before an attack, which could suggest acute transverse myelitis
« History of tick bite, which could suggest tick paralysis

HypoPP is the most common cause of periodic paralysis. The four major differential diagnoses are
normokalemic potassium-sensitive periodic paralysis (normoPP), hyperkalemic periodic paralysis (hyperPP),
thyrotoxic periodic paralysis (TPP), and Andersen-Tawil syndrome (ATS) (see Table 3).

Table 3. The Different Categories of Periodic Paralyses (PP) with Membrane Excitability Disorder and Associated Findings

HypoPP NormoPP HyperPP TpPP ! ATS
Episodic, periodic
. paralysis,
Weakness episodes  Weakness episodes We:'akness episodes . ventricular
T . . lasting mins to hrs ~ Identical to that of .
Main clinical lasting hrs to days  lasting hrs to days w/ . . arrhythmias,
. . w/concomitant the paralytic
features w/concomitant concomitant . prolonged QT
. . normo- or episodes of hypoPP .
hypokalemia normokalemia . interval,
hyperkalemia -
characteristic

anomalies 2

Late in 1st decade or
in 2nd decade
(usually after cardial
events)

Variable, dependent
Ist years of life on onset of
thyrotoxicosis

Late in 1st decade Late in 1st decade or

Age at first attacks or in 2nd decade in 2nd decade


https://www.ncbi.nlm.nih.gov/books/n/gene/cms/
https://www.ncbi.nlm.nih.gov/books/n/gene/hyper-pp/
https://www.ncbi.nlm.nih.gov/books/n/gene/acpp/
https://www.ncbi.nlm.nih.gov/books/n/gene/acpp/
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Table 3. continued from previous page.
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HypoPP NormoPP HyperPP TPP ! ATS
Cold, rest after
Rest after exercise,  Rest after exercise, ;;eirillze;lsge}:lsz,l
o carbohydrate rich  carbohydrate rich gHe . I Prolonged rest, rest
Main triggers . . hunger, changesin  Thyrotoxicosis .
meal, salt intake, meal, salt intake, o after exertion
activity level,
stress, cold stress, cold T
potassium in food,
specific foods
EMG: myotonic No Some Some No No
discharges
Late decrement Late decrement Initial CMAP Xirrl::slz S_C(ffﬁiie
EMG tests w/LET w/LET Pattern IV, V increase + decline normal CMAP + ’
(Pattern IV, V) (Pattern IV, V) .
decline etc)
Extramuscular Poss%ble . Cardiac arrhythmia;
. None None None manifestations of
expression . Dysmorphy
thyrotoxicosis
Prevention of ACZ, DCP ACZ, DCP ACZ, DCP Normal thyroid ACZ, DCP
paralysis attacks function
Curative treatment None None None T'reatment of thyroid None
disorder
Known causal or
susceptibility CACNAIS; SCN4A SCN4A KCNJ18 KCNj2
SCN4A
gene(s)
.. Cav 1.1;
Defective ion Nav 1.4; Nav 1.4 Nav 1.4 Kir 6.2 Kir 2.1
channel(s) Kir 6.2

ACZ = acetazolamide; CMAP = compound muscle action potential; DCP = dichlorphenamide; LET = long exercise test; SET = short
exercise test

1. OMIM 613239

2. ATS anomalies include low-set ears, widely spaced eyes, small mandible, fifth-digit clinodactyly, syndactyly, short stature, and
scoliosis.

Normo- and hyperkalemic paralysis (normo/hyperPP) differ in several ways from hypoPP:

« Serum concentration of potassium during the paralytic attacks is normal or elevated.

« Some triggering factors for hypoPP attacks (e.g., carbohydrate-rich meals) are not found.

« Age of onset of paralytic attacks is lower.

 Duration of attacks is assumed to be shorter. However, this is questionable, according to surveys of
affected individuals.

+ Electromyography shows myotonic discharges in most individuals between attacks; however, the response
patterns for short exercise test (SET) and long exercise test (LET) may be indiscernible; i.e., pattern IV or
V defined by Fournier et al [2004] may be caused by both hypokalemic and normo/hyperkalemic periodic
paralysis.

 In normokalemic PP, the reaction to oral potassium administration may be different than for hypoPP -
anything from amelioration to worsening of the weakness [Jurkat-Rott et al 2012].

Usually, the distinction between hypoPP and normo/hyperPP can be made on the basis of clinical, biologic (i.e.,
kalemia during an attack), and EMG findings and confirmed by molecular genetic testing [Miller et al 2004,
Vicart et al 2004, Fan et al 2013].


https://www.ncbi.nlm.nih.gov/books/n/gene/acpp/
http://www.omim.org/entry/613239
https://www.ncbi.nlm.nih.gov/books/n/gene/hyper-pp/
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Thyrotoxic periodic paralysis (TPP) (OMIM 613239) is most often not familial, but in some instances there
may be a familial predisposition. The clinical and biologic picture of TPP is identical to that of the paralytic
episodes of hypoPP. Furthermore, the EMG response patterns for SETs and LETs (i.e., patterns IV or V defined
by Fournier et al [2004]) for familial genetic hypoPP and TPP are identical when thyrotoxicosis is present. Males
of Asian origin, and possibly people of Latin American and African American origin, are assumed to be at
greater risk than people of other ethnic/racial origins for developing periodic paralysis as a consequence of
thyrotoxicosis.

Although TPP is not usually caused by classic hypoPP-causing pathogenic variants [Dias da Silva et al 2002, Ng
et al 2004], the association of TPP with genetically defined hypoPP and normoPP has been reported [Lane et al
2004, Vicart et al 2004]. An association with CACNA1S 5'UTR and intronic SNPs has been suggested but not
confirmed [Kung et al 2004]. A pathogenic variant in an inwardly rectifying potassium (Kir) channel (encoded
by KCNJ18) was identified in approximately one third of affected individuals in one series [Ryan et al 2010].

Because thyrotoxicosis may be a precipitating factor of genetically defined hypokalemic or normokalemic
periodic paralysis [Lane et al 2004, Vicart et al 2004], the following should be measured in anyone with weakness
and hypokalemia:

o Plasma thyroid-stimulating hormone (TSH) (reference range: 0.45-4.5 uU/mL)
o Free thyroxine (FT4) (reference range: 8.0-20.0 pg/mL)
o Free triiodothyronine (FT3) (reference range: 1.4-4.0 pg/mL)

Note: (1) Low TSH together with high FT3 and FT4 are diagnostic of hyperthyroidism. Treatment of
hyperthyroidism cures TPP. (2) TPP is distinct from hypokalemic periodic paralysis (hypoPP); however, at least
two instances of genetically diagnosed familial hypoPP for which hyperthyroidism was an additional trigger for
hypokalemic paralytic episodes have been reported [Lane et al 2004, Vicart et al 2004].

Andersen-Tawil syndrome (ATS) is characterized by a triad of episodic flaccid muscle weakness (i.e., periodic
paralysis), ventricular arrhythmias and prolonged QT interval, and anomalies including low-set ears, widely
spaced eyes, small mandible, fifth-digit clinodactyly, syndactyly, short stature, and scoliosis. Affected individuals
present in the first or second decade with either cardiac symptoms (palpitations and/or syncope) or weakness
that occurs spontaneously following prolonged rest or following rest after exertion. Long-lasting interictal
weakness is common. Mild learning difficulties and a distinct neurocognitive phenotype (i.e., deficits in
executive function and abstract reasoning) have been described. Incomplete clinical presentations are possible:
Andersen-Tawil syndrome may express itself as pure hypoPP. An electrocardiogram or a Holter-EKG recording
between attacks of weakness is necessary to evaluate for the possibility of Andersen-Tawil syndrome. The EMG
response patterns for short and long exercise tests may be identical; i.e., patterns IV or V defined by Fournier et
al [2004] may be caused by Andersen-Tawil syndrome as well as hypoPP. EKG should be performed again in an
interictal period in order to evaluate for a U wave, which is observed in Andersen-Tawil syndrome. Pathogenic
variants in KCNJ2 are causative [Plaster et al 2001]. Inheritance is autosomal dominant with reduced penetrance
and variable expressivity.

Hypokalemia caused by reduced potassium intake, enhanced renal excretion, or digestive loss. Because the
main clinical manifestation of hypokalemia is muscle weakness, it may be difficult in some cases to discriminate
between a paralytic attack of hypoPP and an episode of weakness associated with chronic hypokalemia of
another cause. In such cases the diagnosis relies on the correct interpretation of findings such as blood pressure,
urinary concentration of potassium, and blood concentration of bicarbonate (see Table 4).

See also Clinical Testing Available, Transtubular potassium concentration gradient and potassium-creatinine
ratio during paralytic attack (pdf).


http://www.omim.org/entry/613239
https://www.ncbi.nlm.nih.gov/books/n/gene/acpp/
https://www.ncbi.nlm.nih.gov/books/n/gene/hpp/bin/hpp-clintest_dx.pdf
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Table 4. Identifying the Cause of Secondary Hypokalemia

If blood &urinary & blood
pressure potassium  bicarbonate Diagnostic explanations

1S:

is: is:

o Primary or secondary inappropriate (pseudo) hyperaldosteronism
« Secondary hyperaldosteronism (1 renin blood concentration): renin secreting tumor,
renal artery stenosis, malignant hypertension

High « Hyperglucocorticism (normal renin blood concentration)

o Licorice (normal renin blood concentration)

>25 mmol/L High Liddle syndrome (tubulopathy)
High Past treatment w/diuretics
<25 mmol/L Gastrointestinal losses

Low or normal . S
o Insufficient potassium intake

» Vomiting

Normal . o Present treatment w/diuretics
High . .
« Bartter syndrome (tubulopathy w/normo- or hypercalcuria, normomagnesemia)
>25 mmol/L « Gitelman syndrome (tubulopathy w/hypocalciuria, hypomagnesemia)
« Distal tubular acidosis type 1, 2 (but not 4, in which there is hyperkalemia)
Low . C
o Diabetic acidosis
Management

Evaluations Following Initial Diagnosis

To establish the extent of disease and needs in an individual diagnosed with hypokalemic periodic paralysis
(hypoPP), the evaluations summarized in this section (if not performed as part of the evaluation that led to the
diagnosis) are recommended.

During an acute paralytic attack

Assessment of respiratory status to detect those individuals who may have early respiratory failure
Measurement of serum potassium concentration

Cardiac electrophysiologic testing (EKG) to assess for life-threatening cardiac consequences of
hypokalemia

Assessment for swallowing difficulty

Between attacks or in a currently asymptomatic individual

Neurologic examination to assess muscle strength in the legs
Measurement of the following thyroid functions (see Note):
o Plasma thyroid-stimulating hormone (TSH)
o Free thyroxine (FT4)
o Free triiodothyronine (FT3)
In those with long-lasting interictal weakness, consideration of muscle sonography or MRI scan of
muscles (e.g. thigh) to evaluate the extent of myopathy [Weber et al 2019]
Consultation with a clinical geneticist and/or genetic counselor

Note: (1) Hyperthyroidism may be a trigger for a hypokalemic episode in individuals with hypoPP; (2) thyroid
function tests may help to distinguish between hypoPP and TPP in those who have a pathogenic variant in
KCNJ18.
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For a comprehensive summary of the management of hypokalemic periodic paralysis, see Levitt [2008] (full
text). The principles of treatment are summarized in Table 5 [Jurkat-Rott & Lehmann-Horn 2010, Greig 2016.]

Table 5. Principles of Treatment for Individuals with HypoPP

Goal

Means

Avoid:

To avoid triggering or aggravating
factors for paralytic attacks

Treatment of paralytic attack:

« Shorten/prevent aggravation of
the weakness episode.
« Normalize kalemia. .

Strenuous effort;
Prolonged immobility;
Carbohydrate-rich diet;
High sodium diet.

Provide potassium supplementation (oral,
or IV if oral impossible or if potassium very
low).

Avoid glucose intake.

Daily potassium supplementation

Preventive treatment for paralytic
attacks

Acetazolamide

Dichlorphenamide

Potassium-sparing diuretics

Preventive treatment for late-onset

Acetazolamide?

myopathy

Medical precautions

Other elements of management

Avoid corticosteroids if possible.
Use alpha- or beta adrenergic drugs w/
caution, even in local anesthesia or

ophthalmology.

Kinesiotherapy in case of long-lasting pelvic
deficit

Adaptive measures: (1) at school &
especially for sports; (2) in work setting

Practical Details

Monitor episodes of weakness
noting time of day & specific
triggers.

Provide dietary review/
counseling.

Do not use slow-release forms
of potassium.

Oral potassium: initially, 1
mEq/kg; add 0.3 mEq/kg after
30 min if no improvement

IV potassium: 0.3 mEq/kg/h

Slow-release forms of potassium may be

used.

Paralytic crisis. Treatment of the paralytic crisis is far from perfect, as the only tool is the administration of
potassium by mouth or IV, which addresses the hypokalemia directly, but the weakness only indirectly.
Resolution of muscle weakness and normalization of the serum concentration of potassium are not strictly
parallel. The serum concentration of potassium may normalize before weakness begins to resolve.

During a paralytic attack, there is usually no true potassium depletion in the body (unless there are associated
digestive or renal losses from another cause), but there is a reversible transfer of potassium from the extracellular
to the intracellular space. The global potassium pool (and especially the intracellular pool of the body) is
conserved, and the goal of the treatment is to raise the blood potassium level just enough to trigger the shift to
repolarization of skeletal muscle membrane, and the liberation of intracellularly sequestered potassium.

Mild to moderate paralytic episodes

 Treatment may occur in a familial or non-medical setting if the diagnosis is well-established and the
affected individual is able to manage paralytic episodes.


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2374768/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2374768/
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« Rapid recovery is typically possible with oral intake of chloride potassium salts, either as capsules or
liquid-containing vials. Aqueous potassium contained in vials may act more rapidly.

« An initial intake of ImEq/kg potassium chloride is often used (60 mEq; i.e., 4.5 g of potassium chloride for
a 60-kg person).

A response (at least partial) should be seen after 30 minutes. If no improvement occurs after 30 minutes,
an additional 0.3 mEq/kg can be administered (20 mEq; i.e., 1.5 g of potassium chloride for a 60 kg
person).

Note: (1) Slow-release forms of potassium should be avoided during a paralytic attack. (2) Potassium ingesting
should be followed by oral intake of water (e.g., 100 mL (4 oz) of water for each 20 mEq of potassium). (3)
Liquids containing high sugar or sodium content should be avoided.

Severe paralytic episodes. If an affected individual has followed the instructions above for a mild to moderate
attack and either no improvement or further aggravation is observed after an additional 30 minutes, medical
supervision with measurement of serum potassium level should be considered.

o The total dose of potassium taken over a 24-hr period for the treatment of an acute attack should not
exceed 200 mEq.

« During severe paralytic episodes or attacks associated with respiratory, swallowing, or speaking
difficulties, or with signs of arrhythmia, the affected individual must be transferred to hospital.

o In the case of very low serum potassium and severe symptoms (airway compromise with ictal dysphagia,
accessory respiratory muscle paralysis, arrhythmia associated with hypokalemia), intravenous potassium
treatment should be initiated. Note the following critical points:

o The concentration of intravenous potassium chloride solution should not exceed 40 mEq/L because
of the risk for thrombophlebitis (the use of a central catheter is rarely necessary).

o The solution should be given as a continuous infusion that does not exceed 0.3 mEq/kg/h of
potassium (i.e., 18 mEq/h for a 60-kg person) because of the high risk for arrhythmia or cardiac
arrest associated with faster infusions.

o The physician should be aware that hyperkalemia may occur, as there is no true potassium
depletion; a reverse shift of potassium from the intracellular to the extracellular space occurs during
the resolution of paralytic episode.

A Y-branched peripheral venous line containing potassium chloride should be branched to a perfusion of
mannitol or normal saline (avoid glucose-containing solutions, which may enhance hypokalemia).

o To prevent cardiac arrhythmias, it is important to monitor the EKG before, during, and after treatment
and to perform repeat assessments of blood potassium concentration:

o A prominent increase in the amplitude of the U wave, triggered by hypokalemia, is associated with a
higher susceptibility to the ventricular arrhythmia known as torsades de pointes. Some individuals
exhibit serious arrhythmias even in the presence of mild hypokalemia.

o Large and sharp T waves are a marker of hyperkalemia and may occur during and after recovery;
they are associated with a risk for cardiac arrest.

 Monitoring of EKG and blood potassium concentration must be continued some hours after
normalization of the serum potassium concentration, in order to detect a relapse of hypokalemia or the
development of hyperkalemia secondary to excessive potassium load.

« Administration of supplemental potassium must be discontinued when the serum potassium
concentration is normalized, even if weakness persists.

Attempting to abort paralytic attacks when they begin. Affected individuals are advised to keep a sufficient
dose of potassium in various places (at the bedside, in pockets or handbags, in the car) so that when warning
symptoms appear, the person can take potassium and possibly avoid a full-blown attack, which would usually
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occur within minutes [Levitt 2008]. It is also acknowledged that maintaining mild physical activity may abort
attacks in some cases.

Myopathy. No curative treatment is known for fixed myopathy in hypoPP. The effects of muscle weakness are
managed as in other disorders with similar manifestations.

« Physiotherapy may help to maintain strength and motor abilities, especially after 40 years of age, when
long-lasting muscle weakness is more often seen.

o The physiotherapist must be aware of the following peculiarity of periodic paralysis: that sustained effort
results in exacerbation of weakness. Therefore, self-managed exercise should be preferred to superimposed
physiotherapy [Cavel-Greant et al 2012].

Prevention of Primary Manifestations

Preventive treatment is intended to decrease the frequency and intensity of paralytic attacks. Triggering factors
need to be identified and, if possible, avoided (see Table 5).

A diet rather low in sodium and carbohydrate and rich in potassium is recommended.

Potassium supplementation for prevention and treatment of attacks is an empiric but effective treatment for
shortening attacks and sometimes preventing their occurrence (see Treatment of Manifestations).

o Oral intake of potassium salts (10-20 mmol/dose, 3 doses/day) can prevent attacks, especially if the dose of
potassium is taken some hours before the usual time of the attack (i.e., a nocturnal dose if crises occur at
awakening).

« For individuals receiving chronic potassium supplementation for hypoPP, magnesium might be added,
which can be helpful to promote renal retention of potassium and, therefore, reduce the potassium dose
[Statland et al 2018].

Carbonic anhydrase inhibitors (in particular acetazolamide and dichlorphenamide) have been used for almost
50 years as empiric treatment for both hypoPP and hyperPP [Matthews et al 2011]. The mechanism of action in
periodic paralyses is incompletely understood. Carbonic anhydrase inhibitors promote kaliuresis and a
nonanion gap acidosis by increasing urinary bicarbonate excretion. The systemic acidosis may reduce the
susceptibility to periodic paralysis [Matthews & Hanna 2010]. An alternative proposal is enhanced opening of
calcium-activated K+ channels [Tricarico et al 2004]. In addition, carbonic anhydrase inhibitors also may be
effective for treating long-lasting interictal weakness in hypoPP by reducing intracellular sodium accumulation
(vide supra) [Statland et al 2018].

Acetazolamide is generally considered the additive treatment of choice for prevention of paralytic attacks and
myopathy in hypoPP.

However, there is no standardized treatment regimen and no consensus as to when to start treatment with
acetazolamide.

o Typical dosage for acetazolamide in adults is between 125 mg/day and 1000 mg/day (usually 250-500 mg/
day), divided into three doses and taken with meals; in children a dose of 5-10 mg/kg/day, divided into
three doses and taken with meals, is used.

» Acetazolamide treatment:

o Is beneficial in approximately 50% of individuals with hypoPP
o Has no effect in 30% of affected individuals
o May exacerbate hypoPP in individuals with who have a pathogenic variant in SCN4A

« In some affected persons, long-lasting interictal weakness may be partly reversed and muscle strength may

be improved by acetazolamide treatment [Lehmann-Horn et al 2008]
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o Whether acetazolamide treatment prevents or treats myopathy and the resulting fixed weakness that
occurs with age is unknown.
o Further studies are needed to evaluate the effect of preventive acetazolamide treatment on attack
rate, severity-weighted attack rate, long-lasting interictal weakness, and myopathy.
« Common side effects of carbonic anhydrase inhibitors include paresthesia, fatigue, mild, reversible
cognitive disturbances and an increased risk of nephrolithiasis.

Dichlorphenamide was recently approved by the FDA for the treatment of PP. Dichlorphenamide has been
evaluated in four randomized, placebo- controlled studies, two each in patients with hypoPP and hyperPP
[Sansone et al 2016].

While randomized controlled trials of dichlorphenamide were performed in adults, the same approach is taken
for children; dose adjustments may be required based on age.

These studies demonstrated a significant reduction in the frequency and severity of the attacks. During a 52-
week extension, in which all remaining participants received open-label dichlorphenamide, continued
improvement in outcomes was observed in both placebo and dichlorphenamide groups.

« The dose of dichlorphenamide was 50 mg twice daily for treatment-naive patients.

« Individuals already on dichlorphenamide before the study continued on the same dose during the study.

« In those taking acetazolamide before the study, the dose of dichlorphenamide was set at 20% of the
acetazolamide dose.

« Dose reduction for tolerability was permitted.

« The mean dose of dichlorphenamide at week 9 was 82 mg/day.

« The most common side effects with dichlorphenamide were paresthesias, cognitive disorder, dysgeusia,
headache, fatigue, hypoesthesia, and muscle spasms, generally not requiring discontinuation of
dichlorphenamide, and reversible with drug discontinuation.

In the recent study of diclorphenamide [Sansone et al 2016], quality of life was assessed at 9 weeks and
significant improvement was reported for the physical component and physical functioning, working time,
bodily pain, vitality, and social functioning in those with hypoPP.

Alternatives to carbonic anhydrase inhibitors. If carbonic anhydrase inhibitors are not tolerated or not
effective after prolonged use, alternatives include potassium sparing diuretics like triamterene 50-150 mg/day,
spironolactone 25-100 mg/day or eplerenone 50— 100mg daily.

 Because spironolactone is associated with a long half-life for substrate degradation, the individual can
become hyperkalemic and weaker, develop cardiac arrhythmias, and suffer from hair loss. Additionally,
spironolactone has androgenic side effects.

« The modern spironolactone derivate Eplerenone may be preferred because it causes fewer androgenic side
effects. In addition, it has a very high repolarizing power, the parameter considered as most relevant for a
beneficial effect.

« For individuals with hypoPP, potassium supplementation and a potassium-sparing diuretic may be used
concomitantly, but potassium levels should be routinely monitored.

Prevention of Secondary Complications

Creating a safe environment, getting help in case of paralytic attack, and preventing falls and accidents are
critical [Levitt 2008].

 An affected person experiencing a paralytic attack must have access to potassium as well as physical
assistance. Thus, those with hypoPP should inform their companions or acquaintances of their risk for
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paralytic attack, especially in a sports or school context, so that they can access appropriate help rapidly in
case of an attack.

o Falls and injuries from falls are frequent in those with hypoPP (67% of affected individuals age >40 years
report such falls and injuries) [Cavel-Greant et al 2012].

Pre- or postoperative paralysis. Because of the risk for paralysis preceding or following anesthesia, precautions
should be taken during administration of anesthesia to individuals with hypoPP. Individuals with hypoPP
should be considered possibly susceptible to malignant hyperthermia and managed with a non-triggering
anesthetic technique - although general anesthesia using volatile anesthetics and succinylcholine has been
reported as safe in a small number of individuals with hypoPP.

General guidelines for perioperative care include the following:

o Strict control of serum potassium concentration

« Avoidance of large glucose and salt loads

» Low-carbohydrate diet

« Maintenance of body temperature and acid-base balance

o Careful use of neuromuscular blocking agents and no depolarizing muscle relaxants

Late-onset myopathy with fixed muscle weakness. It is not known whether the prevention of paralytic attacks
also prevents the development of myopathy. Individuals with known pathogenic variants who developed
myopathy without having experienced episodes of weakness have been reported. Therapy with spironolactone or
eplerenone might be beneficial.

Surveillance

The frequency of consultations needs to be adapted to the individual's signs and symptoms and response to
preventive treatment. Neurologic examination with attention to muscle strength in the legs should be
performed, in order to detect long-lasting interictal weakness associated with myopathy.

For those individuals who take acetazolamide the following parameters should be evaluated every three months:
complete blood count, electrolytes, glucose, uric acid, and liver enzyme levels. Renal ultrasound should be
performed annually.

Agents/Circumstances to Avoid
Avoid anything that can trigger paralytic attacks in the individual case, including the following:

« Unusually strenuous effort

 Excess of carbohydrate-rich meals or sweets

« Cold

o Stress/excitement/fear

 High salt intake

 Prolonged immobility

o Oral or intravenous glucosteroids

« Use of cooling, glucose and/or mannitol infusion, excessive sodium- containing fluids and certain
anesthetics such as succinylcholine during anesthesia

« Use of alcohol


https://www.ncbi.nlm.nih.gov/books/n/gene/mhs/
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Evaluation of Relatives at Risk

It is appropriate to evaluate apparently asymptomatic older and younger at-risk relatives of an affected individual
in order to identify as early as possible those at risk for unexpected acute paralysis and/or possibly malignant
hyperthermia and who would benefit from prompt initiation of treatment and preventive measures.

Evaluations include:

« Molecular genetic testing if the pathogenic variant in the family is known;
o Detailed history (with attention to full or incomplete paralytic crises in the past and/or adverse response
to glucose infusion, surgery, or general anesthesia) and neurologic examination.

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling purposes.

Pregnancy Management

In general, there is no increased risk for paretic attacks in pregnancy. While in utero acetazolamide exposure is
reported to cause limb defects in rodents, acetazolamide therapy during human pregnancy does not appear to
increase the risk for fetal malformations [Heinonen et al 1977]. Eplerenone, if taken during pregnany, may cause
hirsutism in the newborn.

See MotherToBaby for further information on medication use during pregnancy.

Therapies Under Investigation

Recent studies in mouse models of hypoPP with both SCN4A pathogenic variants and CACNAIS pathogenic
variants show that maneuvers to reduce the activity of the Na-K-2Cl (NKCC) co-transporter can reverse an
acute attack of hypoPP and protect against an attack triggered by low K* exposure [Wu et al 2013]. The
beneficial effect is the result of biasing intracellular chloride to be low, which promotes hyperpolarization of the
resting potential. The NKCC co-transporter is activated by hyperosmolarity (hence the importance of avoiding
high sodium diet, dehydration, hyperglycemia and mannitol) and is inhibited by loop diuretics such as
bumetanide [Wu et al 2013, Statland et al 2018].

Search ClinicalTrials.gov in the US and EU Clinical Trials Register in Europe for access to information on
clinical studies for a wide range of diseases and conditions. Note: There may not be clinical trials for this
disorder.

Genetic Counseling

Genetic counseling is the process of providing individuals and families with information on the nature, mode(s) of
inheritance, and implications of genetic disorders to help them make informed medical and personal decisions. The
following section deals with genetic risk assessment and the use of family history and genetic testing to clarify genetic
status for family members; it is not meant to address all personal, cultural, or ethical issues that may arise or to
substitute for consultation with a genetics professional. —ED.

Mode of Inheritance

Hypokalemic periodic paralysis (hypoPP) is inherited in an autosomal dominant manner.

Risk to Family Members

Parents of a proband


http://www.mothertobaby.org/
http://clinicaltrials.gov/
http://www.clinicaltrialsregister.eu/ctr-search/search
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» Most individuals diagnosed with CACNA1S or SCN4A-related hypoPP inherited a pathogenic variant
from a heterozygous parent who may or may not be affected (the autosomal dominant inheritance pattern
may be masked by reduced penetrance or failure to recognize the disorder in preceding generations). Less
frequently, a proband with CACNA1S or SCN4A-related hypoPP has the disorder as the result of a de novo
pathogenic variant [Sung et al 2012].

o The overall proportion of hypoPP cases caused by a de novo pathogenic variant is unknown.

« Recommendations for the evaluation of parents of an individual with an apparent de novo pathogenic
variant (i.e., no known family history of hypoPP) include:

o A search for a history of full or incomplete paralytic crises in the past and/or adverse response to
glucose infusion, surgery, or general anesthesia

o Neurologic examination with evaluation of muscle strength

© Molecular genetic testing if the hypoPP-related pathogenic variant has been identified in the
proband.

o If the pathogenic variant found in the proband cannot detected in leukocyte DNA of either parent,
possible explanations include a de novo pathogenic variant in the proband or parental germline mosaicism
(though theoretically possible, no instances of germline mosaicism have been reported).

o If clinical testing of both parents is inconclusive and predictive molecular genetic testing is not possible
(i.e., if a pathogenic variant has not been identified in the proband), both parents may need to be
considered at risk for complications, including unexpected acute paralysis and hypokalemia, and possibly
malignant hyperthermia associated with anesthesia.

Sibs of a proband. The risk to the sibs of the proband depends on the clinical/genetic status of the proband’s
parents:

o Ifa parent is affected and/or is known to have the pathogenic variant identified in the proband, the risk to
each sib of inheriting the CACNA1IS, or SCN4A pathogenic variant is 50%. Reduced penetrance has been
observed.

o If the CACNAIS or SCN4A pathogenic variant found in the proband cannot be detected in the leukocyte
DNA of either parent, the recurrence risk to sibs is estimated to be 1% because of the theoretic possibility
of parental germline mosaicism [Rahbari et al 2016].

o If the parents are clinically unaffected but their genetic status is unknown, the risk to the sibs of a proband
appears to be low. However, sibs of a proband with clinically unaffected parents are still presumed to be at
increased risk for hypoPP because of the possibility of reduced penetrance in a parent or the theoretic
possibility of parental germline mosaicism.

Offspring of a proband. Each child of an individual with hypoPP has a 50% risk of inheriting the hypoPP-
related pathogenic variant.

Other family members. The risk to other family members depends on the genetic status of the proband's
parents: if a parent is affected and/or has a pathogenic variant in CACNAIS or SCN4A, his or her family
members are at risk.

Related Genetic Counseling Issues

See Management, Evaluation of Relatives at Risk for information on evaluating at-risk relatives for the purpose
of early diagnosis and treatment.

Testing of at-risk asymptomatic family members. When a pathogenic variant in CACNAIS or SCN4A is
identified in an individual, testing of at-risk, asymptomatic family members is appropriate because of the risk for
unexpected acute paralysis and/or possibly malignant hyperthermia. When the results of predictive testing are
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not known, family members must be considered at risk for complications and precautions must be taken,
particularly in the administration of anesthesia.

Considerations in families with an apparent de novo pathogenic variant. When neither parent of a proband
with an autosomal dominant condition has the pathogenic variant identified in the proband or clinical evidence
of the disorder, the pathogenic variant is likely de novo. However, non-medical explanations including alternate
paternity or maternity (e.g., with assisted reproduction) and undisclosed adoption could also be explored.

Family planning

o The optimal time for determination of genetic risk and discussion of the availability of prenatal/
preimplantation genetic testing is before pregnancy.

o Itisappropriate to offer genetic counseling (including discussion of potential risks to offspring and
reproductive options) to young adults who are affected or at risk.

DNA banking is the storage of DNA (typically extracted from white blood cells) for possible future use. Because
it is likely that testing methodology and our understanding of genes, allelic variants, and diseases will improve in
the future, consideration should be given to banking DNA of affected individuals.

Prenatal Testing and Preimplantation Genetic Testing

Once the CACNA1S or SCN4A pathogenic variant has been identified in an affected family member, prenatal
testing for a pregnancy at increased risk and preimplantation genetic testing are possible.

Differences in perspective may exist among medical professionals and in families regarding the use of prenatal
testing. While most centers would consider use of prenatal testing to be a personal decision, discussion of these
issues may be helpful.

Resources

GeneReviews staff has selected the following disease-specific and/or umbrella support organizations and/or registries
for the benefit of individuals with this disorder and their families. GeneReviews is not responsible for the
information provided by other organizations. For information on selection criteria, click here.
« National Library of Medicine Genetics Home Reference
Hypokalemic periodic paralysis
o Periodic Paralysis Association (PPA)

www.periodicparalysis.org

« Periodic Paralysis International
Canada

www.hkpp.org

« ACHSE e.V. (German National Alliance for Chronic Rare Diseases)
c/o DRK-Kliniken Berlin | Mitte
Drontheimer Straf3e 39
Berlin 13359
Germany
Phone: 49-30-3300708-0


https://www.ncbi.nlm.nih.gov/books/n/gene/app4/
https://ghr.nlm.nih.gov/condition/hypokalemicperiodicparalysis
https://periodicparalysis.org
https://hkpp.org
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Fax: 0180/ 589 89 04
Email: info@achse-online.de

www.achse-online.de

« Deutsche Gesellschaft fiir Muskelkranke e.V.
Joachim Sprof3
Im Moos 4
Freiburg
Germany
Phone: 07665 / 9447-0
Fax: 07665 / 9447-20
Email: info@dgm.org
www.dgm.org
« Muscular Dystrophy Association (MDA) - USA
Phone: 833-275-6321

Email: ResourceCenter@mdausa.org

mda.org

e Muscular Dystrophy UK
United Kingdom
Phone: 0800 652 6352
musculardystrophyuk.org

Molecular Genetics

GeneReviews

Information in the Molecular Genetics and OMIM tables may differ from that elsewhere in the GeneReview: tables

may contain more recent information. —ED.

Table A. Hypokalemic Periodic Paralysis: Genes and Databases

Gene Chromosome Locus Protein

CACNAIS 1g932.1 Voltage-dependent L-
type calcium channel
subunit alpha-1S

SCN4A 17q23.3 Sodium channel protein

type 4 subunit alpha

Locus-Specific Databases HGMD ClinVar
Calcium channel, voltage- CACNALIS CACNAIS
dependent, L type, alpha 1S

subunit (CACNA1S) @

LOVD

Sodium channel, voltage- SCN4A SCN4A

gated, type IV, alpha subunit
(SCN4A) @ LOVD

Data are compiled from the following standard references: gene from HGNC; chromosome locus from OMIM; protein from UniProt.
For a description of databases (Locus Specific, HGMD, ClinVar) to which links are provided, click here.

Table B. OMIM Entries for Hypokalemic Periodic Paralysis (View All in OMIM)

114208 CALCIUM CHANNEL, VOLTAGE-DEPENDENT, L TYPE, ALPHA-1S SUBUNIT; CACNA1S
170400 HYPOKALEMIC PERIODIC PARALYSIS, TYPE 1; HOKPP1
603967 SODIUM VOLTAGE-GATED CHANNEL, ALPHA SUBUNIT 4; SCN4A

®


https://www.achse-online.de/de/
https://www.dgm.org/
http://www.mda.org
http://www.musculardystrophyuk.org/
https://www.ncbi.nlm.nih.gov/gene/779
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=779
http://www.uniprot.org/uniprot/Q13698
http://www.uniprot.org/uniprot/Q13698
http://www.uniprot.org/uniprot/Q13698
http://www.lovd.nl/CACNA1S
http://www.lovd.nl/CACNA1S
http://www.lovd.nl/CACNA1S
http://www.lovd.nl/CACNA1S
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CACNA1S
https://www.ncbi.nlm.nih.gov/clinvar/?term=CACNA1S[gene]
https://www.ncbi.nlm.nih.gov/gene/6329
https://www.ncbi.nlm.nih.gov/genome/gdv/?context=gene&acc=6329
http://www.uniprot.org/uniprot/P35499
http://www.uniprot.org/uniprot/P35499
http://www.lovd.nl/SCN4A
http://www.lovd.nl/SCN4A
http://www.lovd.nl/SCN4A
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=SCN4A
https://www.ncbi.nlm.nih.gov/clinvar/?term=SCN4A[gene]
http://www.genenames.org/index.html
http://www.omim.org/
http://www.uniprot.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/app1/
https://www.ncbi.nlm.nih.gov/omim/114208,170400,603967
https://www.ncbi.nlm.nih.gov/omim/114208
https://www.ncbi.nlm.nih.gov/omim/170400
https://www.ncbi.nlm.nih.gov/omim/603967
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Molecular Pathogenesis

The two genes associated with primary hypoPP, CACNA 1S and SCN4A, encode subunits of voltage-gated ion
channels that are primarily expressed in skeletal muscle cells:

e CACNAIS encodes Cavl.1
e SCNA4A encodes Navl.4

The common etiology for weakness in an episode of hypoPP is a failure to maintain the resting potential in low
K. The clinical hypoPP phenotype is identical, regardless of whether the underlying pathogenic variant is in
CACNAIS or SCN4A. HypoPP-causing variants result in an anomalous gating pore current.

In all forms of periodic paralysis, ictal paresis is caused by depolarization of the muscle sarcolemma, which in
turn causes sodium channel inactivation and reduced fiber excitability. This depolarization is caused by a
pathogenic variant in voltage-gated cation channels, i.e. most often CACNAIS or SCN4A. Weakness in an
episode of hypoPP is a failure to maintain the resting potential in low K+. Pathogenic variants tend to result in
the neutralization of positively charged residues in the voltage-sensing S4 transmembrane segments, impeding
its movement. In addition to abnormal gating of the ion-conducting alpha pore, pathogenic variants can also
cause omega currents or gating pore currents, facilitated by the movement of mutated S4 segments, which also
contribute to symptoms. These omega currents conduct cations by aqueous cavities with varying ion selectivity
and are activated in either a hyperpolarized or depolarized voltage range. This omega current is of relatively
small amplitude and difficult to distinguish from a nonspecific leakage current.

Both hypoPP and normoPP are caused by single pathogenic variants in positively charged residues (i.e., gating
charges) in the S4 transmembrane segment of the voltage sensor of Nav 1.4 or Cav 1.1. Pathogenic variants of
the outermost gating charges (R1 and R2) cause hypoPP by creating a pathogenic gating pore in the voltage
sensor through which cations leak in the resting state. Pathogenic variants of the third gating charge (R3) cause
normoPP by a cation leak both in activated and inactivated states (see Figures 1 and 2).

The protein domain location of pathogenic variants associated with disorders correlates between Cavl.1 and
Navl.4 (see Figures 1 and 2) [Matthews et al 2011, Jurkat-Rott et al 2012, Groome et al 2014, Cannon 2017, Jiang
et al 2018]:

« HypoPP
o Cavl.l: outermost gating charges R1 or R2 of domains II, III, and IV
o Navl.4: outer arginine residues of S4 (R1 or R2) in domains I, II, or III
« NormoPP
o Cavl.l: one missense corresponds to a Nav1.4 missense deeper in S4 compared to hypoPP variants
o Navl.4: deeper in S4 compared to hypoPP variants

CACNA1S

Gene structure. CACNA1S has 44 exons. For a detailed summary of gene and protein information, see Table A,
Gene.

Pathogenic variants. See Table 6. Pathogenic variants in CACNA1S proven to cause hypoPP are almost
exclusively nucleotide substitutions causing an amino acid change that turns positively charged arginines of
voltage sensor S4 segments into other amino acids (most often histidine; sometimes glutamine, serine, glycine,
cysteine; see Figure 1. Additional dominant and recessive variants are shown in Figure 2.
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Cavl.1l mutations

DI DIl (1] DIV

~U

NU @ ®

C

@ HypoPP type 1: R528H/G/C, R897S/T, R900S, R1239H/G, R1242G

@ Recessive mutations in congenital myopathy: E100K, F275L, 5397Pfs*3, L791Cfs*37,
Q1265Hfs*57, Q1485%, L1656Rfs*67 U \.)

® Dominant mutations in congenital myopathy: P7425/Q, L1367V

¥ NormoPP linked mutation R1242G (DIV/S4 R3)

Figure 1. Cav 1.1

Sketch of the voltage-gated calcium channel of skeletal muscle, Cav1.1 enocoded by CACNAIS. Although Cavl.1 strikingly resembles
Navl.4, the various channel parts (e.g. the DIII-DIV linker) may have a different function. The channel scheme gives an overview of
locations of disease-associated missense variants in CaV1.1. Different colors indicate the diseases such as hypokalemic periodic
paralysis (hypoPP type 1), normokalemic periodic paralysis (normoPP type 1) as well as missense variants associated with dominant or
recessive congenital myopathy.

Modified from Jurkat-Rott & Lehmann-Horn [2001]
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Navl.4 mutations

DI Dil DIl DIV

N

@ PAM: N129K, 1141V, R225W, L250P/V, V445M, L689F/I/V, V717G, S804F, P1158S, 11160V,
N1297K, G1306E/V/A, V1589M, Q1633E
©) PMC: L266V, V12931, T1313M, M1370V, 11393T, L1433R, R1448C/H/P/S, 11455T, G1456E, V1458F,
F14735, F1705I1
@ HyperPP: N440K, 1692M, 1693T, T704M, A1156T, M1360V, R1451L/C, 11490L, M1493I, 11495F, M1592V
@ HypoPP type 2: R222W/G, R669H, R672C/H/G/S, R1129Q, R1232Q, R1135H
® NormoPP type 2: R675W/G/E

Figure 2. NaV 1.4

The voltage-gated sodium channel of skeletal muscle, NaV1.4 encoded bySCN4A, is composed of four highly homologous domains
(DI-DIV) each consisting of six transmembrane segments (S1-S6). When inserted in membrane, the four domains of the protein fold
to generate a central pore whereby the S5-S6 loops form the ion-selective pore. The S4 segments contain positively charged residues
conferring voltage dependence to the protein. Domains are connected by intracellular loops; one of them, the DIII-DIV linker,
contains the inactivation particle of the channel. The sketch gives an overview of locations of disease-associated missense variants in
NaV1.4. Different colors indicate resulting diseases such as potassium-aggravated myotonia (PAM), paramyotonia congenita (PMC),
hyperkalemic periodic paralysis (hyperPP), hypokalemic periodic paralysis (hypoPP type 2), and normokalemic periodic paralysis
(normoPP, type 2).

Modified from Jurkat-Rott et al [2010]



26 GeneReviews®

Table 6. CACNA1S Pathogenic Variants Discussed in This GeneReview

DNA Nucleotide Change Predicted Protein Change Reference Sequences
c.1583G>A p-Arg528His

c.1582C>G p-Arg528Gly

c.1582C>T p.Arg528Cys

c2627T>A p-Val876Glu NM_000069.2
c.2691G>T p.Arg897Ser NP_000060.2
c.2700G>T p.Arg900Ser

c.3716G>A p-Argl239His

c.3715C>G p-Argl239Gly

Variants listed in the table have been provided by the authors. GeneReviews staff have not independently verified the classification of
variants.

GeneReviews follows the standard naming conventions of the Human Genome Variation Society (varnomen.hgvs.org). See Quick
Reference for an explanation of nomenclature.

Normal gene product. CACNAIS codes for the voltage-dependent L-type calcium channel alpha-1S subunit
(Cav 1.1).

Abnormal gene product. HypoPP-causing variants are found in the S4 segment of domain II, IT and IV (Figure
2).

SCN4A

Gene structure. SCN4A has 24 exons. For a detailed summary of gene and protein information, see Table A,
Gene.

Pathogenic variants. See Table 7. Pathogenic variants in SCN4A proven to cause hypoPP are almost exclusively
nucleotide substitutions causing an amino acid change that turns positively charged arginines of voltage sensor
S4 segments into other amino acids (most often histidine; sometimes glutamine, serine, glycine, cysteine) (see
Figures 1 and 2).


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000069.2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NP_000060.2
http://varnomen.hgvs.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/app3/
https://www.ncbi.nlm.nih.gov/books/n/gene/app3/
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Table 7. SCN4A Pathogenic Variants Causing Hypokalemic Periodic Paralysis Discussed in This GeneReview

DNA Nucleotide Change Predicted Protein Change Reference Sequences
€.664C>G p.Arg222Gly

c.664C>T p-Arg222Trp

c.2006G>A p.Arg669His

c.2014C>A p-Arg672Ser

€.2014C>G p.Arg672Gly NM_000334.4
c.2014C>T p.Arg672Cys NP_000325.4
c.2015G>A p.Arg672His

c.3386G>A p-Argl1129GIn

€.3395G>A p-Argl132Gln

€.3404G>A p.Argl135His

Variants listed in the table have been provided by the authors. GeneReviews staff have not independently verified the classification of
variants.

GeneReviews follows the standard naming conventions of the Human Genome Variation Society (varnomen.hgvs.org). See Quick
Reference for an explanation of nomenclature.

Normal gene product. SCN4A encodes the skeletal muscle sodium channel protein type 4 subunit alpha (Nav
1.4), which is activated by membrane depolarization and is responsible for the upstroke of the action potential. It
therefore plays a key role in muscle contraction, allowing a proper propagation of the action potential along the
muscle membrane.

Abnormal gene product. Pathogenic variants in SCN4A causing hypoPP occur within the voltage-sensitive
segment S4 of domain II of the sodium channel alpha subunit. Disease-causing variants change positively
charged arginines to non-charged amino acid residues (Figure 1) enhancing fast [Jurkat-Rott et al 2000,
Kuzmenkin et al 2002] and/or slow [Struyk et al 2000, Kuzmenkin et al 2002] inactivation and reducing current
density [Jurkat-Rott et al 2000]. These variants act in a dominant-negative manner, thereby reducing the fraction
of available non-inactivated sodium channels at the resting potential.

HypoPP-causing variants in Nav 1.4 S4 segments create an abnormal gating pore current; i. e., an accessory ionic
transmembrane permeation pathway through the aqueous environment of S4 segment [Sokolov et al 2005,
Sokolov et al 2007, Struyk & Cannon 2007, Sokolov et al 2008, Struyk et al 2008, Francis et al 2011, Jurkat-Rott et
al 2012]. This current is a low-amplitude inward current at the resting potential, and varies in its amplitude and
selectivity according to the precise pathogenic variant and to the physiologic or pathologic conditions, thus
contributing to membrane depolarization in pathologic circumstances [Struyk et al 2008].

References

Literature Cited

Bendahhou S, Cummins TR, Hahn AF, Langlois S, Waxman SG, Ptacek LJ. A double mutation in families with
periodic paralysis defines new aspects of sodium channel slow inactivation. ] Clin Invest. 2000;106:431-8.
PubMed PMID: 10930446.

Bergareche A, Bednarz M, Sanchez E, Krebs CE, Ruiz-Martinez J, De La Riva P, Makarov V, Gorostidi A, Jurkat-
Rott K, Marti-Masso JF, Paisan-Ruiz C. SCN4A pore mutation pathogenetically contributes to autosomal
dominant essential tremor and may increase susceptibility to epilepsy. Hum Mol Genet. 2015;24:7111-20.
PubMed PMID: 26427606.


http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000334.4
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NP_000325.4
http://varnomen.hgvs.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/app3/
https://www.ncbi.nlm.nih.gov/books/n/gene/app3/
https://www.ncbi.nlm.nih.gov/pubmed/10930446
https://www.ncbi.nlm.nih.gov/pubmed/26427606

28 GeneReviews®

Cannon SC. An atypical CaV1.1 mutation reveals a common mechanism for hypokalemic periodic paralysis. |
Gen Physiol. 2017;149:1061-4. PubMed PMID: 29138267.

Carpenter D, Ringrose C, Leo V, Morris A, Robinson RL, Halsall P], Hopkins PM, Shaw MA. The role of
CACNALS in predisposition to malignant hyperthermia. BMC Med Genet. 2009;10:104. PubMed PMID:
19825159.

Cavel-Greant D, Lehmann-Horn F, Jurkat-Rott K. The impact of permanent muscle weakness on quality of life
in periodic paralysis: a survey of 66 patients. Acta Myol. 2012;31:126-33. PubMed PMID: 23097604.

Chabrier S, Monnier N, Lunardi J. Early onset of hypokalaemic periodic paralysis caused by a novel mutation of
the CACNALS gene. ] Med Genet. 2008;45:686-8. PubMed PMID: 18835861.

Dias da Silva MR, Cerutti JM, Tengan CH, Furuzawa GK, Vieira TC, Gabbai AA, Maciel RM. Mutations linked
to familial hypokalaemic periodic paralysis in the calcium channel alphal subunit gene (Cavl.1) are not
associated with thyrotoxic hypokalaemic periodic paralysis. Clin Endocrinol (Oxf). 2002;56:367-75.
PubMed PMID: 11940049.

Fan C, Lehmann-Horn F, Weber MA, Bednarz M, Groome JR, Jonsson MK, Jurkat-Rott K. Transient
compartment-like syndrome and normokalaemic periodic paralysis due to a Ca(v)1.1 mutation. Brain.
2013;136:3775-86. PubMed PMID: 24240197.

Fournier E, Arzel M, Sternberg D, Vicart S, Laforet P, Eymard B, Willer JC, Tabti N, Fontaine B.
Electromyography guides toward subgroups of mutations in muscle channelopathies. Ann Neurol.
2004;56:650-61. PubMed PMID: 15389891.

Francis DG, Rybalchenko V, Struyk A, Cannon SC. Leaky sodium channels from voltage sensor mutations in
periodic paralysis, but not paramyotonia. Neurology. 2011;76:1635-41. PubMed PMID: 21490317.

Greig SL. Dichlorphenamide: a review in primary periodic paralyses. Drugs. 2016;76:501-7. PubMed PMID:
26941026.

Groome JR, Lehmann-Horn F, Fan C, Wolf M, Winston V, Merlini L, Jurkat-Rott K. NaV1.4 mutations cause
hypokalaemic periodic paralysis by disrupting I1IS4 movement during recovery. Brain. 2014;137:998-1008.
PubMed PMID: 24549961.

Heinonen DP, Slone D, Shapiro S. Birth Defects and Drugs in Pregnancy. Littleton, MA: Publishing Sciences
Group, Inc; 1977.

Horga A, Raja Rayan DL, Matthews E, Sud R, Fialho D, Durran SC, Burge JA, Portaro S, Davis MB, Haworth A,
Hanna MG. Prevalence study of genetically defined skeletal muscle channelopathies in England. Neurology.
2013;80:1472-5. PubMed PMID: 23516313.

Jiang D, el-Din TMG, Ing C, Lu P, Pomés R, Zheng N, Catterall WA. Structural basis for gating pore current in
periodic paralysis. Nature. 2018;557:590-4. PubMed PMID: 29769724.

Jurkat-Rott K, Groome ], Lehmann-Horn F. Pathophysiological role of omega pore current in channelopathies.
Front Pharmacol. 2012;3:112. PubMed PMID: 22701429.

Jurkat-Rott K, Holzherr B, Fauler M, Lehmann-Horn E Sodium channelopathies of skeletal muscle result from
gain or loss of function. Pflugers Arch. 2010;460:239-48. PubMed PMID: 20237798.

Jurkat-Rott K, Lehmann-Horn F. Human muscle voltage gated ion channels and hereditary disease. Curr Opin
Pharmacol. 2001;1:280-7. PubMed PMID: 11712752.

Jurkat-Rott K, Lehmann-Horn E State of the art in hereditary muscle channelopathies. Acta Myol. 2010;29:343—
50. PubMed PMID: 21314017.

Jurkat-Rott K, Mitrovic N, Hang C, Kouzmekine A, laizzo P, Herzog J, Lerche H, Nicole S, Vale-Santos J,
Chauveau D, Fontaine B, Lehmann-Horn F. Voltage-sensor sodium channel mutations cause hypokalemic
periodic paralysis type 2 by enhanced inactivation and reduced current. Proc Natl Acad Sci U S A.
2000;97:9549-54. PubMed PMID: 10944223.


https://www.ncbi.nlm.nih.gov/pubmed/29138267
https://www.ncbi.nlm.nih.gov/pubmed/19825159
https://www.ncbi.nlm.nih.gov/pubmed/23097604
https://www.ncbi.nlm.nih.gov/pubmed/18835861
https://www.ncbi.nlm.nih.gov/pubmed/11940049
https://www.ncbi.nlm.nih.gov/pubmed/24240197
https://www.ncbi.nlm.nih.gov/pubmed/15389891
https://www.ncbi.nlm.nih.gov/pubmed/21490317
https://www.ncbi.nlm.nih.gov/pubmed/26941026
https://www.ncbi.nlm.nih.gov/pubmed/24549961
https://www.ncbi.nlm.nih.gov/pubmed/23516313
https://www.ncbi.nlm.nih.gov/pubmed/29769724
https://www.ncbi.nlm.nih.gov/pubmed/22701429
https://www.ncbi.nlm.nih.gov/pubmed/20237798
https://www.ncbi.nlm.nih.gov/pubmed/11712752
https://www.ncbi.nlm.nih.gov/pubmed/21314017
https://www.ncbi.nlm.nih.gov/pubmed/10944223

Hypokalemic Periodic Paralysis 29

Jurkat-Rott K, Weber MA, Fauler M, Guo XH, Holzherr BD, Paczulla A, Nordsborg N, Joechle W, Lehmann-
Horn E K. +-dependent paradoxical membrane depolarization and Na+ overload, major and reversible
contributors to weakness by ion channel leaks. Proc Natl Acad Sci U S A. 2009;106:4036-41. PubMed PMID:
19225109.

Kim JB, Lee KY, Hur JK. A Korean family of hypokalemic periodic paralysis with mutation in a voltage-gated
calcium channel (R1239G). ] Korean Med Sci. 2005;20:162-5. PubMed PMID: 15716625.

Kung AW, Lau KS, Fong GC, Chan V. Association of novel single nucleotide polymorphisms in the calcium
channel alpha 1 subunit gene (Ca(v)1.1) and thyrotoxic periodic paralysis. ] Clin Endocrinol Metab.
2004;89:1340-5. PubMed PMID: 15001631.

Kuzmenkin A, Muncan V, Jurkat-Rott K, Hang C, Lerche H, Lehmann-Horn F, Mitrovic N. Enhanced
inactivation and pH sensitivity of Na(+) channel mutations causing hypokalaemic periodic paralysis type II.
Brain. 2002;125:835-43. PubMed PMID: 11912116.

Lane AH, Markarian K, Braziunene I. Thyrotoxic periodic paralysis associated with a mutation in the sodium
channel gene SCN4A. ] Pediatr Endocrinol Metab. 2004;17:1679-82. PubMed PMID: 15645704.

Lehmann-Horn F, Jurkat-Rott K, Rudel R, et al. Diagnostics and therapy of muscle channelopathies -- guidelines
of the Ulm Muscle Centre. Acta Myol. 2008;27:98-113. PubMed PMID: 19472919.

Levitt JO. Practical aspects in the management of hypokalemic periodic paralysis. ] Transl Med. 2008;6:18.
PubMed PMID: 18426576.

Links TP, Zwarts MJ, Wilmink JT, Molenaar WM, Oosterhuis HJ. Permanent muscle weakness in familial
hypokalaemic periodic paralysis. Clinical, radiological and pathological aspects. Brain. 1990;113:1873-89.
PubMed PMID: 2276049.

Matthews E, Hanna MG. Muscle channelopathies: does the predicted channel gating pore offer new treatment
options for hypokalaemic periodic paralysis? ] Physiol. 2010;588:1879-86. PubMed PMID: 20123788.

Matthews E, Portaro S, Ke Q, Sud R, Haworth A, Davis MB, Griggs RC, Hanna MG. Acetazolamide efficacy in
hypokalemic periodic paralysis and the predictive role of genotype. Neurology. 2011;77:1960-4. PubMed
PMID: 22094484.

Miller TM, Dias da Silva MR, Miller HA, Kwiecinski H, Mendell JR, Tawil R, McManis P, Griggs RC, Angelini
C, Servidei S, Petajan ], Dalakas MC, Ranum LP, Fu YH, Ptacek L]. Correlating phenotype and genotype in
the periodic paralyses. Neurology. 2004;63:1647-55. PubMed PMID: 15534250.

Ng WY, Lui KE Thai AC, Cheah JS. Absence of ion channels CACN1AS and SCN4A mutations in thyrotoxic
hypokalemic periodic paralysis. Thyroid. 2004;14:187-90. PubMed PMID: 15072700.

Pirone A, Schredelseker J, Tuluc P, Gravino E, Fortunato G, Flucher BE, Carsana A, Salvatore F, Grabner M.
Identification and functional characterization of malignant hyperthermia mutation T1354S in the outer pore
of the CavalphalS-subunit. Am J Physiol Cell Physiol. 2010;299:C1345-54. PubMed PMID: 20861472.

Plaster NM, Tawil R, Tristani-Firouzi M, Canun S, Bendahhou S, Tsunoda A, Donaldson MR, Iannaccone ST,
Brunt E, Barohn R, Clark ], Deymeer F, George AL Jr, Fish FA, Hahn A, Nitu A, Ozdemir C, Serdaroglu P,
Subramony SH, Wolfe G, Fu YH, Ptacek L]. Mutations in Kir2.1 cause the developmental and episodic
electrical phenotypes of Andersen's syndrome. Cell. 2001;105:511-9. PubMed PMID: 11371347.

Poulin H, Gosselin-Badaroudine P, Vicart S, Habbout K, Sternberg D, Giuliano S, Fontaine B, Bendahhou S,
Nicole S, Chahine M. Substitutions of the S4DIV R2 residue (R1451) in Nav1.4 lead to complex forms of
paramyotonia congenita and periodic paralyses. Scientific Reports. 2018;8:2041. PubMed PMID: 29391559.

Rahbari R, Wuster A, Lindsay SJ, Hardwick R], Alexandrov LB, Turki SA, Dominiczak A, Morris A, Porteous D,
Smith B, Stratton MR. UK10K Consortium, Hurles ME. Timing, rates and spectra of human germline
mutation. Nat Genet. 2016;48:126-33. PubMed PMID: 26656846.


https://www.ncbi.nlm.nih.gov/pubmed/19225109
https://www.ncbi.nlm.nih.gov/pubmed/15716625
https://www.ncbi.nlm.nih.gov/pubmed/15001631
https://www.ncbi.nlm.nih.gov/pubmed/11912116
https://www.ncbi.nlm.nih.gov/pubmed/15645704
https://www.ncbi.nlm.nih.gov/pubmed/19472919
https://www.ncbi.nlm.nih.gov/pubmed/18426576
https://www.ncbi.nlm.nih.gov/pubmed/2276049
https://www.ncbi.nlm.nih.gov/pubmed/20123788
https://www.ncbi.nlm.nih.gov/pubmed/22094484
https://www.ncbi.nlm.nih.gov/pubmed/15534250
https://www.ncbi.nlm.nih.gov/pubmed/15072700
https://www.ncbi.nlm.nih.gov/pubmed/20861472
https://www.ncbi.nlm.nih.gov/pubmed/11371347
https://www.ncbi.nlm.nih.gov/pubmed/29391559
https://www.ncbi.nlm.nih.gov/pubmed/26656846

30 GeneReviews®

Ryan DP, da Silva MR, Soong TW, Fontaine B, Donaldson MR, Kung AW, Jongjaroenprasert W, Liang MC,
Khoo DH, Cheah JS, Ho SC, Bernstein HS, Maciel RM, Brown RH Jr, Ptacek L]. Mutations in potassium
channel Kir2.6 cause susceptibility to thyrotoxic hypokalemic periodic paralysis. Cell. 2010;140:88-98.
PubMed PMID: 20074522.

Sansone VA, Burge ], McDermott MP, Smith PC, Herr B, Tawil R, Pandya S, Kissel ], Ciafaloni E, Shieh P, Ralph
JW, Amato A, Cannon SC, Trivedi ], Barohn R, Crum B, Mitsumoto H, Pestronk A, Meola G, Conwit R,
Hanna MG, Griggs RC, et al. Randomized, placebo-controlled trials of dichlorphenamide in periodic
paralysis. Neurology. 2016;86:1408-16. PubMed PMID: 26865514.

Sansone V, Meola G, Links TP, Panzeri M, Rose MR. Treatment for periodic paralysis. Cochrane Database Syst
Rev. 2008;(1):CD005045. PubMed PMID: 18254068.

Schartner V, Romero NB, Donkervoort S, Treves S, Munot P, Pierson TM, Dabaj I, Malfatti E, Zaharieva IT,
Zorzato F, Abath Neto O, Brochier G, Lornage X, Eymard B, Taratuto AL, Bohm ], Gonorazky H, Ramos-
Platt L, Feng L, Phadke R, Bharucha-Goebel DX, Sumner CJ, Bui MT, Lacene E, Beuvin M, Labasse C,
Dondaine N, Schneider R, Thompson ], Boland A, Deleuze JF, Matthews E, Pakleza AN, Sewry CA,
Biancalana V, Quijano-Roy S, Muntoni F, Fardeau M, Bénnemann CG, Laporte J. Dihydropyridine receptor
(DHPR, CACNAL1S) congenital myopathy. Acta Neuropathol. 2017;133:517-33. PubMed PMID: 28012042.

Sokolov S, Scheuer T, Catterall WA. Gating pore current in an inherited ion channelopathy. Nature.
2007;446:76-8. PubMed PMID: 17330043.

Sokolov S, Scheuer T, Catterall WA. Ion permeation through a voltage- sensitive gating pore in brain sodium
channels having voltage sensor mutations. Neuron. 2005;47:183-9. PubMed PMID: 16039561.

Sokolov S, Scheuer T, Catterall WA. Depolarization-activated gating pore current conducted by mutant sodium
channels in potassium-sensitive normokalemic periodic paralysis. Proc Natl Acad Sci U S A.
2008;105:19980-5. PubMed PMID: 19052238.

Statland JM, Fontaine B, Hanna MG, Johnson NE, Kissel JT, Sansone VA, Shieh PB, Tawil RN, Trivedi J, Cannon
SC, Griggs RC. Review of the diagnosis and treatment of periodic paralysis. Muscle Nerve. 2018;57:522-30.
PubMed PMID: 29125635.

Sternberg D, Maisonobe T, Jurkat-Rott K, Nicole S, Launay E, Chauveau D, Tabti N, Lehmann-Horn F, Hainque
B, Fontaine B. Hypokalaemic periodic paralysis type 2 caused by mutations at codon 672 in the muscle
sodium channel gene SCN4A. Brain. 2001;124:1091-9. PubMed PMID: 11353725.

Struyk AF, Cannon SC. A Na+ channel mutation linked to hypokalemic periodic paralysis exposes a proton-
selective gating pore. ] Gen Physiol. 2007;130:11-20. PubMed PMID: 17591984.

Struyk AF, Markin VS, Francis D, Cannon SC. Gating pore currents in DIIS4 mutations of NaV1.4 associated
with periodic paralysis: saturation of ion flux and implications for disease pathogenesis. ] Gen Physiol.
2008;132:447-64. PubMed PMID: 18824591.

Struyk AF, Scoggan KA, Bulman DE, Cannon SC. The human skeletal muscle Na channel mutation R669H
associated with hypokalemic periodic paralysis enhances slow inactivation. ] Neurosci. 2000;20:8610-7.
PubMed PMID: 11102465.

Sung CC, Cheng CJ, Lo YE Lin MS, Yang SS, Hsu YC, Lin SH. Genotype and phenotype analysis of patients with
sporadic periodic paralysis. Am ] Med Sci. 2012;343:281-5. PubMed PMID: 21841462.

Tricarico D, Barbieri M, Mele A, Carbonara G, Camerino DC. Carbonic anhydrase inhibitors are specific
openers of skeletal muscle BK channel of K1-deficient rats. FASEB J. 2004;18:760-1. PubMed PMID:
14766795.

Tsujino A, Maertens C, Ohno K, Shen XM, Fukuda T, Harper CM, Cannon SC, Engel AG. Myasthenic
syndrome caused by mutation of the SCN4A sodium channel. Proc Natl Acad Sci USA. 2003;100:7377-82.
PubMed PMID: 12766226.


https://www.ncbi.nlm.nih.gov/pubmed/20074522
https://www.ncbi.nlm.nih.gov/pubmed/26865514
https://www.ncbi.nlm.nih.gov/pubmed/18254068
https://www.ncbi.nlm.nih.gov/pubmed/28012042
https://www.ncbi.nlm.nih.gov/pubmed/17330043
https://www.ncbi.nlm.nih.gov/pubmed/16039561
https://www.ncbi.nlm.nih.gov/pubmed/19052238
https://www.ncbi.nlm.nih.gov/pubmed/29125635
https://www.ncbi.nlm.nih.gov/pubmed/11353725
https://www.ncbi.nlm.nih.gov/pubmed/17591984
https://www.ncbi.nlm.nih.gov/pubmed/18824591
https://www.ncbi.nlm.nih.gov/pubmed/11102465
https://www.ncbi.nlm.nih.gov/pubmed/21841462
https://www.ncbi.nlm.nih.gov/pubmed/14766795
https://www.ncbi.nlm.nih.gov/pubmed/12766226

Hypokalemic Periodic Paralysis 31

Vicart S, Sternberg D, Fournier E, Ochsner F, Laforet P, Kuntzer T, Eymard B, Hainque B, Fontaine B. New
mutations of SCN4A cause a potassium-sensitive normokalemic periodic paralysis. Neurology.
2004;63:2120-7. PubMed PMID: 15596759.

Wang Q, Liu M, Xu C, Tang Z, Liao Y, Du R, Li W, Wu X, Wang X, Liu P, Zhang X, Zhu ], Ren X, Ke T, Wang Q,
Yang J. Novel CACNAI1S mutation causes autosomal dominant hypokalemic periodic paralysis in a Chinese
family. ] Mol Med. 2005;83:203-8. PubMed PMID: 15726306.

Weber MA, Jurkat-Rott K, Lerche H, Lehmann-Horn F. Strength and muscle structure preserved during long-
term therapy in hypokalemic periodic paralysis (Cav1.1-R1239G). ] Neurol. 2019;266:1623-32. PubMed
PMID: 30937521.

Winczewska-Wiktor A, Steinborn B, Lehman-Horn F, Biczysko W, Wiktor M, Gurda B, Jurkat-Rott K.
Myopathy as the first symptom of hypokalemic periodic paralysis — case report of a girl from a Polish family
with CACNA1S (R1239G) mutation. Adv Med Sci. 2007;52:155-7. PubMed PMID: 18229654.

Wu E Mi W, Cannon SC. Bumetanide prevents transient decreases in muscle force in murine hypokalemic
periodic paralysis. Neurology. 2013;80:1110-6. PubMed PMID: 23427324.

Chapter Notes

Acknowledgments

This work was supported by: the German Research Foundation (DFG), a network of the IHP Program funded by
the European Community; the non-profit Hertie Foundation; the lonNeurONet of German Ministry of
Research (BMBF); the German Muscle Society (DGM); and the Else-Kroner-Fresenius Foundation.

Author History

Marianne Arzel-Hézode, MD; Groupe Hospitalier Pitié-Salpétriere (2014-2018)
Said Bendahhou, PhD; Université Nice Sophia Antipolis (2014-2018)

Bertrand Fontaine, MD, PhD; Groupe Hospitalier Pitié-Salpétriere (2002-2018)
Emmanuel Fournier, MD, PhD; Groupe Hospitalier Pitié-Salpétriere (2014-2018)
Jérome Franques, MD; Hopital de la Timone (2014-2018)

Bernard Hainque, PharmD, PhD; Groupe Hospitalier Pitié-Salpétriere (2002-2018)
Frank Lehmann-Horn, MD, PhD, MS (2018 *)

Philippe Lory, PhD; Université de Montpellier (2014-2018)

Sophie Nicole, PhD; Groupe Hospitalier Pitié-Salpétriere (2014-2018)

Damien Sternberg, MD, PhD; Groupe Hospitalier Pitié-Salpétriere (2002-2018)
Nacira Tabti, MD, PhD; Assistance Publique - Hopitaux de Paris (2002-2014)
Savine Vicart, MD; Groupe Hospitalier Pitié-Salpétriere (2014-2018)

Frank Weber, MD, PhD (2018-present)

* Professor Lehmann-Horn died in May 2018 after a long illness.

Revision History

o 26 July 2018 (ha) Comprehensive update posted live

o 31 July 2014 (me) Comprehensive update posted live

o 28 April 2009 (me) Comprehensive updated posted live

» 4 March 2008 (cd) Revision: mutation scanning for CACNA 1S no longer available on a clinical basis
« 4 August 2006 (me) Comprehensive update posted live

« 19 May 2004 (me) Comprehensive update posted live

« 30 April 2002 (me) Review posted live


https://www.ncbi.nlm.nih.gov/pubmed/15596759
https://www.ncbi.nlm.nih.gov/pubmed/15726306
https://www.ncbi.nlm.nih.gov/pubmed/30937521
https://www.ncbi.nlm.nih.gov/pubmed/18229654
https://www.ncbi.nlm.nih.gov/pubmed/23427324

32 GeneReviews®

20 November 2001 (bf) Original submission

License

GeneReviews® chapters are owned by the University of Washington. Permission is hereby granted to reproduce,
distribute, and translate copies of content materials for noncommercial research purposes only, provided that (i) credit for
source (http://www.genereviews.org/) and copyright (© 1993-2024 University of Washington) are included with each
copy; (i) a link to the original material is provided whenever the material is published elsewhere on the Web; and (iii)
reproducers, distributors, and/or translators comply with the GeneReviews® Copyright Notice and Usage Disclaimer. No
further modifications are allowed. For clarity, excerpts of GeneReviews chapters for use in lab reports and clinic notes are
a permitted use.

For more information, see the GeneReviews® Copyright Notice and Usage Disclaimer.

For questions regarding permissions or whether a specified use is allowed, contact: admasst@uw.edu.


http://www.genereviews.org/
https://www.ncbi.nlm.nih.gov/books/n/gene/GRcopyright_permiss/
https://www.ncbi.nlm.nih.gov/books/n/gene/GRcopyright_permiss/

	Summary
	Diagnosis
	Clinical Characteristics
	Genetically Related Allelic Disorders
	Differential Diagnosis
	Management
	Genetic Counseling
	Resources
	Molecular Genetics
	References
	Chapter Notes

