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ABSTRACT

Elevated serum creatine kinase (CK) activity is usually an indi-
cator of muscle damage. HyperCKemia is often an incidental
finding and should be controlled after refraining from physical
activity for some days, especially in asymptomatic patients.
Furthermore, data from recent studies indicate that the upper
limits of normal (ULN) need to be revised upward. This review
includes an algorithm for the differential diagnosis of CK eleva-
tion in patients without muscular symptoms. In the field of
neurology, in particular myopathies and neuropathies with
affection of the lower motor neuron can cause symptomatic
hyperCKemia, with CK values >1000 U/l (16,7 pkat/l) being
indicative of a primary muscle disorder. Diseases with very high
CKvalues include subtypes of muscular dystrophies, idiopath-
icinflammatory myopathies and metabolic myopathies. How-
ever, a normal or only slightly elevated CK value does not ex-
clude the presence of a myopathy. The individual diagnostic
procedure (e. g., muscle imaging, special laboratory studies,
muscle biopsy and genetic testing) depends on the clinical
phenotype and the results of electrophysiological studies. Hy-
perCKemia can also be an adverse effect of several drugs in-
cluding statins. In asymptomatic patients, statin-associated CK
elevations <5 times the ULN can be tolerated. In patients with
higher CK values and/or muscle symptoms, LDL-cholesterol
lowering therapy should be changed. Rhabdomyolysis is a po-
tentially life-threatening condition and is accompanied by high-
ly elevated CK values. Acute phase treatment includes preserv-
ing renal function and restoring metabolic derangements.

Introduction

Creatine kinase (CK) is an enzyme playing an important role in the
energy metabolism of cells. It catalyzes the transfer of a phosphate
from phosphocreatine to ADP, thus supporting the resynthesis von
ATP. CK activity is by far the highest in skeletal muscle [61]. Total
CK activity, measured N-acetylcysteine (NAC)-stabilized in serum
or plasma (CK-NAC), comprises the activities of the various CKiso-
enzymes (CK-MM: skeletal muscle type, percentage of total activ-
ity normally >93 %; CK-MB: myocardial band, percentage of total
activity normally <6 %; CK-BB: brain type, percentage of total ac-
tivity up to a maximum of about 1 %; CK-MiMi: mitochondrial type;

usually not detectable in serum). Increased CK levels typically in-
dicate muscle damage with disruption of sarcolemmal integrity
and may be caused by a variety of conditions (> Table 1). Here, an
exemption is macro-CK. In macro-CK type 1 (not associated with
disease), immunoglobulins bind to CK-BB, while in macro-CK type
2 (usually associated with significant disease) oligomeric mitochon-
drial CKis present. In macro-CK, the CK-MB percentage of total CK
is usually >25 %, due to the method used. This helps to distinguish
it from myocardial infarction where the CK-MB percentage is typ-
ically between 6 % and 20 % (for total CK levels of up to approxi-
mately 7500 U/L [125 pkat/L]).

E72 Kley RA et al. Differential Diagnosis of HyperCKemia. Neurology International Open 2018; 2: E72-E83


mailto:rudolf.kley@rub.de

» Table 1 Causes of hyperCKemia (examples).

Inherited and acquired myopathies
Inherited and acquired neuropathies (including motor neuron diseases,
radiculopathies)

Medications (e.g., statins, fibrates, beta blockers, angiotensin-II
receptor blockers, clozapine, hydroxychloroquine, isotretinoin,
colchicine)

Physical exertion, sports

Trauma (e. g., fall, crush injury)

Seizures

Muscle cramps (paraphysiological or symptomatic)

latrogenic (e. g., intramuscular injection, EMG examination, surgery)
Pregnancy

Ethnicity

Surgical procedures

Toxins (e.g., alcohol, heroin, cocaine)

Endocrine (e.g., diabetes mellitus, hypothyroidism, hypoparathy-
roidism, acromegaly)

Viral infections

Metabolic (hypokalemia, hyponatremia, hypophosphatemia)
Myocardial infarction [ chronic cardiac disease

Obstructive sleep apnea syndrome

Neuroacanthocytosis

macro-CK

Renal disease

Celiac disease

Connective tissue disorders

Malignancies

CK level is an important parameter in the differential diagnosis
of neuromuscular diseases. Yet, hyperCKemia as an incidental find-
ing is of limited diagnostic significance and should always be eval-
uated in the context of clinical findings. Special attention should
be paid to the fact that after physical activity, e. g., when exercis-
ing or on the job, and after injuries, it is normal to find significant
increases in serum CK activity over a period of several days. In par-
ticular after extreme physical exertion, it may take more than 2
weeks until CK levels have returned to normal [42]. Thus, it is ad-
visable to repeat CK testing after several days of rest. Key factors
influencing the further diagnostic process include the patient’s
medical history and clinical examination findings.

What is Still Normal? - The Reference Range
Problem

When do we speak of hyperCKemia? This is not a question that can
easily be answered as the answer depends on the reference values
used - and these still are the subject of ongoing discussions. The
International Federation of Clinical Chemistry and Laboratory Med-
icine (IFCC) last updated the standards for measuring serum CK ac-
tivity in 2002 [54]. The “preliminary*“ upper limits of normal (ULN)
issued then were 145 U/L (2.4 pkat/L) and 171 U[L (2.9 pkat/L) for

women and men, respectively. These values should represent the
97.5th percentile which would mean that only 2.5 % of healthy in-
dividuals should have CK levels above this upper limit. These nor-
mal values are based on IFCC recommendations from 1991 [20]
which in turn are derived from national recommendations of vari-
ous European countries between 1976 and 1982 [20]. However,
attention should be paid to differences in the method used to meas-
ure CK levels and the studied patient population. In addition, nor-
mal ranges were calculated based on the assumption of normal dis-
tribution. Yet, there is some evidence indicating that this not the
case, especially if CK levels are high [38]. Ultimately, this leads to
an increased number of false positive results. For example, in a
study with 968 healthy subjects younger than 25 years of age con-
ducted in Israel, 18.9 % of men and 4.6 % of women had CK lev-
els >200 U/L (3.3 pkat/L) [28]. In a study by Brewster et al. from the
Netherlands published in 2007, which enrolled 1444 persons aged
between 34 and 60 years, 36 % had elevated CK levels (with ULNs
of 140 U/L (2.3 pkat/L) for women and 174 U/L (2.9 pkat/L) for men)
[6]. Here, the ethnicity of the subjects was the decisive factor.
Among subjects of European origin, only 8 % of women and 17 % of
men had elevated CK levels. By contrast, among subjects of African
origin, 42 % of women and even as much as 62 % of men were found
to have increased CK levels. The 97.5th percentiles for serum CK ac-
tivity were 201 U/L (3,4 pkat/L) in European women and 322 U/L
(5.4 pkat/L) in European men and thus significantly higher than the
IFCC’s ULNSs. In subjects of African origin, 97.5th percentiles were
once again twice as high with 414 U/L (6.9 pkat/L) for women and
801 U/L (13.4 pkat/L) for men.

These numbers highlight the need to further discuss the refer-
ence range for CK. The 2010 guidelines of the European Federation
of Neurological Societies (EFNS) propose to adapt the CK reference
range according to the study by Brewster et al. [25]. However, in
2012 a Norwegian study was published which included data of al-
together 6904 persons. The 97.5t percentiles of CK was 207 U/L
(3.5 pkat/L) for women and 367 U[L (6.1 pkat/L) for men [31]. As
this was a high-quality study with significantly more subjects, we
advocate relying on these data as a guidance for individuals of Eu-
ropean origin. Amending the reference range by applying higher
cut-off values results in improved specificity for neuromuscular dis-
orders and significantly reduces the number of false-positive re-
sults. It helps to prevent unnecessary additional diagnostic tests in
health individuals. On the other hand, it lowers the sensitivity of
the laboratory parameter. However, this downside appears to be
of comparatively low clinical relevance [41]. It should be borne in
mind that even with the current reference range not all neuromus-
cular disorders are associated with elevated CK levels. Thus, in the
presence of clinical signs and symptoms indicative of neuromus-
cular abnormalities, an adequate work-up should be performed in
all cases, regardless of CK levels.

Asymptomatic HyperCKemia

In asymptomatic hyperCKemia, the patient has no history of rele-
vant muscular symptoms and, by definition, clinical neurological
examination is unremarkable. The causes of this finding are many
and varied (> Table 1). Here, key questions to be addressed in the
medical history include previous illnesses, neuromuscular disor-
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ders and adverse events from anesthesia in the patient’s family as
well as the alcohol and medication history. Before initiating further
investigations, CK levels should be re-checked. A large study with
more than 12 000 participants found that when initially elevated
CK levels were re-assessed during a standardized follow-up exam-
ination (avoidance of excessive physical activity and no alcohol con-
sumption within 3 days prior to blood collection), CK levels had re-
turned to normal in almost 70 % of cases [30]. In more than 40 % of
the remaining cases, the cause identified was not within the spec-
trum of neuromuscular disorders. The most common cause of el-
evated CK levels was statin treatment, followed by thyroid disease,
renal disease and cardiac disease [30]. Thus, in patients with asymp-
tomatic elevation of CK levels, the diagnostic work-up should ini-
tially focus on potential medical causes. In patients with persistent
orrecurrent hyperCKemia not explained otherwise (> Table 1), the
differential diagnosis should in particularinclude the following con-
ditions:
= idiopathic hyperCKemia not associated with disease
= inherited or acquired neuromuscular disease (NMD) prior to
clinical manifestation
= isolated hyperCKemia with mutation(s) in an NMD gene (also
female carriers/heterozygote carriers of a recessive disease)
Increased serum CK activity appears to be not harmful as such and
consequently it is not associated with disease. In case of severe
damage to muscle tissue, it is not the released CK, but mainly the
released myoglobin which causes renal injury (see below). Howev-
er, finding the cause of hyperCKemia is desirable as it is a prerequi-
site for adequate counselling of the patient. When followed up over
a certain period of time, prognosis is generally good [9, 46]. How-
ever, there is no guarantee that the patient will not develop clinical
manifestation of a neuromuscular disorder later in the course of
the disease; therefore, follow-up examinations at wider intervals
(every 1-2 years) are advisable. Another important aspect is that
even in asymptomatic cases of hyperCKemia, patients have an in-
creased risk for a genetic predisposition to develop malignant hy-
perthermia (MH). This dreaded complication of anesthesia is asso-
ciated with increases in body temperature and CK levels, typically
accompanied by mutations in the RYR1 gene [34, 63]. Consequent-
ly, when patients with unexplained elevation of CK levels undergo
anesthesia, substances which may trigger MH (inhalational anes-
thetics and depolarizing muscle relaxants) should be avoided as a
precaution.

How successful is the diagnostic work-up for
asymptomatic hyperCKemia?

In recent years, several retrospective studies addressing this issue
have been published [8, 15,45, 16,55, 34,46]. Here, it has to be
taken into account that not only data of asymptomatic patients,
but also of patients with mild unspecific symptoms were included.
The results of these studies varied for a number of reasons [25].
However, looking at the overall picture it can be stated that about
half of the patients had abnormal EMG findings. With extensive fur-
ther work-up, including muscle biopsy and genetic tests, 20 % of
patients were diagnosed with myopathy and 5-10 % with neurop-
athy. In approx. 40 % of patients, histology revealed unspecific mus-
cle tissue changes which could not be more precisely linked to spe-
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cific conditions. However, it is likely that if the now available ad-
vanced molecular genetic tests (panel diagnosis, whole exome
sequencing) were used, mutations with known disease genes could
be demonstrated in a subgroup of these patients. About one third
of patients had no abnormalities at all and was classified as idio-
pathic hyperCKemia.

Recommendations for the diagnostic algorithm in
patients with asymptomatic hyperCKemia

» Fig. 1 shows an algorithm established from a pragmatic point of
view based on the available evidence and existing guidelines. As
described above, the first step should be to measure CK levels after
several days with little physical activity and to determine the per-
centage of CK-MB (especially with regard to potential macro-CK).
In case of persistent increased CK activity it is advisable to first rule
out medical causes or side effects of drugs. If this does not clearly
indicate a diagnosis, the EFNS guidelines recommend to only initi-
ate further neurological work-up if CK levels exceed 1.5 times the
upper limit of normal. However, we think that the use of MH-trig-
gering substances should be avoided as a precaution, even in cases
with mild hyperCKemia. With regard to further diagnostic tests, we
consider it advisable to perform an MRI scan of the leg muscles
(with an interval to EMG), besides electrophysiological testing, as
this method is very sensitive in detecting lipomatous and edema-
tous muscle changes. In case of unremarkable results, a suspected
diagnosis of idiopathic hyperCKemia can be established and sub-
sequent diagnostic assessments be limited to follow-up checks
(with the residual risk of wrong classification; see Info Box Genetic
testing in asymptomatic hyperCKemia). However, if findings are in-
dicative of myopathy or neuropathy, further testing has to be per-
formed as required. In case of specific findings, e. g., detection of
myotonic discharge series in EMG, or in case of a specific distribu-
tion pattern of muscle alterations in MR imaging, a targeted genet-
ic assessment may be indicated. If findings are suggestive of myo-
pathy, itis recommended to perform a muscle biopsy; in this case,
histopathological processing and analysis should be performed by
an experienced center. If specific histological changes are detect-
ed, it may be possible to establish a diagnosis or initiate targeted
genetic examinations. In case of unspecific myopathological chang-
es, stepwise diagnosis as in symptomatic hyperCKemia should be
considered. If histology is unremarkable, the further diagnostic pro-
cedure is to be established on an individual basis, taking into ac-
count the extent of the changes in electromyography and MRI.

Symptomatic HyperCKemia

Patients with symptomatic hyperCKemia report muscle problems
and usually show abnormalities on clinical neurological examina-
tion. With regard to potential causes, our focus is on acquired and
inherited myopathies and neuropathies. It is beyond the scope of
this review to discuss the approximately 800 different neuromus-
cular disorders with now more than 250 known disease genes in
detail. In addition, the available evidence on these rare diseases is
often inadequate and CK levels may vary widely, even between pa-
tients with the same condition. Thus, the information provided in
the following example is only indicative.
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Asymptomatic hyperCKemia + no family history of NMD

no further work-up

recheck CK levels + CK-MB

no after reduced physical activity
— CK levels still elevated?

explained by medical
condition or drug treatment? yes

suspicion of idiopathic no
hyperCKemia
— monitor clinical course; further
work-up in case of significant
increase in CK levels or CK
elevation >10 times
—in case of anesthesia, avoid the
use of substances that can
trigger malignant hyperthermia
(inhalational anaesthetics and no
depolarizing muscle relaxants)

EMG/muscle MRI; if required,
ENG — abnormalities detected?

treatment of the underlying
disease, switch of medication,
if required

CK increased >1.5 times?

eV|doefnce further work-up (see also Drager
neuro- and Young, Aktuelle Neurologie
pathy  412016)

evidence of myopathy

specific changes?

yes targeted genetic tests

muscle biopsy — result?

specific changes?

diagnosis established or targeted
genetic testing

unspecific changes

stepwise diagnosis as in sympto-
matic hyperCKemia, if needed

normal

targeted further testing in
individual cases

» Fig. 1 Diagnostic algorithm for asymptomatic hyperCKemia. NMD: neuromuscular disease; CK: creatine kinase; EMG: electromyography; ENG:

electroneurography.

Myopathies

Progressive muscle weakness, in some disorders with characteris-
tic distribution, in conjunction with muscle atrophy is the hallmark
of most primary muscle disorders. Facultative signs and symptoms,
such as myalgia (see Info Box), exercise intolerance, myotonia or
signs of increased muscle excitability, rash, joint contractures, dys-
morphic stigmata, and signs of multi-organ involvement, may pro-
vide valuable information for establishing the diagnosis. » Fig. 2
shows examples of some patients with various myopathies. For rec-
ommendations on the diagnostic process in myopathies, please

refer to the recently updated and open-access guideline of the Ger-
man Society of Neurology (DGN) on the topic (AWMF registration
number 030/115). In some myopathies, phenotypes are so char-
acteristic that the diagnosis established after laboratory testing
and electrophysiological studies can usually be confirmed by direct
genetic testing. These disorders include facioscapulohumeral mus-
cular dystrophy and oculopharyngeal muscular dystrophy, myo-
tonic dystrophy type 1 (and to some extent also type 2), and cer-
tain types of non-dystrophic myotonias. By contrast, the differen-
tial diagnostic work-up of other myopathies often requires

Kley RA et al. Differential Diagnosis of HyperCKemia. Neurology International Open 2018; 2: E72-E83 E75



& Thieme

> Fig. 2 Examples of patients with myopathies. a-c: 23-year-old patient with muscular dystrophy of unclear etiology, presenting with severe, more
proximal paralysis with muscular atrophy and bilateral scapular winging, contractures of joints, scoliosis, and status post PEG placement. The patient
requires non-invasive mechanical ventilation because of respiratory muscle involvement. d: Typical picture of facioscapulohumeral muscular dystro-
phy with marked scapular winging and poly-hill sign. e-f: Paresis and atrophy of flexor digitorum profundus muscles and the quadriceps femoris
muscle in patient with sporadic inclusion body myositis. g: Gowers' sign (walking hands up the thighs in order to stand up) in a patient with limb-gir-
dle muscular dystrophy type 2 A. h: Becker muscular dystrophy with pseudohypertrophy of calf muscles. i-j: Distal myopathy caused by CAV3 muta-
tion with marked paresis of foot dorsiflexors. k: Bethlem myopathy with joint hypermobility.

extensive and sophisticated special diagnostic tests, among others
muscle MRI (> Fig. 3) and muscle biopsy (> Fig. 4). Therefore, it is
advisable to refer these patients to a specialized neuromuscular
center. Patients should be informed that it is not always possible to
identify the cause of the disease even after extensive diagnostic
testing. Using the diagnostic resources available today, a precise
diagnosis can be established in up to 75 % of symptomatic cases
[43]. However, if the most common causes have already been ruled
out, chances of successfully establishing the diagnosis may be con-
siderably poorer in some patients. On the other hand, advanced
genetic tests have opened up new possibilities which have led to

the identification of numerous new disease genes in recent years.
Thus, re-evaluation of still undiagnosed patients with symptomat-
ic hyperCKemia at a later point may well be justified. Special atten-
tion should be paid to disorders for which specific treatment op-
tion are available or will become available in the foreseeable future.
A noteworthy example is Pompe disease which can be treated with
enzyme replacement therapy.

Inherited and acquired myopathies are often, but not always,
associated with elevated CK levels. Usually, it is not possible to draw
direct conclusions on the underlying cause of a myopathy based
on CK levels alone. However, taking into account the patient’s (fam-
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> Fig. 3 T1-weighted MRI scan of leg muscles in patients with limb-girdle muscular dystrophies. a/d/g: LGMD2A (calpain-3 defect); b/e/h: LGMD2R
(recessive desmin defect); c/f[i: LGMD2I (FKRP defect). Differences in the pattern of lipomatous muscle alterations are noted. In the calf region,
patients with LGMD2A, for example, show asymmetric marked fatty degeneration primarily of the soleus and the medial gastrocnemius muscles,
while in LGMD2R patients the tibialis anterior, extensor digitorum longus and peroneal muscles are primarily affected. In the thigh region, for exam-
ple, with LGMD?2I the semitendinosus and semimembranosus muscles are less involved compared to the other 2 subtypes of LGMD.

ily) history, clinical phenotype and results of additional diagnostic
tests, the extent of hyperCKemia can influence the direction of the
further diagnostic work-up. Disorders associated with very high CK
levels include certain types of muscular dystrophies, idiopathic in-
flammatory myopathies and metabolic myopathies.

Muscular dystrophies are a good example to demonstrate the
wide range of elevated CK levels in myopathies. In patients with
mutations in the dystrophin gene, the most common cause of he-
reditary myopathy (Duchenne and Becker types of muscular dys-
trophy), mean CK levels are about 10 000 U/L (166.7 pkat/L) [64].
In patients with limb-girdle muscular dystrophy (LGMD), certain
recessive subtypes, e. g., LGMD2B (affected protein: dysferlin), LG-
MD2I (FKRP) and LGMD2L (anoctamin 5), are associated with high
CK levels in the 5-digit range. By contrast, in other subtypes of the
disease, e. g., LGMD1A (myotilin), LGMD1D (DNAJB6) or LGMD2]
(titin), CK levels are only slightly (<600 U/L; <10 pkat/L) to mod-
erately (600-1500 U/L; 10-25 pkat/L) increased or even within the
normal range. This also applies to facioscapulohumeral muscular
dystrophy (FSHD) and myotonic dystrophies, the most common
hereditary myopathies in adults, and to oculopharyngeal muscu-
lar dystrophy (OPMD). Thus, the generalized statement that mus-
cular dystrophies are always associated with high CK levels is not
true. In distal myopathies, the degree of hyperCKemia varies wide-
ly and is dependent on the cause of the disease. In patients with
non-dystrophic myotonias, myofibrillar myopathies and congeni-

tal myopathies with specific structural abnormalities, CK levels are
typically only slightly to moderately elevated or even within the
normal range.

In patients with metabolic myopathies which include gly-
cogenoses, lipid myopathies and mitochondrial myopathies, CK
levels again depend very much on subtype and in some cases also
on the time of blood collection. For example, type 2 glycogenosis
(Pompe disease) is associated with mild, persistent hyperCKemia.
In type 5 glycogenosis (McArdle disease), clinically characterized
by exercise intolerance with myalgia and contractures, CK levels
are in the 4-digit range in many patients. In addition, about half of
patients with McArdle disease experience recurrent rhabdomyol-
ysis (see below) associated with acute excessive increase in serum
CK activity and myoglobinuria. Attack-like increases in CK levels
and myoglobinuria in conjunction with critical pain exacerbations
occur with the most common form of lipid myopathies—CPT2 de-
ficiency [10]. Potential triggers include prolonged physical exer-
cise, cold, fever, fasting, a diet low in carbohydrates and rich in fats,
treatment with valproate, and the administration of anesthetics.
In the symptom-free interval, however, CK levels are typical nor-
mal or only slightly elevated.

In idiopathic myositis, mean CK levels are at about 3.000 U/L
(50 pkat/L) [29, 64], but can increase to levels above 10.000 U/L
(166.7 pkat/L). By contrast, sporadic inclusion body myositis is as-
sociated with usually mild to moderate hyperCKemia.

Kley RA et al. Differential Diagnosis of HyperCKemia. Neurology International Open 2018; 2: E72-E83 E77
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> Fig. 4 Example of histological findings in myopathies. a: Normal control. b: Dystrophic tissue with increased variability of fiber diameters, regen-
erating muscle fibers, central nuclei, and increased amounts of connective and adipose tissues. c and d: glycogenosis type 5 with PAS-positive (d)
vacuoles (glycogen deposits). e and f: Myofibrillar myopathy with massive protein aggregation in muscle fibers and detection of filamin C (green in f)
and desmin (red in f) within the aggregates. a-c: HE stain; d: PAS stain; e: trichrome stain; f: immunofluorescence analyses.

Hypothyroidism-associated myopathy is the most common en-
docrine myopathy. It may lead to mild hyperCKemia [35] and is clin-
ically characterized by mild, proximal pareses and myalgias as well
as slow muscle contraction and delayed muscle relaxation (similar
to myotonias, but without myotonic discharges in EMG). These
muscle symptoms usually disappear with appropriate therapy. Like-
wise, hyperthyroidism regularly causes myopathy, but CK levels
typically remain within the normal range. However, in rare cases
rhabdomyolysis may occur during thyrotoxic crisis.

Statin-associated CK elevation

Numerous drugs can cause muscle symptoms and hyperCKemia.
Due to its clinical relevance, also for neurologists, we will discuss
statin-induced CK elevation in detail in the following.

According to a recent review, statin-associated muscle symp-
toms occurin 7-29 % of patients treated with statins [57]. Myalgia
in combination with mild CK elevation is common, but muscle
weakness and muscle cramps may occur as well. Symptom onset is

typically within the first 4-6 weeks after start of treatment [44] and
this side effect is one of the main reasons for discontinuation of
cholesterol-lowering statins. In 0.1 to 0.01 % of patients, CK levels
increase to more than 10 times the ULN. Risk factors for statin in-
tolerance include age, sex, physical constitution, comorbidities,
and co-medication as well as genetic predisposition [58, 2,49].

The pathophysiology of statin-induced adverse effects is relat-
ed to mitochondrial dysfunction associated, among others, with
changes in coenzym Q10 concentrations in the muscle leading to
impaired intracellular ATP generation. Furthermore, alterations in
protein homeostasis, including changes in the autophagy system,
are discussed [57]. In some patients, autoimmunogenic reactions
with generation of antibodies to HMG-CoA reductase have been
described [32], potentially leading to independent necrotizing my-
opathy.

Isolated hyperCKemia does not necessarily require a change of
statin medication. In clinically asymptomatic patients, CK levels up
to 5 times above the ULN can be tolerated [40-3]. Definitions of
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statin-induced myopathy and recommendations for the manage-
ment of statin-associated muscle symptoms and hyperCKemia dif-
fer[40,36,57] and some have to be questioned from the perspec-
tive of myology [3]. Below, a brief summary of the 2015 recom-
mendations of the European Atherosclerosis Society [57]:

In patients with muscle symptoms and CK levels of up to 4 times
the (old) ULNs, the first step should be to interrupt statin therapy
for 2-4 weeks. If symptoms improve, it is recommended to start
treatment with another statin after review of the indication. If
symptoms recur, a low-dose therapy with a third statin or adjust-
ment of the administration interval should be attempted. In case
symptoms persist despite interruption of statin therapy, another
cause of the muscle symptoms can be assumed and it is recom-
mended to restart the same statin therapy. A critical point, howev-
er, is that it can take several months after statin discontinuation
before statin-associated muscle symptoms have disappeared. Tak-
ing this into consideration, in our opinion the approach should be
to either switch the patient to an alternative LDL cholesterol-low-
ering treatment or—if reasonable—to interrupt statin treatment for
a prolonged period of time and then restart it. In addition, these
patients should be referred to a neuromuscular center for further
diagnostic work-up.

In case of muscle symptoms and a CK increase by more than 4
times the ULN, first statin treatment should be interrupted for a pe-
riod of 6 weeks and then an attempt with an alternative low-dose
statin medication or an alternating drug administration should be
made. In case of findings indicative of statin-induced rhabdomyol-
ysis (see below), however, no further statin treatment should be
attempted.

The aim of this management approach is to adequately lower
LDL cholesterol levels [47] with statins (up to the maximum dose
tolerated by the patient). If this is not possible, treatment with eze-
timibe, if necessary in combination with bile acid reabsorption in-
hibitors and/or fibrates (except for gemfibrozil) is recommended.
If the target range of LDL levels is still not reached with this regi-
men, the use of new treatment options, such as monoclonal an-
ti-PCSK9 antibodies or CETP inhibitors, should be considered.

Neuropathies

Medical history and clinical examination findings often are strong-
ly indicative of peripheral neuropathy. However, in case of exclu-
sive motor deficits, it may be difficult to distinguish between neu-
ropathy and primary muscle conditions, such as distal myopathies.
However, the results of additional electrophysiological testing usu-
ally help to overcome this hurdle. In complicated cases, a combi-
nation of peripheral neuropathy and myopathy can be present, for
example in certain types of myofibrillar myopathies [23] or
BICD2-associated disorders [60]. For information about the prag-
matic diagnostic work-up of hereditary peripheral neuropathies,
please refer to the review by Dréger and Young [12].

In case of acquired and hereditary neuropathies with involve-
ment of the 2nd motor neuron, mild to moderate hyperCKemia is
often present. In cohort studies, CK levels were elevated in 27 % of

patients with chronic inflammatory demyelinating polyradiculo-
neuropathy (CIDP, N=67) [1], in more than 50 % of patients with
Guillain-Barré syndrome (GBS, N=21) [51], in 67 % of patients with
small-fiber neuropathy (N=12) [33], and in all patients with axon-
al neuropathy due to TRPV4 mutations (N=17) [14]. In Charcot-Ma-
rie-Tooth (CMT) disease patients with NEFL mutations, a study
found CK levels between 433 and 1213 U/L (7.2-20.2 pkat/L) [4].
With other types of CMT (N=205), between 3 % (in PMP22 dupli-
cations) and 30 % (with MPZ mutations) of patients had increased
CK levels [19]. In a cohort of 504 patients with spinal muscular at-
rophy (SMA), CK activity with SMA | and Il was about one third, in
SMAIllain 57 % and in SMA lllb in more than 90 % of patients above
twice the standard deviation [52]. In a more recent study with 80
patients with amyotrophic lateral sclerosis (ALS), serum CK activi-
ty was increased in 45 % of patients [18]. The highest level in that
study was 1992 U/L (33.2 pkat/L). This is in line with our own clini-
cal experience that CK levels above 1000 U/L (16.7 pkat/L) are rel-
atively common in patients with ALS. In patients with Kennedy syn-
drome, CK levels of more than 4000 U/L (66,7 ukat/L) have been
reported [17,48]. However, a myopathic component of the disease
is being discussed [56]. Typically, CK levels in neuropathy patients
are markedly lower and CK levels above 1000 U/L (16.7 ukat/L) are,
in principle, indicative of a myopathy.

Rhabdomyolysis

Rhabdomyolysis is a potentially life-threatening condition in which
content of muscle fibers is released into the circulation after acute
and extensive injury to muscle tissue. CK levels increase to more
than 10 times the ULN (in some cases >200,000 U/L
(3333.3 pkat/L)), but subsequently drop rapidly. Clinically, patients
present with the following key symptoms: severe myalgia and pa-
resis, developed within hours or days and affecting especially the
proximal leg muscles; muscle swelling and the reddish-brown urine
of myoglobinuria. However, in most cases not all symptoms appear
simultaneously. The classical triad of muscle weakness, myalgias
and discoloration of urine is rarely seen in patients [65]. The defi-
nition of rhabdomyolysis, for which as yet no consensus has been
reached, has certainly contributed to this. Some authors call for
using a CK elevation of more than 5 times the ULN as the threshold
[26]. However, we think this threshold is far too low. It should be
noted that the risk of acute renal failure is generally very low if CK
levels are under 15 000-20 000 U/L (250-333.3 pkat/L) [5]. Howev-
er, in the presence of concomitant factors such as sepsis, dehydra-
tion and acidosis, renal failure can already occur at CK levels start-
ing from about 5000 U/L (83.3 pkat/L) [5].

The most important complication of rhabdomyolysis is acute
renal failure. It is primarily caused by tubular obstruction by myo-
globin casts, but vasoconstriction and hypovolemia as well as di-
rect toxic effects of myoglobin to renal parenchyma can play a role
too. Cardiac arrhythmia, disseminated intravascular coagulation
(DIC) and compartment syndromes are other relevant complica-
tions [65].
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Recommendations for acute treatment include forced diuresis
with intravenous infusions (NaCl 0.9 %) and furosemide, correction
of electrolyte imbalances and, if required, intravenous administra-
tion of sodium bicarbonate to alkalize the urine (target pH 6.5). In-
fusion treatment should be continued until CK levels have dropped
to <1000 U/L (<16.7 pkat/L). Hemodialysis may be indicated
to treat life-threatening hyperkalemia or metabolic acidosis. Com-
partment syndromes may require surgical treatment and atten-
tion should be paid to hemorrhagic complications in patients with
DIC [65].

Rhabdomyolysis can be triggered by a wide range of acquired
and inherited factors [65]. The most common causes are substance
abuse (34 %), medications (11 %), accidents (9 %), and seizures (7 %)
[37]. Hereditary myopathies should be considered especially in pa-
tients with recurrent episodes, positive family history or pre-exist-
ing muscular exercise intolerance. They are typically associated
with rhabdomyolysis (at times the first manifestation of the dis-
ease), comprise some types of metabolic myopathies (e.g., CPT2
deficiency, McArdle disease), certain muscular dystrophies and also
structural myopathies.

Functional tests for metabolic myopathies play a key role in the
work-up of rhabdomyolysis. These include the non-ischemic fore-
arm exercise test, the bicycle ergometer test and the tandem
mass-spectrometric measurement of serum carnitine and acylcar-
nitine. These tests can provide first non-invasive hints of potential
disturbances of glycogen metabolism, lipid metabolism and the
mitochondrial respiratory chain. Ideally, these special tests should
be conducted in muscle centers experienced in the performance
and interpretation of these examinations. It should then be evalu-
ated on an individual basis whether a muscle biopsy and/or addi-
tional genetic tests should follow. Currently, the sensitivity of se-
lective NGS panel testing, comprising metabolic and other genes,
after a completed rhabdomyolysis episode is scientifically evalua-
tedand may replace or complement the more invasive and
time-consuming muscle biopsy. An important aspect of the diag-
nostic work-up of rhabdomyolysis is that a muscle biopsy should
only be performed at least 4 weeks after a completed episode of
rhabdomyolysis so that the histopathological assessment is not
complicated by the great number of rhabdomyolysis-related mus-
cle fiber necroses.

Conclusion for Clinical Practice

Elevated CK levels should first be rechecked after several days of
reduced physical activity and alcohol abstinence, using the recom-
mended new reference range. In case of persisting hyperCKemia,
the next diagnostic step should be to rule out potential medical
causes. Asymptomatic CK elevations do not necessarily require a
diagnostic work-up (see algorithm), but clinical follow-ups are ad-
visable and in case of anesthesia substances which may trigger MH
should be avoided, as a precaution. In patients with symptomatic
hyperCKemia, it should be taken into consideration that neuropa-
thies with involvement of the 2"d motor neuron are frequently as-

sociated with CK elevations, while myopathies are not necessarily
associated with high CK levels. In case of suspected neuromuscu-
lar disease, further tests should be performed, preferably in a Neu-
romuscular Center, especially when the phenotype is not specific
for a particular disease. Adverse drug reactions are another poten-
tial cause of hyperCKemia. In asymptomatic patients with statin-as-
sociated CK elevation, CK levels up to 5 times the ULN can be tol-
erated. In case of statin-associated muscle symptoms, a change in
medication is usually indicated; however, in case of rhabdomyoly-
sis, treatment with HMG-CoA-reductase inhibitors should be dis-
continued permanently. Severe rhabdomyolysis which can be
caused by a variety of factors is a potentially life-threatening con-
dition and may lead to acute renal failure. One should think of an
underlying myopathy especially in patients with recurrent rhabdo-
myolyses, a family history positive for muscle disorders or in case
of muscular exercise intolerance.

GENETIC TESTING IN ASYMPTOMATIC HYPER-
CKEMIA

Whether it is reasonable to perform molecular genetic
analyses in patients with asymptomatic hyperCKemia
remains the subject of controversy. For example, the EFNS
guidelines recommend to conduct genetic tests in all
women with CK elevations >325 U/L (>5.4 pkat/L) to
determine carrier status for Duchenne and Becker types of
muscular dystrophy caused by mutations in the dystrophin
gene (DMD). The sensitivity of the recommended method
(multiplex ligation-dependent probe amplification [MLPA])
is reported to be approximately 70 % [25]. However, taking
into account the incidence of dystrophinopathies [24], the
distribution of CK levels in the healthy population (see
above) and the fact that CK levels are not elevated in
33-50% of carriers [27,62,7,59-13] (based on the current
reference range; consequently, the proportion of affected
women with CK levels of up to 325 U/L (5.4 pkat/L) is even
higher), the sensitivity of the recommended method to
detect carriers of dystrophinopathies is <50 % with a
specificity of <0.5%. Thus, more than 200 women have to
undergo expensive genetic testing to identify one carrier.
Besides that, when using this method, more than half of the
carriers are not detected. Thus, in this context CK levels are
only of limited value as a biomarker. Due to the lack of
convincing data, we are critical of this EFNS recommenda-
tion; consequently, we have not included it in our algorithm
(see > Fig. 1). In this context, we see preconception carrier
screening as a more appropriate approach. Couples with the
desire to have a child are tested for carrier status for various
severe disorders with autosomal recessive or X-linked
inheritance which applies to numerous myopathies.
However, ethical aspects need to be taken into considera-
tion [39].
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In the differential diagnosis of hyperCKemia, asking patients
about their history of myalgias is important. Several
myopathies have myalgia in combination with hyperCKemia
as characteristic—or at least important—features (e.g., in
McArdle disease [50] und other metabolic myopathies,
certain types of myositis [11], and myotonic dystrophy type
2 [53]). Muscle pain may also play an important role in
disorders such as FSHD, dystrophinopathies, LGMD1C,
LGMD2A, LGMD2I, and myotonic dystrophy type 1. Soreness
experienced deep in the muscle is characteristic of myopa-
thies. In other types of hyperCKemia, with or without
myopathy, patients may experiences myalgia but it plays a
minor role (e.g., in Pompe disease [22]), while still other
conditions are completely or almost completely painless.
When taking the patient’s history, it should be clarified
whether the muscle pain is localized or generalized and
whether the patient experiences myalgia in its strict sense
or cramps, i.e. muscle pain caused by involuntary and
usually visible, very painful muscle contractions. In myalgias
stricto sensu it should be asked whether the patient
experiences the pain at rest or reproducibly linked to
physical exercise (exercise intolerance). In patients present-
ing with the combination of hyperCKemia and myalgias,
various causes have to be taken into considerations, above
all myopathies, but also neuropathies. An important
differential diagnosis of this combination is physical activity
or excessive exercising in untrained individuals. As a rule of
thumb, muscle pain during or immediately after physical
exercise is indicative of myopathy (e. g., metabolic myopa-
thy). By contrast, muscle pain experienced only 24-48 hours
after physical exercise is suggestive of soreness after
excessive exercising. The pathophysiology of these myalgias
is not fully understood, but apparently microtrauma and
local inflammation play an important role. As with hyper-
CKemia, the patient should first be asked to rest for a few
days to be able to better assess the link between muscle
pain and physical exercise. By contrast, cramps are of
primary neurogenic origin, but may also occur with a
number of myopathies and with disorders of the central
nervous system and during treatment with certain medica-
tions.
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