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Purpose: To determine whether altered sodium (Na+) and chloride 
(Cl2) homeostasis can be visualized in periodic paralyses by 
using 7-T sodium 23 (23Na) and chlorine 35 (35Cl) magnetic 
resonance (MR) imaging.

Materials and 
Methods:

Institutional review board approval and informed consent of 
all participants were obtained. 23Na (repetition time msec/
echo time msec, 160/0.35) and 35Cl (40/0.6) MR imaging of 
both lower legs was performed with a 7-T whole-body system 
in patients with genetically confirmed hypokalemic periodic 
paralysis (Cav1.1-R1239H mutation, n = 5; Cav1.1-R528H mu-
tation, n = 8) and Andersen-Tawil syndrome (n = 3) and in 16 
healthy volunteers. Additionally, each participant underwent 
3-T proton MR imaging on the same day by using T1-weighted, 
short-tau inversion-recovery, and Dixon-type sequences. Mus-
cle edema was assessed on short-tau inversion-recovery im-
ages, fatty degeneration was assessed on T1-weighted images, 
and muscular fat fraction was quantified with Dixon-type imag-
ing. Na+ and Cl2 were quantified in the soleus muscle by using 
three phantoms that contained 10-, 20-, and 30-mmol/L NaCl 
solution and 5% agarose gel as a reference. Parametric data 
for all subpopulations were tested by using one-way analysis of 
variance with the Dunnett test, and correlations were assessed 
with the Spearman rank correlation coefficient.

Results: Median muscular 23Na concentration was higher in patients 
with Cav1.1-R1239H (34.7 mmol/L, P , .001), Cav1.1-
R528H (32.0 mmol/L, P , .001), and Kir2.1 (24.3 mmol/L, P 
= .035) mutations than in healthy volunteers (19.9 mmol/L). 
Median muscular normalized 35Cl signal intensity was high-
er in patients with Cav1.1-R1239H (27.6, P , .001) and 
Cav1.1-R528H (23.6, P , .001) than in healthy volunteers 
(12.6), but not in patients with the Kir2.1 mutation (14.3, 
P = .517). When compared with volunteers, patients with 
Cav1.1-R1239H and Cav1.1-R528H showed increased muscu-
lar edema (P , .001 and P = .003, respectively) and muscle 
fat fraction (P , .001 and P = .017, respectively).

Conclusion: With 7-T MR imaging, changes of Na+ and Cl2 homeosta-
sis can be visualized in periodic paralyses and are most pro-
nounced in the severe phenotype Cav1.1-R1239H, with up to 
daily paralytic episodes.
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(7), the objective of our study was to 
determine whether altered sodium 
(Na+) and Cl2 homeostasis can be vi-
sualized in these periodic paralyses by 
using 7-T 23Na and 35Cl MR imaging.

Materials and Methods

Ethical Policy
Written informed consent was obtained 
from all participants after the nature of 
the procedure had been fully explained. 
Our study was approved by the institu-
tional review board and performed ac-
cording to the declaration of Helsinki 
in its present form. No industry gave 
support specifically for the study. We 
guarantee that the authors had full con-
trol of the data and the information 
submitted for publication. Moreover, 
none of the authors is an employee of 
an industrial company.

Patient Population
Eighteen patients suspected of having 
periodic paralysis owing to symptoms, 
medical history (including that of their 
family members), and findings of clinical 
examination by an experienced neurol-
ogist and physiologist (F.L.H., with 35 
years of experience in clinical neurology 

(ATS) is rather particular in the spectrum 
of channelopathies, since it is a multisys-
tem disorder. The full ATS is character-
ized by periodic paralysis, ventricular ar-
rhythmias, and dysmorphic features (3). 
Most patients with ATS have a mutation 
in the ion channel gene KCNJ2 that en-
codes the inward rectifier potassium (K+) 
channel Kir2.1. This channel represents 
a component of the inward rectifier IK1.
IK1 that, during the final phase of repo-
larization, provides repolarizing current 
(3).

Recently, chlorine 35 (35Cl) mag-
netic resonance (MR) imaging, together 
with sodium 23 (23Na) MR imaging with 
a 7-T whole-body MR system, could be 
implemented for evaluating human calf 
muscles (4). The potential benefit of 23Na 
1.5-T imaging (2) and 3-T imaging (5) in 
HypoPP has already been demonstrated. 
Chloride (Cl2) is the most abundant and 
important anion in the human body and 
is involved in many fundamental phys-
iologic processes. It influences cellular 
osmolarity and thereby cell volume and 
regulates cell potential, such as the in-
hibition of muscular cell excitability (6). 
Skeletal muscle cells exhibit a very high 
Cl2 conductance, which makes up ap-
proximately 80% of the total membrane 
conductance at rest (7). Thus, the rest-
ing membrane potential of muscle cells 
can be approximated by using the Nernst 
equation, which only requires the intra- 
and extracellular Cl2 concentrations for 
calculation (4).

Since, in periodic paralyses, the 
resting membrane potential is reduced 
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Advances in Knowledge

nn Median muscular sodium 23 
(23Na) concentration detected 
with 7-T 23Na MR imaging was 
higher in patients with periodic 
paralysis and Cav1.1-R1239H, 
Cav1.1-R528H, and Kir2.1 muta-
tions than in healthy volunteers.

nn Median muscular normalized 
chlorine 35 (35Cl) signal intensity 
(SI) detected with 7-T 35Cl MR 
imaging was higher in patients 
with periodic paralysis and 
Cav1.1-R1239H and Cav1.1-
R528H mutations than in healthy 
volunteers but was not higher in 
patients with periodic paralysis 
and Kir2.1 mutation.

nn In periodic paralyses, there was a 
strong correlation between the 
degree of muscular edema and 
fat fraction when compared with 
muscular 23Na concentration and 
normalized 35Cl SI.

Implications for Patient Care

nn Although 7-T MR imaging tech-
nique is currently limited to 
research applications, 7-T 23Na 
and 35Cl MR imaging can be used 
to monitor ion homeostasis 
within the skeletal muscle tissue 
noninvasively.

nn When full approval for routine 
patient care is obtained by the 
manufacturer, it may help in the 
testing of pathogenesis, esti-
mating prognosis, and moni-
toring of treatment in periodic 
paralyses.

Mutations in muscle ion channels 
induce a group of rare inherited 
diseases, the muscle channelo-

pathies (1). These mutations effectuate 
either an increase or a decrease in mus-
cle membrane excitability, which in turn 
leads to a variety of related clinical disor-
ders: The delayed relaxation after muscle 
contraction that causes muscle stiffness 
and pain characterizes the nondystro-
phic myotonias; the periodic paralyses 
are characterized by episodes of flaccid 
muscle paralysis, with intervals of nor-
mal muscle function (1). In the expand-
ing group of muscle channelopathies, 
the muscle disease is provoked by mu-
tations in calcium, chloride, potassium, 
and sodium ion channels. These result 
in decreased or increased muscle mem-
brane excitability caused by altered mus-
cle membrane potential due to changes 
in ion conductivities. Identifying patients 
with channelopathies and confirming the 
diagnosis are crucial, as treatment and 
management strategies differ on the ba-
sis of mutation and clinical phenotype 
(1). In hypokalemic periodic paralysis 
(HypoPP), nonselective cation leaks play 
an important role in causing the paralytic 
attacks (2). Andersen-Tawil syndrome 
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patient enrollment, 16 healthy volunteers 
were included (eight men, eight women; 
median age, 27 years; range 18–73 
years). None of the volunteers in the con-
trol group showed any evidence of mus-
cular or cardiovascular disorders, and all 
volunteers exhibited full muscle strength 
at physical examination.

3-T MR Imaging Examination and Analysis
Each patient and volunteer underwent 
3-T proton MR imaging (Magnetom Trio; 
Siemens, Erlangen, Germany) on the 
same day as the 7-T examination of both 
lower legs by using axial T1-weighted 
(repetition time msec/echo time msec, 
700/10; section thickness, 3 mm), short-
tau inversion-recovery (STIR; 5690/66; 
section thickness, 3 mm), and axial two-
point Dixon-type (multiecho chemical-
shift–encoded water-fat imaging; 50/2.46 
and 3.69; section thickness, 4 mm) se-
quences (Tables 1, 2). Muscle edema 

polymerase chain reaction product of the 
same DNA sample.

In 13 patients (seven women [median 
age, 44 years; range, 28–66 years] and 
six men [median age, 48 years; range, 
40–69 years]), HypoPP was genetically 
confirmed. There was no significant dif-
ference in age between men and women 
(P = .64). Five patients had the severe 
phenotype Cav1.1-R1239H mutation 
(one man, four women; median age, 44 
years), and eight had the mild phenotype 
Cav1.1-R528H mutation (five men, three 
women; median age, 48 years). In three 
patients, ATS was genetically confirmed 
(two women with the G215R mutation, 
one man with the R82 W mutation; me-
dian age, 46 years). In two patients sus-
pected of having periodic paralysis (one 
woman, one man; median age, 62 years), 
a mutation could not be verified until pre-
sent. For comparison and for optimiza-
tion of the MR imaging protocol prior to 

and muscle diseases) were prospectively 
included in our study from October 2012 
until February 2015. Further inclusion 
criteria were willingness to support the 
research and availability on the days 
of the MR imaging time slots on week-
ends. There were no clinical criteria for 
exclusion (except for missing informed 
consent and typical MR imaging contra-
indications, such as cochlear implants 
and pacemakers) so that the participat-
ing subgroup represents a typical patient 
population of these rare diseases.

To confirm mutations typical of Hy-
poPP or ATS, whole blood (20 mL from 
each patient) anticoagulated in ethylene-
diaminetetraacetic acid was used for mu-
tation analysis. Mutation screening was 
performed by two experienced physiolo-
gists (K.J.R, F.L.H.) by using polymerase 
chain reaction amplification. Polymerase 
chain reaction products were loaded on 
2% agarose gel and stained with ethid-
ium bromide, and the band was cut out 
under ultraviolet light. Bands were puri-
fied and cycle-sequenced with 1 pmol of 
primer by using the dye terminator kit 
(Applied Biosystems, Foster City, Calif). 
The exons and exon-intron boundaries 
of CACNA1S and KCNJ2 were amplified 
from genomic DNA and bidirectionally 
sequenced on 6% denaturating poly-
acrylamide gels by using an automated 
373A sequencer (Applied Biosystems). 
All sequences with base exchanges were 
verified with reverse sequencing of a new 

Table 1

Parameters for 3-T MR Imaging Sequences

3-T 1H Imaging Sequence
Repetition  
Time (msec)

Echo  
Time (msec)

Flip Angle  
(degrees) Resolution (mm)

Imaging  
Time

T1-weighted turbo spin-echo 700 10 130 0.78 3 0.78 3 3 3 min 0 
sec

STIR (inversion time, 220 msec) 5690 66 150 0.68 3 0.68 3 3 1 min 43 
sec

Two-point gradient-echo  
Dixon-type

50 2.46, 3.69 5 0.91 3 0.91 3 4 2 min 47 
sec

Table 2

Parameters for 7-T MR Imaging Sequences

7-T 23Na and 35Cl Imaging Sequence
Repetition  
Time (msec)

Echo Time  
(msec)

Flip Angle 
(degrees)

No. of Signals 
Acquired No. of Projections

Nominal Isotropic  
Resolution (mm) Imaging Time

Sequence A, sodium concentration  
3D radial density–adapted

160 0.35 90 1 4000 4 3 4 3 4 10 min 40 sec

Sequence B, sodium B1 3D radial  
density–adapted

93 0.35 45 1 4000 4 3 4 3 4 06 min 12 sec

Sequence C, sodium B0 3D radial  
density–adapted

93 1.35 45 1 4000 4 3 4 3 4 06 min 12 sec

Sequence D, chlorine MR imaging  
3D radial density–adapted

40 0.6 90 5 5000 12 3 12 3 12 16 min 40 sec

Note.—To reduce Gibbs ringing artifacts, a Hamming filter was applied for 23Na and 35Cl MR imaging. The sodium concentration maps were corrected for B0 and B1 inhomogeneities. The double flip 
angle method (8) and pulse sequences A and B were used to derive the required B1 maps. To correct for B0 inhomogeneities, the data set with the echo times of 0.35 msec (sequence B) and 1.35 msec 
(sequence C) were used to calculate off-resonance values (B0 maps). Then the data sets were reconstructed multiple times with the corresponding off-resonance values for each pixel to correct for B0 
inhomogeneities. 3D = three-dimensional.
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Figure 1

Figure 1:  Illustration of MR imaging findings in (a–f) a 66-year-old female patient with HypoPP (with the Cav1.1-R1239H mutation) versus (g–l) a 21-year-
old male healthy volunteer. Axial (a, g) 3-T 1H T1-weighted MR images (700/10) of both calves are shown, with (b, h) STIR images (5690/66), (c, i) water and 
fat images obtained with the Dixon-type sequence (50/2.46 and 3.69), (d, j) fat fraction maps obtained by using the Dixon-type sequence, (e, k) 7-T 23Na MR 
images (160/0.35), and (Fig 1 continues.)

was assessed on STIR images, fatty de-
generation was assessed on T1-weighted 
images, and muscular fat fraction was 
quantified by using Dixon-type imaging. 
Areas of signal intensity (SI) equivalent 
to the signal received from subcutaneous 
fat on T1-weighted hydrogen 1 (1H) MR 
images were interpreted as fatty infiltra-
tion caused by chronic myopathy. One 
reader (M.A.W.) with 15 years of expe-
rience in musculoskeletal MR imaging 
scored the lipomatous degeneration with 
a four-point semiquantitative visual scale, 
as described previously (9,10). This scale 
is used to rate the intramuscular fat by 
using the intensity of subcutaneous fat as 
a reference and has been shown to cor-
relate well with ratings assigned via auto-
mated computer analysis (9). Examined 
calf muscles included the tibialis anterior 

compartment, the soleus, the medial and 
lateral gastrocnemius, and the peroneal 
and the deep posterior compartment 
muscles. Grade 1 was assigned for ho-
mogeneous hypointensity, contrasting 
sharply with subcutaneous and intermus-
cular fat (normal muscle). Grade 2 was 
assigned for slight hyperintensity, with 
patchy intramuscular SI changes. Grade 
3 was assigned for marked hyperintensity 
with patchy but widespread intramuscu-
lar SI changes. Grade 4 was assigned 
for homogeneous hyperintensity in the 
whole muscle, similar to the SI of adja-
cent subcutaneous or paramuscular fat.

We defined areas of localized hy-
perintensity on STIR MR images as 
muscular edema-like changes accord-
ing to Marden et al (11). We evaluated 
the presence of this criterion with a 

four-point semiquantitative visual 
scale, as has been described previ-
ously (10). Grade 1 was assigned for 
homogeneous hypointensity, contrast-
ing sharply with subcutaneous and 
intermuscular fat (normal muscle, no 
edema). Grade 2 was assigned for 
slight hyperintensity with patchy intra-
muscular SI changes on STIR images 
(,50% of muscle cross-sectional area). 
Grade 3 was assigned for marked hy-
perintensity with patchy but wide-
spread intramuscular SI changes on 
STIR images (.50 of muscle cross-sec-
tional area). Grade 4 was assigned for 
homogeneous hyperintensity in whole 
muscle on STIR images (100% of mus-
cle cross-sectional area).

Besides the qualitative image 
analysis, the same reader (M.A.W.) 
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7-T MR Imaging Examination and Analysis
The 23Na and 35Cl examinations were 
performed with a 7-T whole-body 
system (Magnetom 7T; Siemens, Erlan-
gen, Germany) on the same day as the 
3-T examinations. The 7-T whole-body 
system was equipped with a double-res-
onant (35Cl/23Na) birdcage coil (RAPID 
Biomedical, Rimpar, Germany) with the 
following frequencies: 35Cl, 29.1 MHz; 
and 23Na, 78.6 MHz (12). Principal fea-
tures of the sequences used for Na+ and 
Cl2 concentration measurements in the 
calf muscles have been described previ-
ously in detail (4,13). In short, we used 

of the respective ratios for statistical 
analysis.

Additionally, the fat fraction was 
calculated by using the Dixon-type im-
ages (Fig 1). The radiologist (M.A.W.) 
with 15 years of experience in muscu-
loskeletal MR imaging analyzed the MR 
images by positioning ROIs on differ-
ent muscles of the participant’s lower 
leg on the Dixon-type images. After 
conducting ROI analysis on both water 
(w in the following equation) and fat  
(f in the following equation) images, the 
fat fraction (ff in the following equation) 
was calculated as follows: ff = f/(f + w).

quantified the lipomatous degeneration 
of the soleus muscle on T1-weighted 
images according to the ratio of SI of 
muscle and subcutaneous fat tissue as 
a reference by using region of interest 
(ROI) analysis (ROImuscle/ROIsubcutaneous 

fat), according to the method of Jurkat-
Rott et al (2) in the same sections. 
Moreover, the reader also semiquan-
titatively assessed edema-like changes 
of the soleus muscle on STIR images 
as has been described previously 
(2,10) by using ROI analysis with back-
ground noise as reference (ROImuscle/
ROIbackround noise). We used the mean 

Figure 1 (continued)

Figure 1 (continued):  (f, l) 35Cl MR images (40/0.6). The Na+ and Cl2 color bars are scaled differently (by a factor of two). Fatty changes in the medial head of the 
gastrocnemius muscle are most pronounced on the right side (arrow on a) and are only visible in the patient with HypoPP. The higher muscular 23Na and 35Cl SIs in 
the calf muscles of the patient with HypoPP (with the Cav1.1-R1239H mutation) are evident when compared with those in the healthy control subject. Three reference 
phantoms that contained 5% agarose gel and 10-, 20-, or 30-mmol/L NaCl solutions were used for signal normalization. ROIs were placed in each reference phan-
tom, and linear regression was performed to quantify Na+ concentration and to derive normalized SIs for 35Cl MR images. Note that the fast transverse relaxation of 
35Cl prevents quantitative determinations of Cl2 concentrations. In the ROIs of the three reference tubes (e), the measured Na+ concentrations are 9.8 mmol/L 6 3.6, 
20.6 mmol/L 6 1.9, and 29.6 mmol/L 6 1.6. For 35Cl MR imaging (f), the normalized SIs in the three ROIs are 10.7 6 0.5, 19.0 6 0.6, and 29.6 6 1.3.
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anterior and deep posterior compart-
ments were spared (Table 3). Also, mus-
cle edema was present on STIR images 
in all five patients with HypoPP with 
the severe phenotype Cav1.1-R1239H, 
where mainly the soleus and medial 
gastrocnemius muscles were affected. 
Muscle edema was also present in five 
of eight patients with the mild HypoPP 
phenotype Cav1.1-R528H but was ab-
sent in all patients with ATS (Table 4)  
and in the two patients without mu-
tation verification. The median score 
for edema-like and fatty changes of all 
lower leg muscles of the volunteers at 
qualitative analysis was 1 (ie, normal 
muscle tissue). The pattern of lipo-
matous muscular degeneration (Table 
3) and edema-like muscular changes 
(Table 4) was mostly symmetrical in 
both lower legs.

At semiquantitative analysis, when 
compared with volunteers (10.7 6 
2.1), patients with Cav1.1-R1239H 
(27.4 6 14.7, P , .001) and Cav1.1-
R528H (22.7 6 6.9, P = .003) showed 

.05. P values were not adjusted for mul-
tiple testing, and the interpretation of P 
values was explorative, given the pilot 
character of our study. Data entry pro-
cedures and statistical evaluation were 
performed with SPSS software version 
18 (SPSS, Somers, NY).

Results

3-T MR Imaging Examination and 
Analysis
Fatty muscle infiltration was observed 
on T1-weighted images in all five pa-
tients with HypoPP and the severe phe-
notype Cav1.1-R1239H, in six of eight 
patients with the mild HypoPP pheno-
type Cav1.1-R528H, and in one of three 
patients with ATS (Kir2.1 mutation). 
Fatty muscle infiltration was absent 
in the two patients suspected of hav-
ing periodic paralysis but who did not 
have mutation verification. Mainly, the 
medial head of the gastrocnemius mus-
cle was affected, whereas the tibialis 

a three-dimensional density-adapted 
projection reconstruction sequence 
(13) for 23Na MR imaging (160/0.35; 
section thickness, 4 mm) and 35Cl MR 
imaging (40/0.6; section thickness, 
4 mm) with minimized T2* relaxa-
tion weighting (Table 2). The 7-T 35Cl 
and 23Na MR imaging was performed 
without repositioning the patient. Na+ 
concentrations and Cl2 normalized SIs 
were quantified in the soleus muscle by 
using three phantoms as a reference 
that contained 5% agarose gel and 10-, 
20-, or 30-mmol/L NaCl solutions. For 
exact positioning of ROIs within the 
soleus muscles, the 3-T 1H MR images 
were used as a reference. When dis-
tinct lipomatous degeneration of cer-
tain muscles was observed on the 3-T 
1H MR images, the reader (M.A.W.) 
positioned ROIs in an area with more 
intact muscle. For normalization, sup-
plementary ROIs were placed on the 
reference phantoms.

Muscle Strength Grading
The same physician (F.L.H.) quantified 
muscle strength of all patients and vol-
unteers immediately after the MR imag-
ing examination by using the nonlinear 
grading system defined by the British 
Medical Research Council (MRC) (14). 
He assessed the strength of foot dorsi-
flexion and plantar flexion and hip and 
knee flexion and extension.

Data Analysis and Statistics
Results were expressed as means 6 
standard deviations for quantitative data 
and as medians and ranges for the MRC 
scale results. Descriptive statistics were 
provided where appropriate. Paramet-
ric data (eg, muscular Na+ and Cl2 SI, 
as well as muscular edema, fatty degen-
eration, and fat fraction) for all subpop-
ulations were tested by using one-way 
analysis of variance with the Dunnett 
test. Correlations between muscular 
edema, fatty degeneration, fat fraction, 
Na+ concentration, and normalized 35Cl 
SI were assessed by using the Spearman 
rank correlation coefficient. Normality 
of data was tested according to the Sha-
piro-Wilk test. In all statistical tests, an 
effect was considered to be statistically 
significant if the P value was less than 

Table 3

Pattern of Fatty Muscular Infiltration

Muscle Group and Side
Patients with  
Kir2.1

Patients with  
Cav1.1-R528H

Patients with  
Cav1.1-R1239H

Healthy  
Volunteers

Tibialis anterior compartment
  Right 1 (1–1) 1 (1–1) 1 (1–1) 1 (1–1)
  Left 1 (1–1) 1 (1–1) 1 (1–1) 1 (1–1)
Peroneal muscles
  Right 1 (1–1) 1 (1–2) 2 (1–2) 1 (1–1)
  Left 1 (1–1) 1 (1–2) 2 (1–2) 1 (1–1)
Deep posterior compartment
  Right 1 (1–1) 1 (1–2) 1 (1–2) 1 (1–1)
  Left 1 (1–1) 1 (1–2) 1 (1–2) 1 (1–1)
Soleus
  Right 1 (1–2) 1.5 (1–3) 2 (1–3) 1 (1–2)
  Left 1 (1–2) 1.5 (1–3) 2 (1–3) 1 (1–2)
Medial gastrocnemius
  Right 1 (1–2) 2 (1–3) 3 (2–3) 1 (1–2)
  Left 1 (1–2) 2 (1–3) 3 (2–3) 1 (1–1)
Lateral gastrocnemius
  Right 1 (1–1) 1 (1–4) 2 (2–4) 1 (1–1)
  Left 1 (1–1) 1 (1–4) 2 (1–4) 1 (1–1)

Note.—Data are medians, with ranges (minimum to maximum values) in parentheses. Fatty infiltration of the musculature was 
qualitatively assessed with a four-point visual scale, as described in Materials and Methods (9,10) (grade 1, normal muscle; 
grade 2, slight hyperintensity with patchy intramuscular SI changes; grade 3, marked hyperintensity with patchy but widespread 
intramuscular SI changes; and grade 4, homogeneous hyperintensity in whole muscle, similar to the SI of adjacent subcutaneous 
or paramuscular fat). In the oldest volunteer, a 73-year-old man, grade 2 fatty infiltration was observed in both soleus muscles.
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Table 4

Pattern of Edema-like Muscular Changes

Muscle Group and Side
Patients with  
Kir2.1

Patients with  
Cav1.1-R528H

Patients with  
Cav1.1-R1239H

Healthy  
Volunteers

Tibialis anterior compartment
  Right 1 (1–1) 1 (1–1) 2 (1–2) 1 (1–1)
  Left 1 (1–1) 1 (1–1) 2 (1–2) 1 (1–1)
Peroneal muscles
  Right 1 (1–1) 1 (1–1) 2 (1–4) 1 (1–1)
  Left 1 (1–1) 1 (1–1) 2 (1–3) 1 (1–1)
Deep posterior compartment
  Right 1 (1–1) 1 (1–2) 2 (1–3) 1 (1–1)
  Left 1 (1–1) 1 (1–2) 2 (1–2) 1 (1–1)
Soleus
  Right 1 (1–1) 2 (1–3) 4 (1–4) 1 (1–1)
  Left 1 (1–1) 1.5 (1–3) 4 (1–4) 1 (1–1)
Medial gastrocnemius
  Right 1 (1–1) 1 (1–4) 3 (1–4) 1 (1–2)
  Left 1 (1–1) 1 (1–4) 3 (1–4) 1 (1–1)
Lateral gastrocnemius
  Right 1 (1–1) 1 (1–3) 1 (1–4) 1 (1–1)
  Left 1 (1–1) 1 (1–3) 1 (1–4) 1 (1–2)

Note.—Data are medians, with ranges (minimum to maximum values) in parentheses. Edema-like muscular changes were 
qualitatively assessed on a four-point visual scale as described in Materials and Methods (10) (grade 1, normal muscle, no 
edema; grade 2, slight hyperintensity with patchy intramuscular SI changes on STIR images; grade 3, marked hyperintensity 
with patchy but widespread intramuscular SI changes on STIR images; and grade 4, homogeneous hyperintensity in whole 
muscle on STIR images).

increased normalized muscular SI on 
STIR images. When compared with 
patients with ATS (13.3 6 2.2), only 
patients with Cav1.1-R1239H had a 
higher degree of muscular edema (P 
= .031). Patients with Cav1.1-R1239H 
and Cav1.1-R528H mutations had fatty 
muscle degeneration with a mean fat 
fraction of 0.41 6 0.30 (P , .001) and 
0.15 6 0.11 (P = .017) when compared 
with volunteers (0.06 6 0.02). How-
ever, in Kir2.1 mutations, fat fraction 
was not increased (0.07 6 0.01, P = 
.770). In addition, the muscular fat 
content was highest in Cav1.1-R1239H 
mutations with an SI ratio of muscle 
in relation to subcutaneous fat tissue 
of 0.57 6 0.19 on T1-weighted images 
and was significantly increased when 
compared with volunteers (0.35 6 
0.04, P , .001). Also, this SI ratio was 
significantly increased in patients with 
the Cav1.1-R528H mutation (0.46 6 
0.08, P = .027) but not in patients with 
the Kir2.1 mutation (0.43 6 0.08, P = 
.463) when compared with volunteers. 

Compared with healthy volunteers, the 
two patients suspected of having per-
iodic paralysis without mutation veri-
fication showed increased normalized 
muscular SI on STIR images (19.6 6 
6.5, P , .001), higher fat fraction (0.09 
6 0.01, P = .016), and higher SI ratio of 
muscle in relation to subcutaneous fat 
tissue on T1-weighted images (0.41 6 
0.06, P = .038).

7-T MR Imaging Examination and 
Analysis
Figures 1 and 2 show typical MR im-
ages in HypoPP (Cav1.1-R1239H and 
Cav1.1-R528H mutation) and ATS. 
Mean muscular 23Na concentration was 
higher in patients with Cav1.1-R1239H 
(35.3 mmol/L 6 9.2, P , .001), Cav1.1-
R528H (33.0 mmol/L 6 3.9, P , .001), 
and Kir2.1 (24.3 mmol/L 6 0.8, P = 
.035) mutation than in healthy volun-
teers (19.9 mmol/L 6 1.9). The mean 
muscular normalized 35Cl SI was higher 
in patients with Cav1.1-R1239H (25.3 
6 8.5, P , .001) and Cav1.1-R528H 

(22.9 6 3.6, P , .001) than in healthy 
volunteers (12.2 6 1.6) but was not 
higher in patients with the Kir2.1 muta-
tion (14.3 6 1.9, P = .517). When com-
pared with healthy volunteers, the two 
patients suspected of having periodic 
paralysis without mutation verification 
showed increased muscular 23Na con-
centration (25.8 mmol/L 6 1.8, P = .23)  
and normalized 35Cl SI (20.7 6 6.3, P = .21).  
When the results were pooled for all 
patients, median muscular 23Na concen-
tration (P , .001), 35Cl SI (P , .001),  
muscular edema (P , .001), fatty mus-
cular degeneration (P = .001), and fat 
fraction (P = .035) were higher in pa-
tients than in control subjects.

There was a strong correlation be-
tween the degree of muscular edema 
and muscular 23Na concentration (r = 
0.828, P , .001) and muscular normal-
ized 35Cl SI (r = 0.852, P , .001). Also, 
there was a strong correlation between 
the degree of fatty muscular degener-
ation and muscular 23Na concentration 
(r = 0.644, P , .001) and muscular 
normalized 35Cl SI (r = 0.727, P , 
.001). In addition, there was a strong 
correlation between muscular 23Na 
concentration and muscular normalized 
35Cl SI (r = 0.896, P , .001; Fig 3) and 
between the degree of fatty muscular 
degeneration and muscular edema (r = 
0.788, P , .001). Moreover, there was 
a strong correlation between the mus-
cular fat fraction and muscular 23Na 
concentration (r = 0.845, P , .001), 
muscular normalized 35Cl SI (r = 0.892, 
P = .001), and fatty muscular degener-
ation as assessed on T1-weighted im-
ages (r = 0.624, P = .001), as well as a 
strong correlation between the muscu-
lar fat fraction and muscular edema (r 
= 0.798, P < .001).

Muscle Strength Grading
Permanent muscle weakness as as-
sessed with the MRC scale was most 
pronounced in the severe phenotype 
Cav1.1-R1239H (five of five patients) 
compared with Cav1.1-R528H (one 
of eight patients) and in patients sus-
pected of having periodic paralysis 
without mutation verification (one of 
two patients). Permanent muscle weak-
ness as assessed with the MRC scale 
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normal skeletal muscle tissue was in ac-
cordance with recent reports (4).

As described by Nguyen et al (15), 
ATS is a rare hereditary multisystem 
disorder with periodic paralysis, ven-
tricular arrhythmias, and dysmorphic 
features as the typical triad of symp-
toms. However, the expressivity of 
the aforementioned symptoms varies 
distinctly, even within single families 
affected by ATS. Furthermore, not all 
patients with ATS present with the full 
triad of symptoms (15). The syndrome 
is associated with a loss-of-function 
mutation in the KCNJ2 gene. This 
gene encodes the Kir2.1 inward rec-
tifier K+ channel. In ATS, the loss-of-
function mutations in KCNJ2 affect the 
excitability of both skeletal and cardiac 
muscle, which forms the basis of the 

channels has become possible with the 
implemented 7-T MR imaging protocol. 
The findings of our study substantiate 
reports on 1.5-T 23Na MR imaging that 
demonstrated an increased Na+ concen-
tration of the skeletal muscle tissue in 
HypoPP (2). Also, our findings substan-
tiate an initial report on two patients 
with HypoPP who had permanent 
weakness due to a sustained membrane 
depolarization at presentation and in-
creased muscular Cl2 concentration 
(4). Because this reduced membrane 
potential reflects Cl2 concentration 
gradients, an increased Cl2 concentra-
tion within the skeletal muscle tissue, 
as demonstrated in our study for both 
HypoPP mutations in comparison with 
healthy volunteers, was expected. The 
measured Cl2 and Na+ concentration of 

was absent in patients with ATS and in 
healthy volunteers. The muscle weak-
ness was mostly symmetrical (Table 5).

Discussion

As demonstrated in our study, changes 
of Na+ and Cl2 homeostasis are quanti-
fiable in periodic paralyses by using 7-T 
MR imaging. These changes are most 
pronounced in the patients with severe 
phenotype Cav1.1-R1239H, with up to 
daily paralytic episodes. Our findings 
are a step forward into the noninvasive 
measurement of electrophysiological 
parameters such as the resting mem-
brane potential of skeletal muscle cells 
by using MR imaging. Moreover, the 
visualization of pathophysiological pro-
cesses provoked by altered Na+ and Cl2 

Figure 2

Figure 2:  Illustration of MR imaging findings in (a–f) a 69-year-old male patient with HypoPP (mild phenotype, Cav1.1-R528H) compared with (g–l) a 19-year-old 
female patient with ATS. Axial (a, g) 3-T 1H T1-weighted MR images (700/10) of both calves are shown, with (b, h) STIR images (5690/66), (c, i) water and fat im-
ages obtained by using the Dixon-type sequence (50/2.46 and 3.69), (d, j) fat fraction maps obtained by using the Dixon-type sequence, (e, k) 7-T 23Na MR images 
(160/0.35), and (Fig 2 continues.)
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hypothesis. This myocellular accumula-
tion of ions is obviously caused by the 
membrane leakage due to an aberrant 
pore in the voltage sensor in HypoPP 
(2). In brain infarction, increased 35Cl 
and 23Na SI has been reported in rats, 
thus substantiating the link between 
ion overload and cell damage (16,17). 
Moreover, an increased Cl2 concentra-
tion has been reported in glioma tissue 
of humans by using 7-T MR imaging (4) 
and in rats by using 21.1 T (18), sub-
stantiating the hypothesis of the impor-
tance of Cl2 for tumor cell function and 
progression.

Our study had a few limitations. 
We acknowledge the preliminary na-
ture and limited generalizability of our 
findings as a limitation, given the low 
number of participants. However, all 

overload may also play a role in the de-
velopment of the muscle edema, which 
was present in all patients with HypoPP 
studied with the severe phenotype. The 
edema-like changes we observed in Hy-
poPP were in accordance with a previ-
ous report (2). The muscular edema we 
examined seemed to be of an osmotic 
nature and was mainly intracellular in 
patients with HypoPP who exhibit myo-
plasmic Na+ overload, muscular edema 
(2), and Cl2 overload (4)—all of which, 
when persisting, may lead to weakness 
and degeneration, especially in the se-
vere phenotype Cav1.1-R1239H. Our 
findings of a strong correlation between 
the degree of muscular edema and fatty 
muscular degeneration with the mus-
cular 23Na concentration and muscu-
lar normalized 35Cl SI substantiate this 

periodic paralysis and cardiac arrhyth-
mias associated with ATS (15). Until 
now, the molecular mechanism of the 
dysmorphic features in ATS has only 
been poorly understood. In our study, 
we observed that the Na+ concentra-
tion within the skeletal muscle tissue 
is increased in both patients with Hy-
poPP and those with ATS when com-
pared with healthy volunteers. Conse-
quentially, one may hypothesize that 
the observed muscular Na+ overload 
in the studied periodic paralyses Hy-
poPP and ATS may be part of a gen-
eral mechanism in muscular degenera-
tion, which in other muscular diseases 
such as muscular dystrophies has also 
been hypothesized to be a contributor 
to the progressive muscle degeneration 
(10). The permanent myoplasmic Na+ 

Figure 2 (continued)

Figure 2 (continued):  (f, l) 35Cl MR images (40/0.6). The Na+ and Cl2 color bars are scaled differently (by a factor of two). The higher muscular 23Na and 35Cl SIs 
are evident in the calf muscles in the patient with HypoPP when compared with those in the patient with ATS. The tibial bones exhibit low 23Na SI. The three reference 
phantoms that contained 5% agarose gel and 10-, 20-, or 30-mmol/L NaCl solutions are visible on top of the calves. While edema-like and lipomatous changes are 
evident mainly in the right soleus muscle of the patient with HypoPP (arrows on a and b), they are completely absent in the patient with ATS.
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Cl2 concentrations at the expense of 
reduced spatial resolution (20), since 
37Cl exhibits an 1.5–1.6-fold longer fast 
T2f* relaxation time. Also, acquisition 
techniques that enable even faster sig-
nal acquisition, such as sweep imaging 
with Fourier transformation, might be 
applied (21,22). Moreover, for clinical 
applications, a further breakdown into 
intra- and extracellular Cl2 concentra-
tions is desirable. However, a direct 
means of determining distinct values 
for the intra- and extracellular Cl2 con-
centrations is not yet available. There-
fore, the increased 23Na and 35Cl SI ob-
served in our study might also, at least 

spatial resolution. Partial volume cor-
rection methods might be applied to 
enable more accurate quantification 
(19). However, accurate coregistration 
of the 1H MR imaging data would have 
been required, which was not available 
in our study. In 35Cl MR imaging of the 
calf muscles, more than 50% of the sig-
nal has already been decayed, although 
we used an echo time of 0.6 msec to 
minimize T2* relaxation weighting (4). 
Thus, we preferred the use of the term 
normalized 35Cl SI rather than 35Cl 
concentration. In the future, imaging 
of 37Cl instead of 35Cl might enable a 
more reliable quantification of in vivo 

examined periodic paralysis muscle 
diseases belong to the category of rare 
diseases. Moreover, the median age of 
the control subjects was younger than 
that of the patients (P = .03), given 
the fact that we examined the volun-
teers for optimization of the MR im-
aging protocol and for testing clinical 
feasibility prior to patient enrollment. 
In addition, Cl2 and sodium experi-
ence a biexponential relaxation with 
a fast component, or T2f*, and a long 
component, or T2L*, and the short 
T2* of 35Cl within healthy muscle tis-
sue (T2f* of 0.37 msec [4]) leads to 
blurring and to a decrease in effective 

Figure 3

Figure 3:  Scatterplots are shown for (a) fatty muscular degeneration versus muscular Na+ concentration and (b) fatty muscular degeneration versus normal-
ized 35Cl SI, as well as (c) muscular Na+ concentration versus normalized 35Cl SI in the soleus muscle. Scatterplots are shown for (d) muscular edema versus 
muscular Na+ concentration and (e) muscular edema versus muscular normalized 35Cl SI. Each of the four cohort groups (patients with Cav1.1-R1239H, patients 
with Cav1.1-R528H, patients with ATS, and healthy volunteers) are represented in different colors.
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tial of muscle cells can be approximated 
by using the Nernst equation solely on 
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Table 5

Overview of the Muscle Strength of the Lower Extremities

Parameter and Leg Kir2.1 Cav1.1-R528H Cav1.1-R1239H
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  Left leg 5 (5–5) 5 (3–5) 4 (2–5)
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Note.—Results are given as medians, with ranges (minimum to maximum values) in parentheses. For comparison, the median 
MRC score of all lower leg muscles of the volunteers was 5 (ie, full strength). Muscle strength was evaluated by means of clinical 
examination and quantified with the aid of the nonlinear grading system defined by the MRC (14).
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