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Abstract
Reducing body myopathy is a rare X-linked myopathy characterized by the presence of reducing bodies. The causative gene
has been identified as FHL1. We presented with the clinical, muscle magnetic resonance imaging and genetic features of
6 unrelated Chinese patients with reducing body myopathy. We divided the patients into 2 groups according to their age at
onset. In addition to limb muscle weakness, pronounced axial muscle involvement was a striking feature common to both
groups. Muscle magnetic resonance imaging revealed fatty infiltration predominantly in the postero-medial muscles of the
thigh and the soleus muscle of the calf, sparing the gluteus and sartorius muscles. Muscle pathology demonstrated the muscle
fibres with reducing bodies distributed in small groups. Genetic analysis revealed FHL1 hemizygote variants in the
6 patients, including 4 novel and 2 reported variants. These variants were located in the LIM2 domain of FHL1 in 4 patients,
but 2 located in the LIM4 domain. To the best of our knowledge, this is the first report of reducing body myopathy in the
Chinese population. Our findings expand the genetic spectrum of reducing body myopathy.

Introduction

Four-and-a-half LIM domain protein 1 (FHL1) is highly
expressed in skeletal and cardiac muscle, and plays an
important role in protein synthesis, cellular integrity and the
intracellular Ras/mitogen-activated protein kinase pathway.
Mutations in the FHL1 gene have recently been identified as
the causative gene in multiple muscle diseases, including

reducing body myopathy (RBM) [1–7], X-linked myopathy
with postural muscle atrophy [8], X-linked dominant sca-
puloperoneal myopathy [9], distal myopathy with hyper-
trophic cardiomyopathy [10], Uruguay facio-cardio-
musculo-skeletal syndrome with skeletal muscular hyper-
trophy and cardiomyopathy [11], muscular dystrophy with
facial dysmorphology and pulmonary artery hypoplasia
[12], isolated hypertrophic cardiomyopathy [13, 14], and
Emery-Dreifuss muscular dystrophy with rigid spine [15].

RBM is characterized pathologically by the presence of
intracytoplasmic inclusion bodies that reduce menadione
nitroblue tetrazolium (NBT) in the absence of the substrate
α-glycerophosphate in a menadione-linked α-glyceropho-
sphate dehydrogenase (menadione-NBT) reaction [16].
RBM is a rare disease [1–7]. RBM showed wide range of
clinical phenotypes, including X-linked scapuloperoneal
myopathy [17], rigid spine syndrome with hypertrophic
cardiomyopathy [18], progressive myopathy with rigid
spine and joint contractures [19, 20], distal myopathy with
asymmetric involvement [6] and X-linked scapulo-axio-
peroneal myopathy [21]. The onset age of RBM is from
early childhood to adulthood [4, 6]. Pathological examina-
tion is of great value in recognizing RBM and requires a
menadione-NBT staining. Muscle magnetic resonance
imaging (MRI) has revealed a recognizable pattern of
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muscle involvement in several patients with RBM, which
might be helpful in facilitating diagnosis [22]. However, the
muscle MRI findings still need to be verified with additional
cases, considering the small sample sizes in those studies
[5, 22].

To date, RBM has been reported in various ethnic
populations, but not in Chinese. Herein, we present the
clinical, pathological, muscle MRI, and genetic character-
istics of 6 unrelated Chinese RBM patients.

Materials and methods

Patients

In the present study, six patients from unrelated families
were recruited and referred to Peking University First
Hospital between 2013 and 2017. These patients were
diagnosed with RBM based on myopathological and
genetic findings. The following clinical variables of the
patients were collected retrospectively: age, sex, initial
symptoms, motor function, joint contracture, spine defor-
mities and cardiac involvement. The routine laboratory tests
included an electrocardiogram (ECG), electromyography
(EMG), and serum creatine kinase (CK) assays.

All clinical materials used in this study were obtained for
diagnostic purposes with the informed consent of the
patients or their guardians. The study was approved by the
Ethics Committee of the Peking University First Hospital.

Muscle biopsy

Muscle biopsies were performed on all 6 patients after
written informed consent was obtained. Serial frozen sec-
tions (8 μm) were stained with haematoxylin-eosin (H&E),
modified Gomori trichrome (mGT) and a battery of histo-
chemical methods. Menadione-NBT staining was also
performed to detect reducing bodies (RBs). Immunohisto-
chemical staining was performed with primary antibodies
against dystrophin (the N-terminus, C-terminus and rod
domain), sarcoglycan (α, β, and γ), desmin and dysferlin.
Muscle specimens were also examined using routine ultra-
structural techniques.

Genetic analysis

Genomic DNA was extracted from peripheral blood sam-
ples or frozen muscle samples. Targeted next-generation
sequencing was used to find the mutation associated with
the inherited myopathy, and the mutation was verified by
Sanger sequencing using specific primers. The mutations
were also examined in available family members (patients
3–6) to determine the segregation.

Western blot analysis of muscle

Frozen muscle specimens were examined using standard
immunoblotting techniques with a rabbit polyclonal
antibody to FHL1 obtained from Proteintech Group (10991-
1-AP).

Muscle MRI

Patients 1, 2, 5 and 6 underwent bilateral thigh muscle MRI,
and Patients 4 and 5 underwent bilateral calf muscle MRI
at 1.5/3.0 T with conventional T1-weighted spin echo,
T2-weighted fast spin echo and short time inversion
recovery (STIR) sequences. Scans were assessed for muscle
bulk (atrophy/hypertrophy) and for signal intensity (fatty
infiltration and an oedema-like signal) within different
muscles. We scored the MRI signals for the gluteus max-
imus muscle, the medial, lateral and posterior muscles of the
thighs, and the calf muscles. According to the scope and
degree of muscle involvement on the T1WI sequence, we
divided the muscle fatty infiltration into 6 grades
(0–5 points) using the modified Mercuri score [23, 24]. We
calculated the average fatty infiltration score of the thigh
muscle in 4 patients and the calf muscle in 2 patients to
compare the degree of fatty infiltration in different muscle
groups. The muscle oedema was divided into six grades
(0–5 points) according to muscle involvement on the STIR
sequence [25]. Patient 3 underwent cervical MRI.

Statistical analysis

Statistical analysis was carried out using the SPSS Base
18.0 software, and comparisons between groups were
assessed using Student’s t test. Statistical significance was
set at P < 0.05.

Results

Clinical features

The clinical data of these patients (five male and one female)
are summarized in Table 1. According to their onset age, these
patients were divided into two groups, the late-onset group
(Patients 1–3) and the early-onset group (Patients 4–6).

Patient 1 is a 47-year-old man who had experienced
exercise-related myalgia and fatigue in the legs since the age
of 26 years. At the age of 41, he noted persistent lower limb
muscle weakness leading to a waddling gait. At the age of 42,
he suffered from muscle stiffness in the neck, trunk and lower
limbs, with difficulty bending the spine. A physical exam-
ination at the age of 45 showed a rigid spine and bilateral
contracture of the Achilles tendon. The muscle strength
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(Medical Research Council) was normal in the upper limbs
but 4/5 in the proximal and 5/5 in the distal lower limbs
bilaterally. Because of his rigid cervical spine, neck extension
and neck flexion were difficult. No muscle atrophy or
hypertrophy could be observed. Serum CK was 781 IU/L
(normal range: 75–195 IU/L). EMG revealed neither myo-
genic nor neurogenic changes in the examined upper and
lower limb muscles. The ECG and echocardiography showed
no remarkable findings. His maternal uncle and granduncle
had similar symptoms. Unfortunately, the detailed informa-
tion of the affected family members was unavailable.

Patient 2 is a 32-year-old man who had experienced
difficulty climbing stairs since the age of 24. At age 27, he
was not able to squat down or climb stairs without assis-
tance. At age 28, he developed proximal upper limb
weakness. He was wheelchair-bound at age 30. The phy-
sical examination revealed a rigid spine and winging of the
scapulae. Neck extension and neck flexion were difficult for
him. He presented with symmetrical limb weakness of 3–5/
5 in the upper limbs and 0–3/5 in the lower limbs. Atrophy
of the thigh muscles and hypertrophy of the calves was
observed. Serum CK was 528 IU/L. EMG revealed a
myopathic pattern. The ECG revealed sinus bradycardia.
Echocardiography revealed decreased systolic function of
the left ventricle with a 45% ejection fraction. No family
member exhibited similar symptoms.

Patient 3 is a 22-year-old man who had experienced diffi-
culties arising from a bent spine since the age of 11. At 14
years of age, he presented with difficulty running. At the age of
19, he had difficulty climbing stairs, squatting down and raising
his upper arms. At the age of 21, he could not walk more than
10 metres. Physical examination revealed a rigid spine, and the
movement of his neck was limited. Symmetrical proximal
muscle weakness (MRC 3/5) in all four limbs, as well as foot
extensor weakness (MRC3/5), was observed. Hypertrophy of
the bilateral sternocleidomastoid muscles and atrophy of the
bilateral biceps brachii were seen. His serum CK level was
between 651 and 1063 IU/L. EMG showed a myopathic pat-
tern. ECG disclosed no abnormality. No one in his family
shared similar symptoms.

Patient 4 is an 8-year-old girl. The pregnancy and delivery
were uneventful, and her motor development was normal. At
the age of 4, she experienced difficulty walking on her toes.
The disease rapidly deteriorated her condition, and she lost
ambulation at age 5. A physical examination at age 6 showed
she had a rigid spine, contracture of the Achilles tendon and the
knee joint, and strephexopodia. She showed no dropped head
at that time, and her neck flexor was MRC grade 4/5. Muscle
weakness was more marked on the left (MRC 2/5) than on the
right side (MRC 4/5) in her proximal upper limbs. However,
weakness was more symmetrical and severe in the lower limbs,
with an MRC of 1–3/5. Her CK level was 819 IU/L. EMG
showed a myopathic pattern. ECG showed sinus arrhythmia

and ST-segment depression in II and aVF lead. No family
member exhibited similar signs.

Patient 5 is a 5-year-old boy. The pregnancy and
achievement of motor milestones were normal until age 3,
when he began to fall frequently and had difficulty getting up
from a squatting position. A physical examination showed a
rigid spine and contracture of the Achilles tendon. He had no
dropped head, and his neck flexor was MRC grade 2/5. He
had mild symmetrical distal weakness of the lower limbs
(MRC3/5). Neither muscle atrophy nor hypertrophy was
observed. The serum CK level was 520 IU/L. EMG showed a
myopathic pattern, and an NCV examination was normal. No
family member exhibited similar signs.

Patient 6 is a 4-year-old boy. He was born following a
normal pregnancy and delivery. He achieved normal motor
milestones until the age of 21 months, when he began to fall
down frequently. 2months later, he had difficulty raising his
upper arms, lifting up his head, squatting or maintaining a
sitting position without assistance. He was wheelchair-bound at
the age of 27 months. Physical examination revealed a floppy
child with a dropped head. The muscle strength was 0/5 in the
proximal muscles and 3/5 in the distal muscles for all extre-
mities. The serum CK level was between 630 and 1141 IU/L.
EMG showed a myopathic pattern. ECG was normal. No one
in his family history shared similar symptoms.

None of these patients had signs of impaired intelligence,
ptosis, facial weakness, respiratory insufficiency, dyspnoea,
or repeated pneumonias.

Muscle pathology

Muscle biopsies showed mild to marked variation in fibre size
with endomysium proliferation of the connective tissue. Muscle
fibres containing RBs were demonstrated on menadione-NBT
staining in all the patients, although with varying degrees.
These abnormal fibres showed intracytoplasmic inclusions on
H&E and mGT staining (Fig. 1). It is noteworthy that the fibres
with RBs were distributed focally in all the patients (Fig. 1).
Additionally, necrotic and regenerative fibres appeared in all
the patients, and rimmed vacuoles were observed in Patients 3,
4, 5 and 6. Swirled fibres were observed in Patient 5, and RBs
were also found in the swirled fibres. Immunohistochemical
staining showed the accumulation of desmin and dysferlin in
these abnormal fibres.

Genetic analysis

All patients were shown to harbour an FHL1 gene variant
through targeted next-generation sequencing, followed by
confirmation via Sanger sequencing (Table 1). Patient 1 and
4 carried the c.672 C > G (p.C224W) and c.369 C > G
(p.123 H > Q) missense mutations of the FHL1 gene,
respectively, both have been previously reported [1, 2, 5, 8].
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In Patients 2, 3, 5 and 6, the following four novel FHL1
variants were found: c.446_448delACT (p.Y149del), c.448
T > C (p.C150R), c.745 T > C (p.249 C > R), and c.386 G >
A(p.C129Y), respectively. All of these variants were loca-
ted in regions highly conserved among species. Family
segregation analysis showed P4 and P6 had de novo
mutation, while P3 and P5’ healthy mothers had the same
heterozygous mutation as the probands.

Western blot analysis of muscle specimens

An immunoblot analysis showed that the amount of FHL1
protein was significantly reduced in patient muscles com-
pared to normal controls after normalization to tubulin
(Fig. 2a, c, P= 0.0042). Patients with early-onset disease
seemed to have less FHL1 than did patients with late-onset
disease (Fig. 2b).

Muscle MRI

At the thigh level, Patients 1, 2 and 5 showed similar pat-
terns of muscle involvement (Fig. 3). A predominant fatty
infiltration of the postero-medial thigh muscles on T1WI
images was the main alteration, while the STIR sequence
revealed mild oedema-like signals. The muscles most ser-
iously affected by fatty infiltration were the adductor mag-
nus (average score 2.5), the semimembranosus (average
score 2.25), and the long head of the biceps femoris
(average score 2.25), followed by the short head of the
biceps femoris (average score 2), vastus medialis (average
score 1.75), vastus lateralis (average score 1.75) and vastus
intermedius (average score 1.5) muscles. The gluteus
maximus was selectively spared, with an average score of
0.25. The sartorius muscle was also mildly affected (aver-
age score 1) (Supplementay Fig. 1). The thigh muscle MRI
of Patient 6 showed severe, uniform oedema on STIR and
very mild fatty infiltration on T1W1(Fig. 3). The score of
the oedema-like signal was 2 in the rectus femoris, vastus

lateralis, vastus intermedius, vastus medialis, sartorius,
adductor magnus, adductor longus, semimembranosus,
semitendinosus and biceps femoris muscles. However,
the gluteus maximus was relatively well preserved on STIR.

At the calf level, Patient 4 and Patient 5 (Fig. 3) showed
similar changes, although those in Patient 5 were much
milder. T1WI revealed that the soleus muscle was the most
seriously fatty-infiltrated muscle (average score 3) (Sup-
plementay Fig. 2). The other affected muscles included the
extensor digitorum longus (average score 2), medial head of
the gastrocnemius (average score 1.5), tibialis anterior
(average score 1), tibialis posterior (average score 1), lateral
head of the gastrocnemius (average score 1), flexor hallucis
longus (average score 1), flexor digitorum longus (average
score 1), peroneus longus (average score 1) and brevis
(average score 1) muscles. The popliteus (average score 0.5)
was relatively spared Supplementay Fig. 2). On the STIR
sequence, mild oedema-like signals in the medial and pos-
terior compartment of the calf muscles were seen.

Only Patient 3 had a cervical MRI scan, in which showed
severe fatty infiltration of the paraspinal and most cervical
muscles (score 3–4), whereas the infrahyoid muscles were
relatively well preserved (Fig. 3).

Discussion

In this study, all patients presented with progressive muscle
weakness, especially pronounced axial muscle involvement.
Muscle biopsies indicated the presence of fibres with RBs.
The above clinical findings supported the diagnosis of
RBM. Finally, the identification of FHL1 variants in these
6 cases confirmed the diagnosis of FHL1-related RBM. To
the best of our knowledge, this is the first report of Chinese
patients with FHL1-related RBM.

On the basis of the clinical features of this patient series, all
the patients could be classified as having progressive myopathy
with a rigid spine and joint contractures. Our series had a

Fig. 1 Muscle pathology of
Patient 1 (a–c) and Patient 6
(d–f). Intracytoplasmic
inclusions (a, b, d, e) and
rimmed vacuoles (a) are seen on
H&E (a, d) and mGT staining
(b, e). Reducing bodies are
positive on melanodine–NBT
staining (c, f). The myofibers
with intracytoplasmic inclusions
or reducing bodies are
multifocally distributed

FHL1-related clinical, muscle MRI and genetic features in six Chinese patients with reducing body. . . 923



disease onset ranging from 2 to 26 years of age, and could be
divided into a late-onset group, in which the disease had a
juvenile or early-adulthood onset (after 10 years of age), and an
early-onset group, with symptoms starting in early childhood
(before 10 of age). We found that the early-onset group
exhibited a rapid progressive course, which was consistent with
other reports [1, 4, 5, 16, 26], while the late-onset group had a
relatively benign and slow progression [4]. However, both
groups shared one common feature, axial muscle weakness, as
indicated by a rigid spine in five patients and a dropped head in
the other patient. A rigid spine has also been noted in 4/9
patients in a French study [4] and in some German patients [1].
All of these data indicate that axial muscle involvement could
suggest the possibility of RBM. Respiratory failure had been
reported in the patients with RBM in previous studies [1, 7],
but none of our patients showed symptoms of respiratory
involvement at the diagnosis. Obviously, respiratory function
evaluation and follow-up of our patients are needed in the
future. While most of our patients had predominantly limb
girdle muscle weakness, one patient showed only distal muscle
weakness in the lower limbs, indicating the heterogeneity of the
clinical manifestations of RBM [6]. Although RBM is X-
linked, females can also be affected [3]. Among the 38 patients

reported by others to date, 26 were female patients [1, 4]. In our
patient series, only one patient was female.

The muscle biopsies revealed intracytoplasmic inclusions
on H&E and mGT staining. RBs were identified by
menadione-NBT staining. The myofibres with RBs were
focally distributed, which has also been found in Japanese
patients [2], although the precise mechanism responsible for
this distribution remains unclear. The numbers of RBs and the
severity of the pathologic abnormalities observed in each
biopsied muscle did not seem to correlate with either an early
or late onset. In addition, it was not uncommon to find rim-
med vacuoles, as well as desmin abnormally aggregating in
the fibres. All of these findings confirmed that RBM also has
features of myofibrillar myopathy [4, 27].

To date, all the mutations detected in the reported RBM
patients have been located in the second LIM domain of FHL1.
In the present study, four patients (P2, 3, 4 and 6) were found
to harbour mutations in the LIM2 domain, including three
novel mutations (c.386G >A, c.446_448del and c.448 T >C)
and one reported mutation (c.369 C >G) [1, 2, 5] (Table 1). P4
and P6 had more severe phenotypes than did P2 and P3; this
finding was consistent with the notion that mutations at posi-
tions H123 and C132 result in a more severe phenotype than
those in residues more distal to the LIM2 domain central core
[1, 28]. However, Fujii reported a 32-year-old female patient
harbouring a mutation at C126 near the central core, who had
slowly worsening muscle weakness and remained ambulatory
4 years after onset, suggesting that the clinical course of RBM
patients is not defined solely by the localization of the mutation
but may involve other factors [5, 6]. It is worth noting that in
this study, Patients 1 and 5, who both had the mildest phe-
notypes in their corresponding groups, were found to have
mutations located in the LIM4 domain, a novel (c.745 T >C)
and a reported (c.672C >G) mutation, respectively (Table 1).
The c.672 C >G mutation has been reported to cause X-linked
myopathy with postural muscle atrophy (XMPMA), which has
been categorized as an RB-negative subgroup of FHL1-related
myopathy [8, 29]. c.745 T >C was located near a reported
mutation, c.736C > T/p.H246Y, which also has been reported
to cause XMPMA [30]. A mutation in the LIM4 domain only
decreases the expression of the FHL1A and FHL1B proteins,
while the FHL1C protein is retained. Mutations in the LIM2
domain affect all three splice forms of FHL1. This may par-
tially explain the difference in the clinical manifestations. Our
findings expand the mutational spectrum of the FHL1 gene.

The western blot analysis revealed reduced levels of FHL1
protein in our patients compared to normal controls. Patients
in the early-onset group seemed to have less FHL1 than did
patients in the late-onset group, but we found no correlation
between clinical severity and amount of FHL1 protein among
the members within a group. Western blot analyses of other
RBM cases in previous studies showed variable levels of
FHL1, ranging from decreased to normal or even increased

Fig. 2 Immunoblot analysis of FHL1. aWestern blot analyses of FHL-
1 protein levels in four normal control subjects and five patients.
b Quantification of FHL-1 protein levels (relative to tubulin) in each
group (n= 3, *P < 0.05). c The amount of FHL1 in biopsied muscle
from all five patients was reduced compared to levels in four normal
controls after normalization tubulin (**P < 0.01)
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levels [2, 31]. This variation could be explained by the pos-
sibility that the mutant FHL1 protein forms insoluble aggre-
gates, which are therefore not detectable in the immunoblot
[5]. Since RBM cases exhibit asymmetric muscle involve-
ment and focal pathologic changes in the same muscle spe-
cimen, the decrease or increase in the level of FHL1 may
depend upon the degree to which the biopsied portion of the
muscle is affected. We should also consider the degree of
protein degradation/turnover [19].

Finally, we confirmed that an MRI scan of muscles reveals a
recognizable pattern of muscle involvement that might be
helpful in diagnosing RBM [22, 32]. However, the fatty infil-
tration pattern in RBM is associated with not only disease
severity but also disease course. Sparing of the gluteal muscles
was found in all patients. The predominant involvement of the
soleus muscle at the calf level was observed in late-onset
patients. The predominant involvement of the adductor magnus
and of postero-medial muscles symmetrically at the thigh level
appeared in 2 patients, as reported by others [22, 32]. One
finding unique to our study was that one patient’s gracilis
muscle was more affected than the sartorius muscle. Severe
fatty infiltration of the paraspinal and oblique abdominal
muscles with the rectus abdominus muscles relatively well
preserved has been found in other late-onset RBM patients [5].
Our early-onset patients showed a uniform oedema or oedema
with fatty infiltration on thigh MRI scans; this finding is unique
from those of other reported RMB patients.

In conclusion, our findings expand the ethnic origin and
genetic spectrum of RBM. The patients could be divided
into late- and early-onset groups. Novel FHL1 mutations
found in this study expand the mutational spectrum asso-
ciated with RBM.

Data availability

Supplementary information is available at Jounal of human
genetics’s website.
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Fig. 3 Muscle MRI scans of Patient 1 (a, b, h), Patient 2 (c), Patient 3 (i),
Patient 4 (f), Patient 5 (g), and Patient 6 (d, e). Thigh muscles MRI
showed that predominant fatty infiltration of postero-medial thigh mus-
cles on T1WI (b, c) was the primary change, while the STIR sequence
revealed mild oedema-like signals (h). Patient 1 also had hypertrophy of
semitendinosus. The gluteus maximus was selectively spared in all four
patients (a). Sartorius muscles was also relatively spared (b, c). The thigh

muscle MRI scan of Patient 6 showed severe, uniform oedema on the
STIR sequence (d), with very mild fatty infiltration on the T1 sequence
(e). The T1WI sequence of calf MRI showed that the soleus muscle was
the most seriously fatty infiltrated muscle in Patients 4 and 5 (f, g).
Cervical MRI of Patient 3 showed severe fatty infiltration of the para-
spinal and most cervical muscles were seen, whereas the infrahyoid
muscles were relatively well preserved (i)
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